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285. Conformation and Reactivity. Part I. Kinetics of the Alkaline 
Hydrolysis of the Methyl Cyclohexane-mono- and -di-carboxylate and 
4-t-Butylcyclohexanecarboxylates. 


By E. A. S. Cavett, N. B. CHAPMAN, and M. D. JoHNson. 


The preparation of pure cis- and trans-4-t-butylcyclohexanecarboxylic 
acid and their methyl esters is described. Heats and entropies of activation 
for the alkaline hydrolysis of these esters in dioxan—water (1:1), of methyl 
cyclohexanecarboxylate in dioxan-water (1:1 and 1:3), and of all the 
methyl hydrogen and dimethyl cyclohexanedicarboxylates in dioxan—water 
(1:3) have been determined by the methods of Frost and Schwemer ! and of 
Widequist 2 where necessary. Since methyl trans-4-t-butylcyclohexane- 
carboxylate adopts the diequatorial conformation exclusively, the reactivity 
in hydrolysis of an equatorial methoxycarbonyl group has been characterised ; 
also, with less certainty, that of an axial group, which is hydrolysed at least 
17 times more slowly at 30°. The methoxycarbonyl group is apparently 
more stable in the equatorial than in the axial conformation. The conform- 
ations of the various methyl hydrogen and dimethyl cyclohexanedicar- 
boxylates are discussed in the light of the kinetics of their hydrolyses; and 
conformational, electrostatic, and primary steric effects in the hydrolyses 
are elucidated. 


Tue kinetics of alkaline hydrolysis of simple carboxylic esters have been extensively 
studied, but dicarboxylic esters have received much less attention because their hydrolysis 
usually involves competitive consecutive reactions. It is only recently through the work 
of Frost and Schwemer *! and of Widequist ? that explicit methods have been developed 
for determining the rate coefficients for the first and the second stage of the hydrolysis from 
measurements of the alkali consumed as a function of time. The object of the investigation 
now reported was to exploit these methods to study the hydrolysis of esters in which the 
conformation of the methoxycarbonyl group might be important in connexion with 
reactivity, and so to correlate conformation with the parameters of the Arrhenius equation 
and of transition-state theory. While the work was in progress Winstein and Holness * 
showed that the presence of a suitably placed t-butyl group in the cyclohexane structure 
rendered it conformationally homogeneous. Therefore, by including the methyl esters 
of cis- and trans-4-t-butylcyclohexanecarboxylic acid and of the unsubstituted acid the 
reactivity of axial and equatorial methoxycarbonyl groups could be determined. It was 
thus possible to elucidate more fully the structure and reactivity of the methyl hydrogen 
and the dimethyl esters of the cyclohexanedicarboxylic acids. 

The medium used for most of our experiments was dioxan—water (1:3 by volume), 
containing ~15 g. per 1. of potassium chloride to eliminate ionic strength effects; but 
because of the insolubility of the methyl 4-t-butylcyclohexanecarboxylates in this medium, 
their hydrolyses were carried out in less aqueous dioxan (1:1 by volume), containing 
potassium chloride as before, and an estimate of the influence of this change on the 
Arrhenius parameters was obtained by studying the hydrolysis of methyl cyclohexane- 
carboxylate in both media. The dioxan-water (1:3 by volume) medium was chosen 
originally because results on the hydrolysis of acyclic dicarboxylic esters in this solvent 
were available. Smith and Fort * have independently studied the kinetics of alkaline 
hydrolysis of the methyl cyclohexanedicarboxylates in aqueous methanol, but their 
results, which are referred to below (p. 1421), were not available when this work was 


1 Frost and Schwemer, J. Amer. Chem. Soc., 1952, 74, 1268. 

2 Widequist, Acta Chem. Scand., 1950, 4, 1216; Arkiv Kemi, 1955, 8, 325, 545 
3 Winstein and Holness, J]. Amer. Chem. Soc., 1955, '77, 5562. 

4 Smith and Fort, J. Amer. Chem. Soc., 1956, 78, 4000. 

3A 
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begun and when a preliminary account of it was given.5 As to the mechanism of ester 
hydrolysis operative in the examples we have studied there can be little doubt that this is, 
in the terminology of Day and Ingold,® base-catalysed bimolecular hydrolysis with acyl- 
oxygen fission. 

The required esters were prepared by standard methods, details of which are given in 
the experimental section, and only methyl cis- and trans-4-t-butylcyclohexanecarboxylate 
call for comment. Morris and Buls™ described the preparation of two stereoisomeric 
4-t-butylcyclohexanecarboxylic acids and we have confirmed their observation that 
hydrogenation of -t-butylbenzoic acid in aqueous sodium hydroxide at 220°/100 atm. 
with a Raney nickel catalyst affords an acid of m. p. 174-5—175-5° (after recrystallisation 
from aqueous ethanol). Morris and Buls assigned the ¢vans-configuration to this acid on 
the basis of method of preparation and m. p., and we believe this to be correct in view of 
the properties, discussed on p. 1419, of the methyl ester, which was obtained from the acid 
by the action of ethereal diazomethane. This ester, b. p. 245°/760 mm., 84°/0-9 mm., 
showed regular second-order kinetics in alkaline hydrolysis, analysed satisfactorily, and 
on partial or complete hydrolysis gave the acid of m. p. 174-5—175-5° without further 
purification. Morris and Buls obtained a second acid, of m. p. 89-5—90-5°, by hydro- 
genation of #-t-butylbenzoic acid in aqueous sodium hydroxide at 170°/70 atm. with a 
Raney nickel catalyst, and recrystallisation of the crude acid from aqueous ethanol. This 
method of purification is, however, unsatisfactory as the cis-acid is more soluble than the 
tvans-acid in this solvent. We have separated the mixed cis- and trans-acids so produced 
by partial hydrolysis of the mixed methyl esters, the ¢vans-ester being hydrolysed faster 
than the cis (cf. p. 1417), and thus obtained in the first place a specimen of methyl cis-4-t- 
butylcyclohexanecarboxylate of m. p. 26-1—26-7°, identical with the ester obtained by 
the action of ethereal diazomethane on an acid of m. p. 118° obtained as follows. #-t- 
Butylbenzoic acid was hydrogenated in acetic acid at 90° and.60 lb./sq. in. with Adams 
platinum catalyst, and the product was crystallised to constant m. p. from dry methanol 
at —80°. The cis-configuration was assigned on the basis of hydrogenation at low tem- 
peratures with a platinum catalyst, m. p., and rate of hydrolysis of the ester (p. 1417). 
Any specimen of the pure ester on partial or complete hydrolysis gave the acid having 
m. p. 118° without further purification. In our view Morris and Buls’s acid of m. p. 
89-5—90-5° is a mixture of the cis- and trans-isomers. 

Since our work was completed, van Bekkum, Verkade, and Wepster ” have obtained 
the pure cis- and trans-4-t-butylcyclohexanecarboxylic acids, by an independent method. 
They record for the cis-acid, m. p. 118—118-5°, and for the trans-acid m. p. 175—176°, in 
close agreement with our observations. 


EXPERIMENTAL 


M. p.s and b. p.s of pure compounds are the same as those recorded in the literature, or 
very nearly so. 

Materials.—Dimethyl esters of dicarboxylic acids. Dimethyl cis-cyclohexane-1,2-dicarb- 
oxylate was prepared by the method of Cope and Herrick * and had b. p. 70°/0-:06 mm., 90°/1 
mm., ,*° 1-4565. Its purity is attested by the regular second-order kinetics observed in the 
first stage of hydrolysis. Dimethyl trans-cyclohexane-1,2-dicarboxylate was prepared by the 
esterification of the corresponding dicarboxylic acid (10 g.) by heating it with methanol (20 ml.), 
sulphuric acid (10 g.; d 1-18), and benzene (28 ml.) for 10 hr. The product was poured into water, 
and the benzene layer was separated, washed with 5% sodium carbonate solution and then 
with water, and dried (MgSO,). The solvents were removed on the steam-bath, and the 


5 Cavell, Chapman, and Johnson, Chem. and Ind., 1956, 367. 

* Day and Ingold, Trans. Faraday Soc., 1941, 37, 686. 

% Morris and Buls, U.S.P. 2,771,487; B.P. 703,516. 

% van Bekkum, Verkade, and Wepster, Kgl. Akad. Wetensch., Proc., B, 1959, 62, 147. 
* Cope and Herrick, Org. Synth., 30, 29, 93. 
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residue was distilled in vacuo, giving the pure tvans-diester, b. p. 72°/0-01 mm. _ Recrystallisation 
to constant m. p. from benzene-light petroleum (b. p. 60—80°) gave material of m. p. 33—34° 
(yield 3 g., 26%). The tvans-diacid was prepared in two ways. (a) The cis-diester was 
hydrolysed with methanolic potassium hydroxide, and the acid produced was rearranged by 
Smith and Byrne’s method. (b) Dimethyl phthalate was hydrogenated at high temperature 
and high pressure with a Raney nickel catalyst, following Price and Schwarcz’s directions,” 
and the product was hydrolysed to the mixed acids, which were rearranged as in method (a). 
Dimethyl trans- and cis-cyclohexane-1,3-dicarboxylate were prepared by esterifying the 
corresponding pure dicarboxylic acids with an excess of ethereal diazomethane prepared by 
Boer and Becker’s method.#® Addition of the diazomethane was continued until its yellow 
colour persisted in the solution on shaking. The solution was gently warmed to decompose the 
excess of diazomethane, and dried (Na,SO,), and the ether was removed. The residue was in 
each case distilled in vacuo, to give the pure trans-, b. p. 91°/0-5 mm., »,* 1-4579, and cis-1,3- 
diester, b. p. 110°/1 mm., 7,” 1-4569. The ¢rans-1,3-diacid was prepared by hydrogenation of 
isophthalic acid (40 g., 0-24 mole) in 10% sodium hydroxide solution (300 ml.) at 150—200°/150 
—200 atm., with a Raney nickel catalyst (10 g.). The catalyst was removed and the solution 
was acidified with 6N-hydrochloric acid. After cooling, the precipitated acids were filtered off. 
The crude acids were separated by Skita and Réssler’s method ™ to give the pure trans-1,3- 
diacid, m. p. 148—149°. The cis-1,3-acid was prepared by hydrogenation of dimethyl iso- 
phthalate by Ramirez and Sargent’s method.!* The mixed esters produced were hydrolysed 
with methanolic potassium hydroxide and the acids were separated, as in the preparation of 
the trans-acid, to give pure cis-1,3-diacid, m. p. 167°. Dimethyl ¢rans-cyclohexane-1,4-di- 
carboxylate was prepared by Fichter and Holbro’s method " and had m. p. 70—71°. Dimethyl © 
cis-cyclohexane-1,4-dicarboxylate was prepared by esterification of the pure acid with ethereal 
diazomethane, as for the 1,3-esters, and had b. p. 70°/0-01 mm., m,° 1-4588. The cis-1,4- 
diacid was prepared by hydrogenation of terephthalic acid in sodium hydroxide solution at high 
temperature and pressure with a Raney nickel catalyst, as above. The mixed acids produced 
were separated by Smith and Byrne’s method ™ to give pure cis-1,4-diacid, m. p. 166-5—167-5°. 
The saponification equivalent of its dimethyl ester was 100-5 (required 100-1). 

Monomethyl Esters of Dicarboxylic Acids.—Methyl hydrogen cis-cyclohexane-1,2-dicarb- 
oxylate, prepared by Smith and Byrne’s method,™ had m. p. 69-5—70-5°. Its tvans-isomer, 
prepared by Vavon and Peignier’s method, had m. p. 95-5—96-5°. Methyl hydrogen trans- 
cyclohexane-1,4-dicarboxylate was prepared by the partial hydrolysis of the dimethyl ester 
(4:7 g., 0:24 mole) with sodium hydroxide (2% in 1: 4 v/v aqueous methanol, 47 ml.) for 4 hr. 
The methanol was removed and the solution shaken with ether to extract unchanged dimethyl 
ester. The monomethy] ester and the dicarboxylic acid were precipitated with 4n-hydrochloric 
acid and removed by filtration. The precipitate was recrystallised to constant m. p. from light 
petroleum (b. p. 60—80°), to give pure methyl hydrogen trans-cyclohexane-1,4-dicarboxylate, 
m. p. 126—126-5° (yield 1-68 g., 38%). 

Methyl Esters of Monocarboxylic Acids.—Methyl cyclohexanecarboxylate was prepared by 
esterification of cyclohexanecarboxylic acid (from L. Light and Co.) with methanol and sulphuric 
acid as above. The product was fractionally distilled (18” column) and had b. p. 74°/18 mm. 
Methyl cis- and trans-4-t-butylcyclohexanecarboxylate were prepared by the esterification of 
cis- and trans-4-t-butylcyclohexanecarboxylic acid respectively, with ethereal diazomethane 
as for the trans-1,3-diester. On recrystallisation to constant m. p. from pure methanol at — 80°, 
the cis-ester had m. p. 26-1—26-7° (Found: C, 72-2; H, 11-1. C,,H,,O, requires C, 72-7; 
H, 11-2%). The trans-isomer had b. p. 84°/0-9 mm., 245°/760 mm. (Found: C, 72-9; H, 10-9%). 
The cis-acid was prepared by hydrogenation of p-t-butylbenzoic acid (10 g.) in glacial acetic 
acid (100 ml.) with Adams platinum catalyst (0-5 g.) at 90° and 60 lb./sq. in. The catalyst was 
filtered off and the acetic acid was removed im vacuo. The crude hydrogenated material was 
recrystallised to constant m. p. from pure methanol at —80°, to give pure cis-4-t-butylcyclo- 
hexanecarboxylic acid, m. p. 118° (Found: C, 72-2; H, 11-3. C,H O, requires C, 71-6; H, 

%¢ Smith and Byrne, J. Amer. Chem. Soc., 1950, 72, 4406. 

% Price and Schwarcz, ibid., 1940, 62, 2894. 

10 Boer and Becker, Rec. Trav. chim., 1954, 73, 229. 

11 Skita and Réssler, Ber., 1939, 72, 265. 

12 Ramirez and Sargent, J. Amer. Chem. Soc., 1952, 74, 5785. 


13 Fichter and Holbro, Helv. Chim. Acta, 1938, 21, 141. 
14 Vavon and Peignier, Bull. Soc. chim. France, 1929, 45, 297. 
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10-9%). This acid was also prepared by the hydrogenation of p-t-butylbenzoic acid in sodium 
hydroxide solution with a Raney nickel catalyst at 170°/70 atm. The crude product was 
esterified with methanol and sulphuric acid, and the mixed esters (28 g., 0-14 mole) were 
partially hydrolysed with sodium hydroxide (4 g., 0-1 mole, in 1:1 v/v aqueous methanol, 
300 ml.) for 24 hr. The methanol was removed by distillation and the aqueous solution was 
shaken with several portions of ether. The ethereal solution was washed with water and dried 
(Na,SO,). After removal of the ether, the crude ester was recrystallised to constant m. p. from 
pure methanol at —80°, and had m. p. 26-1—26-7° (yield 3-5 g., 9% overall). The trans-acid 
was prepared by Morris and Buls’s method ** and had m. p. 174-5—175-5°. 

Solvents —Water. Carbon dioxide-free air was passed through freshly distilled water, 
contained in a tall aspirator, for about 10 days. After this time, no carbon dioxide could be 
detected in the water by titration. 

Dioxan. Commercial “ purified ’’ dioxan (4 1.) was boiled with 12N-hydrochloric acid 
(56 ml.), stannous chloride (50 g.), and water (400 ml.) for 12 hr., with a continuous stream of 
nitrogen passing through the solution. The solution was cooled and sodium hydroxide (70 g.; 
commercial flake) was added. The mixture was shaken, set aside for several hours, and filtered. 
The filtrate was then left over further portions of sodium hydroxide, the solvent being decanted 
each time from the aqueous layer, until sodium hydroxide remained undissolved. The dioxan 
was then refluxed with freshly cut sodium for 12 hr., and finally distilled from sodium; then it 
had b. p. 101-5°/760 mm., m. p. 11-7°, m,!° 1-4234. A Karl Fischer water determination ™ 
showed less than 0-1% of water to be present. 

Procedure.—(a) Hydrolysis of dimethyl cyclohexane-1,3- and -1,4-dicarboxylate. The procedure 
was that of Schwemer '* with a few minor alterations. A bulb containing a known weight of 
ester dissolved in 5-0 ml. of dioxan was broken in a flask containing an equivalent quantity of 
approximately 0-01N-sodium hydroxide, and the solutions were mixed by shaking in the 
thermostat-bath. The solvent composition after mixing was water: dioxan 3-03: 1-00 (v/v). 
Carbon dioxide-free nitrogen, saturated with the solvent vapour, was passed through the 
reaction flask before the breaking of the bulb and during the reaction, in order to prevent 
access of air to the alkaline solution, and to prevent volume changés in the solution. Aliquot 
parts (10 ml.) were withdrawn at intervals and run into flasks containing 0-015N-potassium 
hydrogen phthalate (10 ml.) to arrest the reaction. The excess of potassium hydrogen phthalate 
was then titrated against 0-01N-sodium hydroxide. 

(b) Hydrolysis of methyl hydrogen dicarboxylates and methyl monocarboxylates. The pro- 
cedure was similar to that in (a), except that equivalent quantities of ester and alkali were 
unnecessary. For the methyl 4-t-butylcyclohexanecarboxylates, the solvent composition 
was 1: 1 (v/v) dioxan—water. Methyl cyclohexanecarboxylate was studied in both solvents for 
comparison. 

(c) Hydrolysis of dimethyl cyclohexane-1,2-dicarboxylates. The procedure was asin (b). The 
rate coefficient k, was sufficiently greater than k, to make the majority of the first stage of the 
hydrolysis into an apparently normal second-order reaction. The hydrolysis was therefore 
studied over about the first 35% of the total reaction to obtain k,. The second stage of the 
hydrolysis was studied separately as in (b). (Subscripts 1 and 2 refer to the first and the 
second stage of hydrolysis respectively.) 

(d) Determination of order of reaction. The reaction order was determined for the hydrolysis 
of methyl cis- and trans-4-t-butylcyclohexanecarboxylate by the differential method.” The 
reactions were found to be of the first order with respect to sodium hydroxide, first order with 
respect to ester, and second order overall. 

(e) Hydrolysis products. The products of hydrolysis of methyl cis- and trans-4-t-butyl- 
cyclohexanecarboxylate were isolated at several stages of the reaction, and were found to be 
the corresponding cis- and trans-4-t-butylcyclohexanecarboxylic acid, thus indicating that no 
rearrangement took place during the hydrolysis, and that the esters were pure. 

(f) All the hydrolyses were carried out in the presence of an excess of potassium chloride. 
The ionic strength was 0-200 + 0-005 mole per kg. of solvent, except in the case of the methyl 
monocarboxylates when the ionic strength was 0-124 mole per kg. of solvent. 

Calculation of Rate Coefficients——The rate coefficients for the hydrolysis of the dimethyl 


18 Smith, Bryant, and Mitchell, J. Amer. Chem. Soc., 1939, 61, 2407. 
16 Schwemer, Ph.D. thesis, North Western University, Evanston, Illinois, U.S.A., 1950. 
1” Laidler, ‘‘ Chemical Kinetics,”” McGraw-Hill, New York, 1950, p. 14. 
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cyclohexane-1,3- and -1,4-dicarboxylates were calculated by Frost and Schwemer’s apes’ a 
and checked by that of Widequist.2, Widequist obtained the equation : 


hy = (2 + hgA)/{hq(a6* — B) + (a8 — A)} 


where z is the amount of alkali consumed at time /, a is the initial concentration of ester, 6 is 


the “‘ time variable ” [° = [ - nat], A= [<0 B= [40 = [[ 00, and k, and 
0 0 0 0 


k, are the rate coefficients for the two stages of the hydrolysis. Widequist used the equation 
to derive k,, knowing k, already. However, k, can be calculated with fair accuracy by Frost 
and Schwemer’s method, so this equation was used here to determine k, where k, is already 
known. The values of k, obtained by this method and by Frost and Schwemer’s method had 
an accuracy of about +4%, and the values of k, obtained by Frost and Schwemer’s method 
had an accuracy of about +2%. 

The rate coefficients for the hydrolysis of the dimethyl cyclohexane-1,2-dicarboxylates, the 
monomethyl cyclohexanedicarboxylates and the methyl cyclohexanemonocarboxylates were 
calculated from the equation dv/d¢t = k(A, — x)(By — x) where A, is the initial alkali concen- 
tration, B, is the initial ester concentration (monocarboxylates and dimethyl dicarboxylates) or 
the initial ester salt concentration (monomethyl dicarboxylates), and # is the amount of alkali 
consumed at time ¢, by the use of appropriate linear plots. 

The values of &, for the second stage of the hydrolysis depend on the ionic strength of the 
solution, according to the Brénsted equation log, ky = log, ha® + (22,2,4’s/)/(1 + «B’s/p) 
where hk, is the observed rate coefficient, #,° is the rate coefficient at zero ionic strength, z, and z, 
are the valencies of the two ionic species 1 and 2, p is the ionic strength of the solution, « is the 
mean distance between the reactive centre and the charged centre in the transition state, and 
A’ and B’ are the Debye-Hiickel constants. Since the equation involves the distance a, the 
value of k, will depend on the conformation of the molecule. The values of k,° have therefore 
been computed for each of the possible conformations of the compound in question. The 
corrections were made by using the equation logy) kz = logy k,® + 3-647 x 10%4/y/{(DT)*/2 + 
5-028 x 10*«.DT+/u}, where D is the dielectric constant of the medium and T the absolute 
temperature (cf. Svirbely and Mador #*). The values of D were obtained from the data of 
Akerléf and Short !° and the values of’« were determined by vector analysis as described by 
Corey and Sneen.*® The rate coefficients evaluated as above were used to calculate Arrhenius 
parameters and heats and entropies of activation in the usual way. As the maximum error 
in most of the rate coefficients is about +2%, the energies of activation are accurate within 
about +300 cal. per mole, and the log,, A factors within about +0-3 unit. For those rate 
coefficients k, determined by Frost and Schwemer’s method, where the accuracy is only about 
+4%, the energies of activation are accurate within +600 cal., and the log,, A factors within 
+0-6 unit. 

RESULTS 

The various results are assembled in Tables 1—4 and all the results are summarised in 
Table 5. Some of the values previously given ® have been slightly revised and in one case 
(methyl hydrogen trans-cyclohexane-1,2-dicarboxylate) an error has been eliminated. 


TABLE 1. Rate coefficients * for the hydrolysis of methyl esters of monocarboxylic acids. 


Temperature 63-1° 458° 45:0° 294° 25:0° 18-2° 
Compound Rate coefficient (1. mole“! sec.-!) x 104 
Me cyclohexanecarboxylate ¢{  .........ssececeseeee —- a 827 — 266 179 
_ — 830 — + 179 
Me cyclohexanecarboxylate {| ...........ssseseeeeenes 1080 426 _ 163 -— _— 
1050 _ -- 162 -— — 
Me 4-t-butylcyclohexanecarboxylate, trans |... 895 358 a 142 _ — 
880 352 -- 142 -- —- 
Me 4-t-butylcyclohexanecarboxylate, cis J ...... 79-7 26-4 — 8-25 _ — 
79-3 25-9 “= 8-33 — _ 


* In this and succeeding Tables replicate values of & are given where available. {¢ In 1: 3 dioxan- 
water. { 1042 = 168 at 17-5°. @ In 1: 1 dioxan—water. 


18 Svirbely and Mador, J. Amer. Chem. Soc., 1950, 72, 5699. 
1* Akerléf and Short, J. Amer. Chem. Soc., 1936, 58, 1241. 
20 Corey and Sneen, J. Amer. Chem. Soc., 1955, 77, 2505. 
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TABLE 2. Rate coefficients for the individual hydrolyses of mono- and di-methyl 


cyclohexanedicarboxylates. 
Temperature 63-1° 59-9° 444° 34-8° 29-4° 25-5° 14-7° 0-0° 
Compound kz, Rate coefficient (1. mole sec.-1) x 104 
DONTE hi jictcgsdccriececcers -- — _ 657 - 400 212 82-6 
— — — —_ + — — 82-7 
IEEE -cncrahinse<spotihveorses — 54-6 — 11-9 —- 6-18 * _ — 
- 55-2 = _ _ 623% — - 
SOE. is cxctativersotsdesciaiieg 11-7 _ 3-31 — 1-10 — —_— a 
11-8 _- 3-29 — 1-08 — — oo 
Compound k,, Rate coefficient (1. mole! sec.-") x 10° 
ED i cinctites Shack cdeoond vende 140 — 39-6 23-6 
140 — — 23-1 * 
GRAD ©. - csigensneszascedinwieness 54-5 20-2 t — —_— 


* At25-3°. ft At42-4°. }{ 108k, = 5-53, 4-50, and 4-32 at 21-5°, 19-1°, and 18-4° respectively. 


TABLE 3. Rate coefficients k, for the hydrolysis of dimethyl cyclohexanedicarboxylates 
calculated by Frost and Schwemer’s method. 


Temperature 459° 449° 34-9° 29-5° 25-0° 18-4° 15-4° 0-0° 
Compound Rate coefficient (1. mole sec.-') x 10? 
GER. cigesissccatassccbvisectere 19-6 18-5 _ 7-82 — 4-02 3-26 * — 
GAM evidediddi ccitievcesdste = — 24-3 —_ _ — — 2-77 
— — 24-1 — 13-7 - 7-81 2-81 
PIPD I iver ccdeviesinpecscesdiocnes — — 26-3 — 14-9 —_ 8-54 3-01 
— — 26-4 — — — — 3-06 
GAMER ccivcccsccscccvcccocesees 17-5 16-7 _— 6-06 ft — 3-49 —_ _ 
3-33 { — — 


* At 150°. ¢ At 27-4°. { At 18-1°. 


TABLE 4. Rate coefficients for hydrolysis of methyl hydrogen cyclohexanedicarboxylates 
from the Widequist and Frost and Schwemer methods of calculation. 


Temperature 459° 44-9° 34-9° 29-5° 25-0° 18-4° 15-4° 0-00° 
Compound Rate coefficient (1. mole sec.) x 108 

PIB crctcninys overs F&S 39-4 38-6 a 16-3 -- 8-01 6-79 _- 
Ww = 38-5 —- 16-1 a 8-41 6-75 _ 

brans-1,4 ........0006 F&S = — 65:8 oo 38-1 = 21:3 7-93 
es ok 64-4 peat ual pre a rc. 

Ww — — 67-2 _- 36-9 --- — 8-40 

al i iis whi ae oF seek 8-00 

II eckdctacecedses F&S _- ~~ 68-6 —- 38-7 -—- 21-9 7°76 

-- _- 65-9 — _ - — 7-93 

WwW — _ -- - 38-7 —— 22-7 8-18 

_ vos — — — - — 8-07 
vans-1,3 ........06 F&S 32-4 31-7 — _- 11-2* 6-43f a= -- 
nae en — tea aa 6-20 + = a 
WwW 31-3 32-7 — — 1l-1* 6-76 -—— = 
nie wag meet od 6-54 ¢ oki pe. 


* At 27-4°. +t At18-1°. Some of these values have been confirmed by Mr. K. J. Toyne, by direct 
measurements, using the pure monomethyl esters. That work will be reported later. 


DISCUSSION 

Conformation and Reactivity of the Methyl 4-t-Butylcyclohexanecarboxylates.—The 
possible conformations of these compounds are shown in Fig. 1. According to Winstein 
and Holness the t-butyl group has a marked preference for the equatorial conformation, 
the relevant free-energy difference being 5-6 kcal. per mole. Thus for any 4-substituted 
t-butylcyclohexane derivative where the second substituent is comparatively small, the 
t-butyl group will be in the equatorial conformation. Hence the methyl érans-4-t-butyl- 
cyclohexanecarboxylate will exist exclusively in the diequatorial conformation (d), 
provided that the methoxycarbonyl group is more stable in the equatorial than in the 
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TABLE 5.* 
E AHt ASt * 
10435 4+ logy Agq (kcal./mole) logy, A (kcal./mole) (e.u.) 
Me cyclohexanecarboxylate f ......... 169 2-228 11-3 6-4 10-7 —31-5 
Me trans-4-t-butylcyclohexanecarb- 

SL, Beare SLO ero cre yee pee 147 2-167 11-0 6-1 10-4 — 32:7 
Me cis-4-t-butylcyclohexanecarb- 

MELEE. selnctivedvevetieseose ele sitteeae 8-63 0-936 13-6 6-7 13-0 — 29-9 
Me cyclohexanecarboxylate_......... 357 2-553 10-5 6-1 9-9 —32-6 
Me, trans-cyclohexane-1,4-dicarb- 

RIOD cratic octinhe dtnt+4stesnnce eee 1840 3-264 10-4 6-8 9-8 — 29-4 
Me, cis-cyclohexane-1,4-dicarb- 

en ieee toe ee SOS Peres ey: 805 2-907 10-6 6-6 10-0 — 30-5 
Me, trans-cyclohexane-1,3-dicar- 

SIN: sa Bedhctiedanensesaninatoseseses 708 2-850 11-0 6-8 10-4 — 29-4 
Me, cis-cyclohexane-1,3-dicarb- 

EEE “dddshephabestixckccaaspaccssttecs 2010 3-303 10-4 6-8 9-8 — 29-4 
Me, trans-cyclohexane-1,2-dicarb- 

EMO. dcnenoscdsnvncsarsbesoouparcoesss 304 2-483 10-3 5-9 9-7 — 33-5 
Me, cis-cyclohexane-1,2-dicarb- 

SRN WRN Ries is ievess 97-0 1-987 11-7 6-4 11-1 —31:3 
Me H ¢tvans-cyclohexane-1,4-dicarb- 

SAMI: snus nnsonceeaencnenuiliee<saibars 512 2-709 10-0 5-9 9-4 — 33-6 
Me H cis-cyclohexane-1,4-dicarb- 

INR NSC thle A Ske 167 2-223 10-5 5:8 9-9 —34-0 
Me H ¢trans-cyclohexane-1,3-dicarb- 

SL. -icietcpeisbacksanetcdi saneVidanen 135 2-130 10-6 5-8 10-0 — 34:0 
Me H cis-cyclohexane-1,3-dicarb- 

HUNIING Fs ds dacegiin nish bo iio edelice de 501 2-700 10-0 5-9 9-4 — 33-6 
Me H trans-cyclohexane-1,2-dicarb- 

SEEN * ndceustrauresacssteensoabaiensiers 8-67 0-938 12-4 5-9 11-8 — 33-6 
Me H cis-cyclohexane-1,2-dicarb- 

QIAN vi vine nsndch onde cnleavegiopeses 1-14 0-058 14-2 6-3 13-6 —31-8 


* The accuracy of the values given is stated on p. 1417. Units of & are 1. mole sec". ¢ In 1:1 
dioxan—water. 


axial conformation. All the available evidence suggests that this is so. We may thus 
characterise the alkaline hydrolysis of an equatorial methoxycarbonyl group in 1:1 
dioxan—water by AH? = 10-4 kcal./mole, AS* = —32-7 e.u., and 10*ks, = 147 (cf. above). 
Whether the cis-isomer exists exclusively in the conformation (a) (equatorial-axial) depends 
on the magnitude, X, of the free-energy difference between the equatorial and the axial 
conformation for the methoxycarbonyl group. Provided X < 5-6 kcal./mole, conform- 
ation (a) will predominate, the degree of predominance depending on the value of X, and 
the temperature, ¢.g., for X == 2-0 kcal./mole, N,/N, = K = 107 for 27°c where N, and 
N, are the mole fractions of conformations (a) and (b). Winstein and Holness have 
developed the equation ko», = kzNy + kaN« (i), where subscripts E and A refer to 
compounds with the methoxycarbonyl group in the equatorial and axial conformation 
respectively. A necessary assumption was that equilibrium between the two conform- 
ations was rapidly and continuously established. It is readily shown that the strict 
second-order kinetics (cf. p. 1416) here observed also imply that this condition is fulfilled. 
The value of the coefficient kg cannot be evaluated directly as N, is not known, but the 
possible range of values for k, may be obtained from equation (i) by putting kz = Rtrans 
and Rong = Aciss These values for 30° are assembled in Table 6. 


But But 
But ae But 
(a) CO,Me (b) , (c) COMe (d) 
Fie. 1. 


The maximum value of k, is 8-64 x 10“ 1. mole sec. and hence kg/k, {¢ 17, which 
is one of the highest values of this ratio so far observed for reactions the relative rates 
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of which are controlled by conformational factors. Although it is improbable that the 
cis-ester, unlike the trans-ester, is conformationally homogeneous, it is clear that conform- 
ation (a) has a mole fraction not less than ~0-94, so that, noting the values of AH* = 13-0 
kcal./mole and —AS* = 29-9 e.u. for the cis-ester, we may safely say that the slower 
hydrolysis of an axial than of an equatorial methoxycarbonyl group is due to an increment 
of ~2-6 kcal./mole in the heat of activation. The difference in AS* is small, but is such as 
to favour the axial conformation as to rate of hydrolysis, but this factor is outweighed by 
the energy factor. From the results assembled in Table 5 for methyl cyclohexane- 
carboxylate it seems probable that the above values for AH* would be reduced by ~0:8 
kcal./mole if the reactions could be carried out in 1:3 dioxan—water, but the changes in 


TABLE 6. 
Oa atl lanes sicha td 0-9999 0-999 0-99 0-97 0-95 0-94 
10*k, (1. mole sec.“4) ............ 8-62 8-49 7-23 4-35 1-35 0 


AS* would lie within experimental error. Relative values of AH* and AS* would be 
unchanged. The values of AH? and AS? for methyl cyclohexanecarboxylate are very 
close to those for methyl trans-4-t-butylcyclohexanecarboxylate, indicating that in the 
former compound the methoxycarbonyl group occupies the equatorial position almost 
exclusively. However, the relative values of hsp indicate that the polar influence of the 
4-t-butyl group is not entirely negligible in this case, since the value for methyl cyclo- 
hexanecarboxylate exceeds that for the trans-4-t-butyl compound, the value for which, on 
conformational grounds alone, should be greater. Winstein and Holness made similar 
observations with reference to cyclohexyl hydrogen phthalate. Eliel and Ro *! postulated 
that for an axial hydroxyl group to be esterified it must first assume the equatorial 
conformation, and if this is true it is probable that it would apply to the hydrolysis of a 
methoxycarbonyl group. On this basis it is possible to derive a value of AG = 1-6 
kcal./mole for the free-energy difference between the two possible conformations of the 
cis-ester studied by us, and hence for X a value of 4-0 kcal./mole. It is doubtful, however, 
whether the original postulate is strictly true. 

Conformation and Reactivity of the Dimethyl Cyclohexanedicarboxylates——The possible 
conformations of the dimethyl cyclohexanedicarboxylates are as follows (ax = axial, 
eg = equatorial methoxycarbonyl group): 


1,4-trans (I) 1 eg, 4 eq = 1 ax, 4 ax 
1,4-cis (II) 1 ax, 4 eg == 1 eg, 4 ax 
1,3-trans (III) 1 eg, 3 ax = 1 ax, 3 eg 
1,3-cis (IV) 1 ax, 3 ax == 1 eq, 3 eg 
1,2-trans (V) 1 ax, 2 ax = 1 eg, 2 eg 
1,2-cis (VI) 1 eg, 2 ax = 1 ax, 2 eg 


In cases (II) and (III) we have two identical conformations in equilibrium, in case (VI) 
two mirror-image conformations in equilibrium, and in cases (I), (IV), and (V) two different 
conformations in equilibrium. In calculating the rate coefficients for the hydrolysis of 
these esters it is necessary to assume that they are symmetrical with respect to reactivity. 
The esters (I), (IV), and (V) each comprise an equilibrated pair of geometrically symmetrical 
conformations and will therefore be symmetrical as to reactivity. The esters (II), (III), 
and (VI), although comprising geometrically unsymmetrical pairs of conformations, will in 
fact be symmetrical as to reactivity because the free-energy difference between the two 
conformations is zero. It is easily seen that for the first group of compounds, the rate 
coefficient for the first stage of hydrolysis, k’, is given by kh’; = 2kpNux + 2kaNaz (ii) (the 


*! Eliel and Ro, Chem. and Ind., 1956, 251. 
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same notation being used as before). For the second group, k, = Nga(ke + Ra) + 
Nga(ka + kz) = ky + ky (iii), since Naz = Ng, = 4. Leaving aside the 1,2-esters, in which 
complications arise, we may apply equation (iii) to the results for compounds (II) and 
(III) (Table 3). The fact that the values of , for these compounds are very nearly the 
same confirms the conformations proposed for compounds (II) and (III). Smith and 
Fort * made similar observations for hydrolysis in 85% methanol at 25° (trans-1,3-, 
hk, = 1-40; cis-1,4-, ky = 1-62 1. mole hr.*). 

If we set ky = mky (0 < m < 1) it readily follows from (ii) and (iii) that k’,/2k, = 
(Nex + mNaa)/(1 + m). From the results discussed on p. 1419 a reasonable value for 
mis 0-1. Since it is unlikely that Naa, > Negg the term mN 4, may be neglected, to a first 
approximation. This leads to a value of Ngy of ~1-4 for the trans-1,4-ester and of ~1-3 
for the cis-1,3-ester: and, as the maximum value of Nxzg is unity, this analysis strongly 
suggests that these esters exist exclusively in the diequatorial conformation. Moreover, 
these conclusions would be unaffected by taking the limiting (and absurd) value of unity 
for Naa, providing m > 0-1. These conclusions are also supported by using in a similar 
way the rate coefficients determined by Smith and Fort * for 85% methanolic solutions. 

The hydrolysis of the 1,2-diesters is complicated by the proximity of the two methoxy- 
carbonyl groups to each other, which introduces the following additional effects: (i) 
internally propagated polar effects; (ii) externally propagated polar effects, 1.e., the effect 
of the dipole of one ester group on the rate of hydrolysis of the other; (iii) the primary * 
steric effect of one ester group on the rate of hydrolysis of the other. Of these effects, the 
magnitude of the first will be the same for all conformations of the 1,2-diesters, and will 
be very small, but the magnitude of the second =a the third effect will be different for each 
conformation of the 1,2-diesters. 

The only possible conformation for the cis-1,2-diester i is eg,ax, and the rate coefficient 
observed for the hydrolysis at 30° is 9-70 x 10 1. mole sec.+. Comparison of this 
value with the corresponding values for the cis-1,4- and tvans-1,3-diester shows that the 
proximity of the two methoxycarbonyl groups reduces the rate by a factor of about 8. 
The magnitude of the dipolar effect is difficult to estimate, because the orientation of the 
methoxycarbonyl groups in the two positions is uncertain, but it will certainly tend to 
reduce the rate of the reaction, as will the primary steric effect. The trans-1,2-diester 
can adopt two conformations, eg,eqg and ax,ax, and the observed rate coefficient for the 
hydrolysis at 30° is 3-04 x 10° 1. mole™ sec.*. 

If this ester adopts the diaxial conformation, then the two methoxycarbonyl groups 
will be well separated, and the main effect will be a “ pure ” conformational effect, i.¢., 
the rate coefficient will be approximately twice that for the hydrolysis of an axial methoxy- 
carbonyl group, or less than about one seventéenth (cf. p. 1419) of that for the hydrolysis 
of the trans-1,4- or the cis-1,3-diester. If the ester adopts the diequatorial conformation, 
the two methoxycarbonyl groups will be close to each other, and the magnitudes of the 
dipolar and steric effects will be considerable. However, the two methoxycarbonyl 


CO,Me ra 
ee Co : CO,Me 
CO,Me 
Cus 4 H Coy 4 
cis trans 


Fic. 2. 


groups in the eg,ax-cis-1,2- and in the eg,eg-trans-1,2-diesters are in the same relative 
positions, the only difference being that one of the groups which is in the equatorial 
conformation in the ¢rams-ester is in the axial conformation in the cis-ester. This is 
shown in the projections in Fig. 2. 


* The primary steric effect depends directly upon differences of non-bonding compressional energy. 
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The primary steric effect will therefore be almost the same in each case, and the dipolar 
effect should be approximately the same, the only difference being the possible variation 
in orientation of the second methoxycarbonyl group in the axial (in the cis-1,2) and the 
equatorial (in the ¢rans-1,2) conformations with respect to the other methoxycarbonyl 
group. This effect, though noticeable, should not alter the order of magnitude of the rate 
coefficient, and therefore it would be expected that the rate coefficient for this conformation 
would be about twice that for the cis-1,2-ester,* or more, depending on the magnitude of 
the effect controlled by the orientation of the axial methoxycarbonyl group. The observed 
rate coefficient is about three times that for the czs-1,2-diester and about one fifth of that 
for the cis-1,3- or the trans-1,4-diester, and it is therefore concluded that the trans-1,2- 
diester is predominantly in the diequatorial conformation. 

Smith and Fort,‘ who did not consider this type of argument, provide results which 
also support this conclusion. They claim that the trans-1,2-diester adopts the diaxial 
conformation, on the basis of a diaxial conformation for the corresponding acid, in favour 
of which only general arguments are provided. 

The heats and entropies of activation for the hydrolysis of the truly symmetrical 
esters are: 

trans-1,4-, AH* = 9-8 kcal./mole, AS* = —29-4 e.u. 
cis-1,3-, » =98 ,, a » —29-4,, 
tyvans-1,2-, ,, =97 ,, ~ » _—ws.,, 


The rate difference for the hydrolysis of trans-1,2-diester compared with the hydrolysis of 
the other esters is due solely to the large decrease in entropy of activation. We now 
revert to the hydrolysis of the 4-t-butylcyclohexanecarboxylates (p. 1420); it was seen 
that the faster hydrolysis of an equatorial than of an axial methoxycarbonyl group was due 
mainly to the greater heat of activation, offset by the greater entropy of activation of the 
latter, thus AH,* — AHx* ~ 2°6 kcal./mole, AS,* — ASy* ~ 2-8 e.u. Therefore the large 


positive difference of entropy of activation between the hydrolysis of the ¢rans-1,4- and 
of the trans-1,2-diester is hardly likely to be due to a change from the diequatorial to the 
diaxial conformation, thus, AH,,,* — 4H,,,*~ —0-1 kcal./mole, AS,,,* — AS,,.* = + 4:1 
e.u. The ¢rans-1,2-diester is therefore in the diequatorial conformation. 

The entropies and heats of activation for the unsymmetrical diesters are: 


cis-1,4-, AH* = 10-0 kcal./mole, ASt = —30-5 e.u. 
trans-1,3-, ,, 10-4 2 »  —29-4,, 
cis-1,2-, P 11-1 #. 6. —31:3 ,, 


The differences in this series are not so marked, but there is an apparent increase in heat 
and a decrease in entropy of activation for the cis-1,2-diester, no doubt caused by increased 
primary steric and dipolar effects. The increase in heat of activation that is observed 
here, but not in the hydrolysis of the trans-1,2-diester, may be due to increased dipolar 
effects as a result of the controlled orientation of the axial methoxycarbonyl group. 

The smaller rates of hydrolysis of the 1,2-diesters may also be partly due to a decrease 
in the statistical factor of 2. This factor is introduced for those cases where the two 
possible sites of reaction are well separated; where the two groups are very close to each 
other, the probability of reaction is not doubled, as the approach of the attacking reagent 
must be from approximately the same direction for each. The value 2 must therefore be 
reduced slightly for these esters. 

The Conformation and Reactivity of the Methyl Hydrogen Cyclohexanedicarboxylates.— 
The possible conformations of the methyl hydrogen cyclohexanedicarboxylates are the 
same as those described for the dimethyl esters (p. 1420), except that the conformations 


The cis-1,2-ester has only one equatorial group, and to a first approximation we neglect the 
reaction of the axial group. 
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eq,ax and ax,eg are not identical as there are now two different groups, the carboxyl group 
and the methoxycarbony]l group. 

The hydrolysis of a monomethy] ester of a dicarboxylic acid in alkaline solution involves 
the reaction of two ions of like charge, the hydroxyl ion and the monocarboxylate ion, and 
it is therefore subject to a positive salt effect, and according to the Brénsted equation 


log. k = loge ky + 22,22A's/u/(1 + «B’s/p) Bran so Aen 

The hydrolysis of the monocarboxylate ion produces the dicarboxylate ion, and there is 
therefore an increase of valency from 1 to 2, with a corresponding increase in the ionic 
strength (u = $2c\z;”) as the reaction proceeds. The observed rate coefficient should 
therefore also increase according to equation (iv) as the reaction proceeds. This was 
overcome by adding a large excess of a neutral salt so that any change in ionic strength 
during the reaction was negligible compared to the total ionic strength. This method 
suffers from the serious disadvantage that the effect of ionic strength depends upon the 
magnitude of «, the mean distance of closest approach of the two ionic centres, and this 
distance is different for each of the esters considered here. As the rate coefficients and 
entropies and heats of activation are to be used in the assignment of conformation, it is 
essential that they be compared under the same conditions; a correction has therefore to 
be made to each of the observed rate coefficients so that the comparison may be made for 
values referring to zero ionic strength. Equation (iv) was used for dioxan—water mixtures 
by Svirbely and Mador #8 in the form 
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3-647 x 10%/p 
logig k == logio ko + (DT)? as 5-028 x 108 aDT+/p ice i (v) 


where D is the dielectric constant of the solvent, and T is the absolute temperature. The 
value of D was calculated from the equation log,, D = logy, a — bT (vi) where a and b are 
constants, which was derived by Akerléf and Short.® For the solvent 
used in this work (25-3 wt.% dioxan), this equation becomes: log,, D = 





re 
2 


“ at Fi 1-804 — 0-00229T. The main difficulty in the application of equation 
l (v) lies in the estimation of « for the various esters. First, the exact 

c locations of the charge of the carboxylate ion group and of the charge in 

Fic. 3. the transition complex in the hydrolysis of a methoxycarbony]l group are 


not known and, secondly, the trans-1,4-, cis-1,3-, and trans-1,2-ester can 
each exist in two conformations with widely differing values of «. The first of these errors 
was minimised by taking the centre of the ionic charge of the two atoms to be about 0-5 
A out from the carbonyl carbon atom, as shown in Fig.3. X is centre of charge, andC....X 
=0-5A. The second difficulty was partially overcome by correcting the rate coefficients 
in relation to each conformation separately. 

The distances « for each conformation were calculated by the method of vector analysis 
developed by Corey and Sneen,” using the following bond distances: C-C = 1-55 A, 
C-H = 1-09 A; ring angles 109° 28’. The values obtained for «, 10°hg9, E, logy, A, AH?, 
and AS}, are shown in Table 7. 

Methyl hydrogen cis-cyclohexane-1,3-dicarboxylate can exist in the diequatorial and 
in the diaxial conformations. In the diequatorial conformation, the two groups are 
separated by a distance of about 5-9 A, and the presence of the ionic charge of the carb- 
oxylate ion would therefore be expected to reduce the rate of hydrolysis of the methoxy- 
carbonyl group by a factor 6, where 6 is given by the equation 6 = expe*/DkaT, wheree 
is the electronic charge, D is the dielectric constant of the medium between the carboxylate 
ion and the transition complex in the hydrolysis of the methoxycarbonyl group, T is the 
absolute temperature, and ke is the Boltzmann constant. The value of D is uncertain, 
because the medium between the two charged centres consists partly of solvent, and 
partly of the molecule itself. However, the order of magnitude of 6 may be estimated by 
assuming the value of D to be equal to the dielectric constant of the solvent, giving 6 a 
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value of 5. Thus when the hydrolysis of the cis-1,3-monomethyl ester is compared with 
hydrolysis of the cis-1,3-dimethyl ester, the rate coefficient of the former reaction would 
be expected to be the smaller by a statistical factor of 2, to account for the presence of 
only one reacting group in the monoester, and by the factor 5 due to the electrostatic 
effect,* making a total factor of ~10. 


TABLE 7. Hydrolysis of the methyl hydrogen cyclohexanedicarboxylates at zero ionic 


strength. 
O*Rs0 E AHi ASt a 

Conformn. (I. mole sec.-') (kcal./mole) log,,A  (kcal./mole) (e.u.) (A) 

cis-1,2- ...... €q,ax 3-80 13-7 5-4 13-1 — 35-8 3-50 
trans-1,2- ... @x,ax 28-8 12-5 5-5 11-9 — 35-3 4-85 
eq,€q 33-2 11-8 5-0 11-2 — 37-8 3-50 

Me Me... osetis ax,ax 2150 9-5 5-0 8-9 —37-6 2-53 
€4,€9 1460 9-8 5-4 9-2 — 36-2 5-86 

tvans-1,3- ... ax,eq 530 10-3 5-2 9-7 — 36-8 5-11 
cis-1,4-  ...... ax,eq 661 10-1 5-1 9-5 —37-2 5-20 
trans-1,4- ... @*,ax 2070 9-7 5-3 9-1 — 36-3 5-50 
€9,€q 2290 9-7 5-4 9-1 —35-9 6-88 


In the diaxial conformation, the two groups are only 2-53 A apart, and the reduction 
in rate, 6, due to the electrostatic effect, is ~50. The rate is also reduced, because of the 
primary steric effect of the carboxylate ion group on the rate of hydrolysis of the methoxy- 
carbonyl group, by a factor of the order of 2; and because of the pure conformational 
effect of a methoxycarbonyl group in the axial conformation, by a factor of about 17 
(p. 1419). Compared with the rate of hydrolysis of the diequatorial cis-1,3-dimethy] ester, 
the rate of hydrolysis of the monomethy] ester in the diaxial conformation should therefore 
be smaller by a factor of ~3400. 

In view of the uncertainties in the ionic-strength correction applied to values of kg, the 
values considered in what follows are average values of thosé obtained when the correction 
is made for each possible conformation separately (Table 7). Using these average values 
does not alter the conclusions reached as to conformations of the monoesters and simplifies 
the argument. 

The rate coefficients for the hydrolysis of these esters at 30° are: monomethy] cis-1,3-, 
kg = 1-81 x 10% 1. mole* sec.+ (average value), and dimethyl cis-1,3-, k, = 2-01 x 1071. 
mole sec.*. The rate reduction factor is therefore ~11 and it is obvious that the cis-1,3- 
monoester is in the diequatorial conformation. 

A similar argument applies to the rates of hydrolysis of the conformations of the trans- 
1,4-monoester compared with the rates of hydrolysis of the trans-1,4-diester. The diaxial 
conformation will react more slowly by a factor of ~7 for the electrostatic effect, by a 
conformational factor of ~17, and by a statistical factor of 2, making a total factor of ~268. 
The diequatorial conformation will react more slowly by a factor of ~4 for the electro- 
static effect, by a statistical factor of 2, making a total factor of ~8. The rate coefficients 
at 30° are: monomethyl érans-1,4-, k, = 2:18 x 10? 1. mole+ sec.+ (average value), 
dimethyl trans-1,4-, k, = 1-84 x 107 1. mole™ sec.+. The rate-reduction ratio is there- 
for ~8-5 and it is clear that the monomethy] ester of trans-cyclohexane-1 ,4-dicarboxylate 
is in the diequatorial conformation. 

The cts-1,4- and the ¢rans-1,3-monoester can each exist in two conformations, (a) with 
the methoxycarbonyl group axial and the carboxylate ion group equatorial, and (6) with 
the methoxycarbonyl group equatorial and the carboxylate ion group axial. Since the 
methoxycarbonyl group is probably smaller than the solvated carboxylate ion group, it 
would be expected that the mole fraction of the conformation with the equatorial methoxy- 
carbonyl group would be somewhat less than 0-5. The electrostatic effect will be 
approximately the same for the cis-1,4- and the trans-1,3-monoester, as the distances 


* The electrostatic effect is the effect of the charge of the carboxylate ion group on the rate of 
hydrolysis of the methoxycarbonyl group. 
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between the two groups are 5-1 and 5-2 A respectively. This corresponds to a decrease 
in rate by a factor, 6 = 7, and the observed rate coefficients should be rather more than 
7 <x 2 = 14 times smaller than those for the corresponding cis-1,4- and trans-1,3-diesters. 
The rate coefficients at 30° (1. mole sec.“) are: 


trans-1,3-, kg = 5-3 x 10%; cis-1,4-, k, = 6-6 x 10°; 
trans-1,3-, k, = 7-08 x 10%; cis-1,4-, ky = 8-05 x 10? 


and the corresponding rate-reduction ratios are therefore, 13 for the 1,3-esters, and 12 for 
the 1,4-esters, values which are in accordance with those predicted. 

The hydrolysis of the cis-1,2-monoester would be expected to be very slow, on account 
of the close proximity of the two groups. The electrostatic effect is therefore large for 
this conformation (6 20); there is also a primary steric effect, and a small inductive 
effect, both tending to reduce the rate of hydrolysis. The rate coefficient for the hydrolysis 
at 30° is k, = 3-8 x 10% 1. mole™ sec.1, which is about 174 times less than that for the 
hydrolysis of the cis-1,4-monoester. The reduction in rate due to the combined inductive 
and primary steric effects is therefore equivalent to a factor of about 9, which is in close 
agreement with the rate reduction factor (~8) due to steric and dipolar effects in the 
hydrolysis of the cts-1,2-diester (p. 1421), thus supporting the conformation proposed on 
p. 1421, assuming the cis-1,2- and cis-1,4-monoesters to have the same conformation. 

The hydrolysis of the trans-1,2-monoester is best considered in terms of the two. 
conformations separately. The diequatorial conformation is associated with approxi- 
mately the same steric, inductive, and electrostatic effects as for the cis-1,2-monoester, 
because the two groups are similarly oriented with respect to each other (cf. Fig. 2). The 
diequatorial trans-1,2-monoester should therefore be hydrolysed about twice as fast as the 
cis-1,2-monoester, or a little more, depending on the value of the mole fraction of that 
conformation of the cis-1,2-monoester with the methoxycarbonyl group equatorial. The 
diaxial trans-1,2-monoester has the two grcups about 4-9 A apart, and hence the electro- 
static effect is less than for the diequatorial conformation (9 ~ 8); the primary steric 
effect is absent from this conformation, and the inductive effect is small. There is, 
however, a conformational effect due to the presence of both groups in the axial conform- 
ations, and the rate of hydrolysis should therefore be reduced in comparison with the rate 
of hydrolysis of the trans-1,4-diester by a factor of ~17 x 2 x 8 ~ 272, where 2 is the 
statistical factor. 

The rate coefficient for hydrolysis of the trans-1,2-monoester at 30° is k, = 3-10 x 101. 
mole sec. (average value). The observed reduction in rate coefficient compared with 
that for the hydrolysis of the ¢rans-1,4-diester is ~590 and the observed increase compared 
with that for the cis-1,2-monoester is ~8-2. The value predicted for the diaxial conform- 
ation differs from that observed by a factor of ~2, and the value predicted for the di- 
equatorial conformation by a factor of ~4. It therefore appears that methyl hydrogen 
trans-cyclohexane-1,2-dicarboxylate has characteristics of both conformations, and 
therefore it may be assumed to be an equilibrium mixture of diaxial and diequatorial 
conformations, with perhaps a slightly greater proportion of the diaxial conformation. 

The heats and entropies of activation for the trans-1,4-, cis-1,3-, and trans-1,2-mono- 
esters are given in Table 7. The smaller rate of hydrolysis of the ¢rans-1,2-monoester is 
due mainly to the high heat of activation, and partly to a lower entropy of activation. 
These characteristics are mid-way between those shown for the axial methoxycarbonyl 
group, and for the diequatorial ¢rans-1,2-dimethyl ester, and therefore support the theory 
that the two conformations are in equilibrium. The heats and entropies of activation for 
the hydrolysis of the cis-1,4-, ¢rans+1,3-, and cis-1,2-monoester (Table 7) show that the 
smaller rate of hydrolysis of the cis-1,2-monoester is due to a higher heat of activation, 

Barton and Cookson * suggest that the dianion of trans-cyclohexane-1,2-dicarboxylic 


#2 Barton and Cookson, Quart. Rev., 1956, 10, 44. 
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acid adopts the diaxial conformation, and that the dianion of trans-1,3-acid adopts the 
axial—-equatorial conformation on the basis of pK, values. In these cases the situation is 
dominated by electrostatic repulsion between charged groups, so that their conclusions are 
not necessarily in conflict with ours. 


We thank the Esso Petroleum Company Limited for a Research Studentship (M. D. J.), 
the Royal Society for a grant for apparatus, and Imperial Chemical Industries Limited for a 
grant for microanalyses and materials and for various gifts. 
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286. Synthesis of Heterocyclic Compounds from 8-Unsaturated 1,3-Di- 
keto-esters. Part II.1 «-Substituted Styrylpyrazole- and Styrylisoz- 
azole-carboxylic Esters. 





By Latir RATEB and GABRA SOLIMAN. 


Several $-unsaturated 1,3-diketo-esters (II) have been synthesised by the 
condensation of a-substituted styryl ketones (I) with ethyl oxalate. These 
were converted into the corresponding ethyl 1-phenyl-5-(«-substituted 
styryl)pyrazole-3-carboxylates (III), the structure of which has been deter- 
mined by degradation to 5-benzoyl- and 5-acetyl-1-phenylpyrazole. 

Analogous isoxazoles (VIII) have been prepared therefrom by the action 
of hydroxylamine. 


In continuation of previous work,! we have prepared seven: new 8-unsaturated 1,3-diketo- 
esters (II) by condensation of ethyl oxalate with «-methyl- and a-phenyl-styryl ketones 
(I; R’ = Me or Ph), of which two [I; R = 3,4-(MeO),C,H;, R’= Me; and R= 
p-MeO’C,H,, R’ = Ph] are new. 

These ethyl 2,4-dioxohexenoates as well as their methyl analogues failed to give 
crystalline dibromo-derivatives, and so 4-pyrones could not be prepared. 

On the other hand, they reacted readily with phenylhydrazine, giving ethyl 1-phenyl- 
5-(a-substituted styryl)pyrazole-3-carboxylates (III). 


R°CH:CRCO-CH; + EtQ,C-CO,Et —> R+CH:CRCO-CH,CO-CO,£t 


HC—C-CO,Et HC—C-CO,Et HC—C-CO,Et 
R'CO-C_ LN R-CH:CR*C_N RCH:CR-C_ ON 
R‘CHO + Ph Ph Oo 
(IV) (III) (VIII) 
HC—C:CO;H HC—CH Cl-C—CH 
ayy ee > if i —> iii 
R-CO-C__ N R'CO-C_ UN HO,C-C_,N 
h Ww (vty Ph qin Ph 


The positions of the ethoxycarbonyl and the styryl groups in these pyrazoles were 
established by degradation. Ozonolysis of ethyl 5-(«-phenylstyryl)-1-phenylpyrazole-3- 
carboxylate (III; R= R’= Ph) gave benzaldehyde and ethyl 5-benzoyl-l-phenyl- 
pytazole-3-carboxylate (IV; R’ = Ph), the latter yielding 5-benzoyl-1-phenylpyrazole ? 
on hydrolysis and decarboxylation. Similarly, ethyl 5-(«-methylstyryl)-1-phenylpyrazole- 
3-carboxylate (III; R= Ph; R’ = Me) gave ethyl 5-acetyl-l1-phenylpyrazole-3-carb- 
oxylate (IV; R’ = Me) and thence 5-acetyl-l1-phenylpyrazole (VI; R’ = Me). The latter 


1 Part I, J., 1956, 3663. 
® Borsche and Hahn, Annalen, 1939, 587, 219. 
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gave a phenylhydrazone, m. p. 136°, different from that, m. p. 182°, 3-acetyl-1-phenyl- 
pyrazole previously prepared by Diels and Petersen *® by the action of phenylhydrazine 
on ethoxymethylenediacetyl. 

Ozonolysis of the other styrylpyrazole carboxylic este1s led to ethyl 5-acetyl- and 
5-benzoyl-1-phenylpyrazole-3-carboxylates and the corresponding aromatic aldehydes. 

In an attempt to establish the position of the acetyl group in 5-acetyl-1-phenylpyrazole, 
by a different route, it was subjected to oxidation by Fuson’s reagent.‘ This led to the 
isolation of 4-chloro-1-phenylpyrazole-5-carboxylic acid (VII) which was characterised 
by the formation of a methyl ester and decarboxylated to 4-chloro-1-phenylpyrazole.5 
Evidently, the formation of the carboxylate anion after the oxidation has rendered position 
4 in the 1-phenylpyrazole nucleus the most favourable centre for electrophilic substitution.® 

Analogously, these ethyl dioxohexenoates have been converted into 5-(«-substituted 
styryl)isoxazole-3-carboxylates to which are assigned formula (VIII). This conforms 
to our experience regarding the reactivity of the carbonyl group adjacent to the ethoxy- 
carbonyl group towards the ordinary carbonyl reagents. It is also in agreement with 
Musante’s views’ regarding the positions assigned to the ethoxycarbonyl and the styryl 
groups in ethyl 5-styrylisoxazole-3-carboxylate.! 


EXPERIMENTAL 


Microanalyses were by Herr Alfred Bernhardt, Mulheim, Ruhr, W. Germany. Light 
petroleum used had b. p. 50—70°. a@—g in formula numbers are defined in Table 1. 

a-Methylstyryl Ketones.—3-Methyl-4-phenyl-* (Ia), 3-methyl-4-p-methoxyphenyl-* (Ib), 
3-methyl-4-o-methoxyphenyl- 7 (Ic), and 3-methyl-4-(3,4-methylenedioxypheny]l)-but-3-en- 
2-one 1 (Id) were prepared by condensation of butanone (2—3 mol.) with the corresponding 
aldehydes (1 mol.) in presence of dry hydrogen chloride at — 5°, and working up as described in 
the literature. We record the following: Oxime, elongated plates (from ethanol), m. p. 112°, 
of (Ic) (Found: C, 70-2; H, 7-3; N, 6-8. C,,H,;0O,N requires C, 70-2; H, 7-4; N, 68%). The 
ketone (Id) yellowish-white prisms (from light petroleum), m. p. 97° (Found: C, 71-2; H, 6-15. 
Calc. for C,,H,,0,;: C, 70-6; H, 5-9%), and its oxime (from light petroleum) in plates, m. p. 
119° (lit.,44 m. p. 130°) (Found: C, 65-7; H, 5-9; N, 6-3. Calc. for C,,H,,O,N: C, 65-7; 
H, 6-0; N, 64%). The ketone (Id) was contaminated with an unstable chloro-compound, m. p. 
136°, yellowish-white needles (from light petroleum) (Found: Cl, 16-2. (C,,H,,0,Cl requires 
Cl, 14.75%); Gheorghiu ! described this compound as the styryl ketone. 

3-Methyl-4-(3,4-dimethoxyphenyl)but-3-en-2-one (Ie) was prepared by condensing veratralde- 
hyde (22 g., 1 mol.) with butanone (40 g., 5 mol.) in presence of dry hydrogen chloride at —5°. 
After being kept at 0° for 48 hr., the mixture was worked up and the ketone purified by 
distillation at 200°/3 mm. (yield, 26 g.; m.-p. 40°) (Found: C, 70-8; H, 7-15. C,sH,,O, 
requires C, 70-9; H, 7-2%). Its oxime crystallised from benzene-light petroleum in plates, 
m. p. 109° (Found: C, 66-8; H, 7-5; N, 6-0. (C,,H,,O,N requires C, 66-3; H, 7:3; N, 5-95%). 
Ichikawa }* and Iwamoto * obtained a distyryl ketone as the sole product of acid-catalysed 
condensation of butanone with veratraldehyde. 

4-p-Methoxyphenyl-3-phenylbut-3-en-2-one (Ig) was prepared as described for 3,4-diphenyl- 
but-3-en-2-one }* (If) from p-anisaldehyde (10 g., 1 mol.) and benzyl methyl ketone (15 g., 
1-5 mol.). The oily product was vacuum-distilled, the excess of benzyl methyl ketone being 


8 Diels and Petersen, Ber., 1922, 55, 3449. 

4 Fuson and Bull, Chem. Rev., 1934, 15, 275. 

5 Severini, Gazzetta, 1893, 28, I, 284; Wolff and Fertig, Annalen, 1900, 318, 21; Dieckmann and 
Platz, Ber., 1904, 37, 4638. 

¢ Elderfield, ‘ ‘ Heterocyclic wor * John Wiley & Sons, Inc., New York, 1957, Vol. V, p. 97. 

7 Musante, Gazzetta, 1942, 72, 134. 

8 Harries and Muller, Ber., 1902, $5, 966. 

* Iwamoto, Bull. Chem. Soc. Japan, 1927, 2,51; Iwamoto and Kato, Sci. Reports Tokyo Imp. Univ., 
1930, 19, 689. 

10 Gheorghiu, Bull. Soc. chim. France, 1933, 58, 1442. 

11 O’Donoghue, Ryan, and Keane, Proc. Roy. Irish Acad., 1927, 37, B, 141. 

12 Ichikawa, Sci. Reports Tokyo Imp. Univ., 1925, 14, 127. 
18 Goldschmidt and Krczmar, Monatsh., 1901, 22, 659, 749. 
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recovered and the ketone (18 g.) collected at 220°/3 mm. It solidified and crystallised from 
light petroleum in rods, m. p. 62° (Found: C, 80-7; H, 6-4. C,,H,,O, requires C, 80-9; 
H, 6-4%). Its oxime crystallised from ethanol in elongated plates, m. p. 178° (Found: C, 76-1; 
H, 6-6; N, 5:3. C,,H,,O,N requires C, 76-4; H, 6-4; N, 5-2%). 

Ethyl 5-Methyl-2,4-dioxo-6-phenylhex-5-enoate (IIa).—The ketone ® (Ia) (16 g., 1 mol.) and 
ethyl oxalate (14 g., 1 mol.) were added to an ice-cold suspension of sodium ethoxide (6-6 g., 
1 mol.) in dry ether (100 ml.). The mixture was kept overnight at room temperature and the 
sodium salt was separated and acidified with dilute sulphuric acid. The recovered ester (26 g.) 
crystallised from methanol in lemon-yellow plates, m. p. 66° (lit.,.4 m. p. 50—53°) (Found: 
C, 68-7; H, 6-3; OEt, 17-2. Calc. for C,,H,,O,: C, 69-2; H, 6-2; OEt, 17-3%). 

When the ethyl ester (1 g.) was refluxed in methanol (5 ml.) containing one drop of concen- 
trated sulphuric acid for 1 hr. it gave the methyl ester, m. p. 131—133° (from light petroleum), 
pale-yellow plates (Found: C, 68-35; H, 5-7; OMe, 12-55. C,,H,,O, requires C, 68-3; H, 5-7; 
OMe, 12-6%). 

Both esters gave an intense red colour with ferric chloride, but with 5% titanium trichloride 
they gave a reddish-violet colour which changed into dark-red —» reddish-brown —» 
colourless. 

The ethyl 2,4-dioxohexenoates (IIb—g) given in Table 1 were prepared from the ketones 
(Ib—g) in 84—97% yields and crystallised from ethanol. Therefrom, the analogous methyl 
esters have been obtained by methanolysis and crystallised from methanol. 

These esters gave reddish-brown or brown colours with ferric chloride and initial reddish- 
violet or violet colours with 5% titanium trichloride. 

Ethyl 5-Benzoyl-1-phenylpyrazole-3-carboxylate-—A chloroform solution of ethyl 1-phenyl- 
5-(a-phenylstyryl)pyrazole-3-carboxylate (3 g.) was treated with ozonised oxygen and, after 


TABLE 1. Esters, RCCH:CR’-CO-CH,°CO-CO, Alkyl. 


Found (%)_—: Required (%) 
R R’ M.p. Appearance C H OEt Formula Cc H  OEt 
Ethyl esters “4 

b p-MeO-C,H, Me 68° Orange* 66-4 62 15:4 C,,H,,O, 66:2 625 15:5 
c o-MeO-C,H, Me 102 Yellow* 661 63 153 C,H,O, 662 625 165-5 
d 3,4-CH,O,:;C,H, Me 92 Yellowt 62:7 53 — CyH,,O, 63:1 5:3 — 
e 3,4-(MeO),C,H, Me 82 Orange t 63-7 62 13-9 C,,H yO, 63:7 63 14-1 
Ph Ph 98  Yellowt 744 658 146 CyH,O, 745 56 140 

g p-MeO-C,H, Ph 112 Orange* 71-5 657 125 Cy,HyO, 71-6 5-7 12-7 
Methyl esters OMe OMe 
p-MeO-C,H, Me 76 Orange* 65:15 60 225 C,yH,O, 65:2 58 22:5 
o-MeO-C,H, Me 87 Yellowt 652 57 21-8 CyH,O, 652 58 225 
3,4-CH,O,:C,H, Me 115 Yellowt 62:2 49 104 C,H,O, 62:1 49 10-7 
3,4-(MeO),C,H, Me 97 Yellowt+ 626 60 305 C,H,O, 627 59 30-4 
Ph Ph 118 Yellow* 739 54 101 CyH,O, 740 52 101 
p-MeO-C,H, Ph 155 Yellowt 70-7 5:4 182 Cy H,O, 71:0 54 183 

* Plates. t Needles. { Rods. 
TABLE 2. Pyrazole esters (III). 
Found (%) Required (%) 

R R’ M.p. Appearance C H N Formula Cc H N 

a Ph Me 66° Plates 759 60 84 C,,H ON, 759 61 84 
b p-MeO-C,H, Me 110 Plates 73-0 62 76 C,.H,O,N, 72:9 61 #77 
¢ o-MeO-C,H, Me 110 Pilates 72-45 61 7:7 CygHy,O,N, 729 61 7:7 
d 3,4-CH,0,C,H, Me 110 Pilates 70-5 53 74 CyH,O.N, 702 54 7:4 
¢ 3,4-(MeO),C,H,* Me 132 Plates 69:7 55 7:5 CygHyO,N, 698 5:7 7-4 
f Ph Ph 105 Needles 79:0 5:7 7:25 C,,H,,O,.N, 79:15 56 71 
g p-MeO-C,H, Ph 139 Needles 76:75 5-75 6-7 C,y,H,,O,N, 764 57 66 


* This pyrazole was prepared by heating the methyl ester for 3 hr., being recovered from the 
reaction mixture by extraction with ether and crystallisation from methanol. 


removal of the solvent, the ozonide was decomposed and distilled with steam until benzaldehyde 
ceased to pass over. The non-volatile residue was extracted with ether, and the ethereal 


14 Panizzi and Benati, Gazzetta, 1946, 76, 66. 











eS 
yl 


yl- 
ter 


» wg 
co 


An 


eo so 


CO me AT Or Or 


om > P11 


co 
a 
oe 


yde 
eal 








[1960] from 8-Unsaturated 1,3-Diketo-esters. Part II. 1429 


solution shaken with sodium hydrogen carbonate. The keto-estey (2-3 g.) was recovered from 
the neutral ethereal solution and crystallised from light petroleum in plates, m. p. 112° (Found: 
C, 71:1; H, 5-0; N, 8-8. C,gH,,0O,N, requires C, 71:2; H, 5-0; N, 88%). It failed to give an 
oxime. 

Ozonolysis of ethyl 5-(4-methoxy-a«-phenylstyryl)-1-phenylpyrazole-3-carboxylate gave 
the same keto-pyrazole ester, p-anisaldehyde, and p-anisic acid. 

5-Benzoyl-1-phenylpyrazole-3-carboxylic Acid.—This acid was prepared by refluxing the 
foregoing ester (1 g.) with dilute hydrochloric acid (1:1) for 2 hr. It crystallised from boiling 
water in needles, m. p. 170° (Found: C, 70-2; H, 4:3; N, 9-75. C,,H,,0,N, requires C, 69-85; 
H, 4-1; N, 9-6%). 

5-Benzoyl-1-phenylpyrazole-—This was prepared by decarboxylation of 5-benzoyl-1-phenyl- 
pyrazole-3-carboxylic acid (0-8 g.) with freshly precipitated copper powder (0-8 g.) at 190° in 
45 min. The ketone was extracted with ethanol, and the solutior concentrated, diluted with 
water, and extracted with ether. The ethereal solution was then shaken with sodium hydrogen 
carbonate, dried, and distilled. The recovered ketone (0-3 g.) crystallised from light petroleum 
in plates, m. p. 119—120° (Found: C, 77-5; H, 4-7; N, 11-5. Calc. for C,,H,,ON,: C, 77-4; 
H, 4:9; N, 11-3%). It gave a 2,4-dinitrophenylhydrazone which crystallised from dilute 
ethanol in orange needles,? m. p. 195°. 

Ethyl 5-Acetyl-1-phenylpyrazole-3-carboxylate-—This ester was prepared by ozonolysis of 
ethyl 5-(«-methylstyryl)-1-phenylpyrazole-3-carboxylate (4 g.) as described before and the 
recovered keto-pyrazole ester (3 g.) crystallised from light petroleum in needles, m. p. 112° (Found: 
C, 65-0; H, 5-5; N, 10-8. C,,H,,O,N, requires C, 65-1; H, 5-5; N, 10-85%). Its oxime. 
crystallised from ethanol in plates, m. p. 118° (Found: N, 15-4. C,,H,;0O,N; requires N, 15-4%). 

5-A cetyl-1-phenylpyrazole-3-carboxylic Acid.—This acid was prepared by hydrolysis of the 
ester (3 g.) in boiling dilute hydrochloric acid (1:1) (30 ml.) for 3 hr. It crystallised from 
boiling water in needles, m. p. 212° (Found: C, 62-2; H, 4:7; N, 12:3. C,,H,.O,N, requires 
C, 62-6; H, 4-4; N, 12-2%). 

5-Acetyl-1-phenylpyrazole-—This ketone was prepared by decarboxylation of the above- 
mentioned acid (2 g.) with freshly precipitated copper powder (2 g.) at 190° in 45 min. The 
recovered ketone (0-9 g.) crystallised from light petroleum in plates, m. p. 83° (Found: C, 70-85; 
H, 5-6; N, 15-0. C,,H,,ON, requires C, 71-0; H, 5-4; N, 15:1%). Its oxime crystallised from 
light petroleum in plates, m. p. 108° (Found: N, 20-6. C,,H,,ON; requires N, 21-:0%). Its 
phenylhydrazone crystallised from light petroleum in plates, m. p. 136° (Found: N, 20-25. 
C,,H,,.N, requires N, 20-3%). 

4-Chloro-1-phenylpyrazole-5-carboxylic Acid.—A mixture of 5-acetyl-l-phenylpyrazole 
(0-5 g.), dioxan (15 ml.), and potassium iodide (1-5 g.) in water (5 ml.) was treated with freshly 
prepared 2n-sodium hypochlorite (25 ml.). The mixture was kept for 1 hr., the iodoform 
separated, and the alkaline solution extracted with ether. On acidification and extraction 
with ether, the chloro-acid (0-3 g.), m. p. 176°, was recovered and crystallised from boiling water, 
forming needles, m. p. 185° (Found: C, 53-6; H, 3-05; N, 12-0; Cl, 15-7. C,gH,O,N,Cl requires 
C, 53-9; H, 3-2; N, 12-6; Cl, 15-9%). Its methyl ester, prepared by diazomethane, crystallised 
from light petroleum in needles, m. p. 62° (Found: C, 55-7; H, 3-7; N, 11-6; Cl, 14-85. 
C,,H,O,N,Cl requires C, 55-8; H, 3-8; N, 11-8; Cl, 15-0%). 

4-Chloro-1-phenylpyrazole-—When 4-chloro-1-phenylpyrazole-5-carboxylic acid was heated 
at 215° it readily lost carbon dioxide and 4-chloro-1-phenylpyrazole was obtained as a colourless 
sublimate, m. p. 74°, which crystallised from dilute ethanol in needles, m. p. 75°. 


TABLE 3. Styrylisoxazoles (VIII). 


Solv. for Found (%) Required (%) 
R R’ M.p. Appearance _ crystn. Cc H N Formula Cc H N 
a Ph Me _ 67° Plates EtOH 69°38 58 54 C,,H,,O,N 700 59 5-4 
b p-MeO-C,H, Me 82 Pale violet EtOH 66-8 60 48 C,,H,,O,.N 669 60 49 
plates 
c o-MeO-C,H, Me 101 Pilates Light 67-2 62 50 C,H,,O,N 669 60 49 
* petroleum 
d 3,4-CH,0,:C,H, Me 97 Pale violet EtOH 64:0 50 48 C,H,O,N 63-8 5-0 4-65 
needles 
e 3,4-(MeO),C,H, Me 94 Pilates EtOH 645 60 46 C,,H,O,N 643 60 4-4 
Ph 


Ph 82 Needles Aq. EtOH 749 5:4 4:45 CyH,,O,N 75:2 54 4-4 
g p-MeO-C,H, Ph 114 Needles Aq. EtOH 7255 6-5 40 C,,H,O,N 722 55 40 
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Styrylisoxazoles.—The styrylisoxazoles (VIIIla—g) reported in Table 3 were prepared from the 
appropriate ethyl 2,4-dioxohexenoates (II) and hydroxylamine. They gave a yellow, orange, 
or brown colour with concentrated sulphuric acid. 
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287. Synthesis of Heterocyclic Compounds from 5-Unsaturated 1,3-Di- 
keto-esters. PartIII Ethyl3-Cyano-6-styryl-2-pyridone-4-carboxyl- 
ates and Their Degradation Products. 


By Latir RATEB and GABRA SOLIMAN. 







Condensation of cyanoacetamide with 3-unsaturated 1,3-diketo-esters 
led to styryl- and («-substituted styryl)-cyanopyridones. Ozonolysis of 
the pyridones (III; R’ =H) led to 4-ethoxycarbonyl-2-pyridone-6-car- 
boxylic acid (IV) which was decarboxylated and hydrolysed to 2-pyridone-4- 
carboxylic acid (VI). Analogously, the pyridones (III; R’ = Me or Ph) 
yielded ethyl 6-acetyl- and 6-benzoyl-3-cyano-2-pyridone-4-carboxylates 
(VII). Diazomethane converts the compounds (IV) and (VII; R’ = Me) 
into 2-methoxypyridine derivatives, whereas (VI) gave methyl 2-pyridone-4- 
carboxylate. Some of these products have characteristic ultraviolet 
absorption spectra, 










THORPE’S condensation * of cyanoacetamide with «f-acetylenic ketones gives 3-cyano-2- 
pyridones ** but with «-olefinic ketones gives piperidones or cyano-dihydro-2-pyridones 
depending upon the catalyst used.5 

The products from cyanoacetamide and 1,3-dicarbonyl compounds have been the sub- 
ject of controversy. Significant examples of condensation reactions illustrating the 
comparative reactivity of the two carbonyl groups have been set forth by Bardhan ® 
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and by Tracy and Elderfield,* who synthesised ethyl 3-cyano-6-methyl- and -6-ethyl-2- 
pyridone-4-carboxylate from ethyl acetyl- and propionyl-pyruvate, respectively, indicating 
that the carbonyl group adjacent to the electron-attracting ester group is the more reactive. 


1 Part II, preceding paper. 

® Thorpe et al., J., 1911, 99, 422; 1913, 108, 1586; 1919, 115, 686. 
* Bardhan, J., 1929, 2223. 

* Barat, J. Indian Chem. Soc., 1930, 7, 851. 

5 Barat, J. Indian Chem. Soc., 1931, 8, 699. 

* Tracy and Elderfield, J. Org. Chem., 1941, 6, 70. 
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We have studied the action of cyanoacetamide on the 8-unsaturated 1,3-diketo-esters 
(I) in presence of piperidine. Theoretically, it is improbable that these esters should react 
as a$-unsaturated carbonyl compounds to give cyano-dihydro-2-pyridones.5 On the 
other hand, they are liable to react as diketomethylene systems, giving the cyanopyridones 
(II) or (III) or a mixture, depending on the relative reactivities of the two carbonyl groups. 
However, there is no experimental evidence for the existence of such a mixture since 
almost pure products separated from the reaction medium. 

Differentiation between the two alternatives was achieved by degradation. Ozonolysis 
of ethyl 3-cyano-6-styryl-2-pyridone-4-carboxylate (III; R = Ph, R’ = H) led to aldehyde 
and 3-cyano-4-ethoxycarbonyl-2-pyridone-6-carboxylic acid (IV); this acid was decar- 
boxylated to ethyl 3-cyano-2-pyridone-4-carboxylate (V) and the latter hydrolysed to 
2-pyridone-4-carboxylic acid (VI). Although this acid melts about 30° higher (355°) than 
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Fic. 1. Ultraviolet spectra: (a) 2-pyridone in methanol," (b) 2-pyridone-4-carboxylic acid (VI), (c) methyl 
pyridone-4-carboxylate, (d) ethyl 3-cyano-2-pyridone-4-carboxylate (V), (e) 3-cyano-4-ethoxycarbonyl-2- 
pyridone-6-carboxylic acid (IV). 


Fic. 2. Ultraviolet spectra: (a) 2-ethoxypyridine in methanoi,'* (b) methyl 3-cyano-4-ethoxycarbonyl-2- 
methoxypyridine-6-carboxylate (VIII). 


reported by Erlenmeyer e¢ al.,7 the methyl ester has the recorded melting point. This 
entirely excludes the alternative formula (II) which demands degradation to 2-pyridone-6- 
carboxylic acid,® m. p. 282°. 

Similarly, ozonolysis of analogous substituted styryl esters (III; R’ = H) led to the 
corresponding aldehydes and the same acid (IV). Contrary to our previous experience 
for the ozonolysis of ethyl 1-phenyl-5-styrylpyrazole-3-carboxylates,® these styryl- 
pyridones resemble 2-vinylpyridine which undergoes ozonolysis to pyridine-2-carboxylic 
acid and formaldehyde.” 

The a-substituted styryl esters (III; R’ = Me and Ph) gave on ozonolysis ethyl 
6-acetyl- and 6-benzoyl-3-cyano-2-pyridone-4-carboxylate (VII; R’ = Me and Ph); the 
former keto-ester was readily -oxidised to 3-cyano-4-ethoxycarbonyl-2-pyridone-6- 
carboxylic acid (IV) by the haloform reaction. 

? Erlenmeyer, Baumler, and Sorkin, Helv. Chim. Acta, 1951, $4, 496. 

® Fischer, Hess, and Stahlschmidt, Ber., 1912, 45, 2459. 


* Soliman and Rateb, J., 1956, 3663. 
© Elderfield, “‘ Heterocyclic Compounds,” Vol. I, John Wiley & Sons, Inc., New York, 1950, p. 588. 
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Condensation of cyanoacetamide with these ethyl 2,4-diketohexenoates (I) appears to 
proceed by Knoevenagel’s reaction in which the 2-keto-group is involved in the formation 
of an intermediate unsaturated amide, whereas the 4-keto-group participates in cyclisation. 

However, Henecka “ who confirmed Bardhan’s work * regarding the structure of ethyl 
3-cyano-6-methyl-2-pyridone-4-carboxylate, believes that condensation of cyanoacetamide 
with ethyl acetylpyruvate proceeds by Michael addition to an enolate probably formed 
from the 2-keto-group of the ester. 

None of the synthesised esters (III) gave a characteristic colour with ferric chloride or 
titanium trichloride; and the prototype of this series (III; R= Ph, R’ = H) underwent 
neither acetylation nor methylation (with diazomethane). 

On the other hand, the pyridones (IV) and (VII; R’ = Me) gave characteristic colours 
with these two reagents indicating the existence of keto—lactam tautomerism; and with 
diazomethane they readily gave methyl 3-cyano-4-ethoxycarbonyl-2-methoxypyridine-6- 
carboxylate (VIII) and ethyl 6-acetyl-3-cyano-2-methoxypyridine-4-carboxylate (IX), 
respectively. 

Erlenmeyer ef al.? described 2- -pyridone-4-carboxylic acid as a 2-hydroxypyridine 
derivative. Yet, this acid (VI) in our hands did not give specific colour reactions with 
ferric chloride or titanium trichloride, or afford methyl 2-methoxypyridine-4-carboxylate 
by the action of diazomethane In accordance with the fact that 2-hydroxypyridine 
exists in the 2-pyridone form in neutral media and that 2-methoxypyridines are formed 
whenever 2-pyridones undergo methylation by diazomethane,!* the compounds (IV), (V), 
(VI), and its methyl ester, (VIII), and (IX) can be assigned the annexed formule. More- 
over, the pyridone and the pyridine structures of most of these compounds have been 
confirmed by the determination of their ultraviolet absorption spectra in absolute ethanol 
(see Figures; Unicam spectrophotometer). 

Comparison of curves 6 and ¢ with a for 2-pyridone (Fig. 1) indicates that the shift 
towards longer wavelengths is attributable to the carbonyl and the methoxycarbonyl 
groups, whereas the presence of the cyano-group in (IV) and (V) appears to account for 
the additional shift accompanied by lowering of intensity. An analogous bathochromic 
shift is also perceptible in curve b for the 2-methoxypyridine (VIII) (Fig. 2) when compared 
with that of 2-ethoxypyridine.™ 


EXPERIMENTAL 


Microanalyses were by Herrn Alfred Bernhardt, Mulheim, Ruhr, W. Germany. Light 
petroleum used had b. p. 50—70°. 

Ethyl 3-Cyano-6-styryl-2-pyridone-4-carboxylate (III; R = Ph, R’ = H).—Piperidine (1 ml.) 
was added to a solution of ethyl 2,4-dioxo-6-phenylhex-5-enoate ® (5 g., 1 mol.) and cyano- 
acetamide (3-4 g., 2 mol.) in absolute ethanol (80 ml.) at ~60°. The yellow mixture which 
became deep red, was kept at room temperature for 4 hr.; the pyridone (3-5 g.) separated 
completely. It crystallised from glacial acetic acid in orange diamond-shaped plates, m. p. 
278° (Found: 69-3; H, 4-7; N, 10-0. C,,H,,O,N, requires C, 69-4; H, 4-8; N, 9-5%), soluble 
in aqueous sodium hydroxide to a yellow fluorescent solution, but not giving a characteristic 
colour with ferric chloride or 5% titanium trichloride. It was unchanged on being heated with 
acetic anhydride or acetyl chloride, or treated with ethereal diazomethane. 

The. styrylpyridones listed in the Table were prepared analogously. They did not give 
characteristic colours with ferric chloride or titanium trichloride. All were orange or yellow. 

Ethyl 3-Cyano-6-(2-2’-furylvinyl)-2-pyridone-4-carboxylate-—This pyridone was prepared 
by condensation of ethyl 2,4-dioxo-6-2’-furylhex-5-enoate ® (2 g.) with cyanoacetamide (1 g.) 
in ethanol containing 5 drops of piperidine. It crystallised from glacial acetic acid in brownish- 
orange aggregate plates (1-5 g.), m. p. 309° (Found: C, 63-3; H, 4:2; N, 9-8. C,,H,,O,N, 
requires C, 63-4; H, 4:25; N, 9-9%). 

™ Henecka, Chem. Ber., 1949, 82, 36. 

12 Isler, Gutman, Straub, Fust, Bohni, and Studer, Helv. Chim. Acta, 1955, 38, 1033. 


48 Elderfield, ‘‘ Heterocyclic Compounds,” Vol. I, John Wiley & Sons, Inc., New York, 1950, pp. 
435, 534. 
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Ethyl 3-Cyano-6-(«-phenylstyryl)-2-pyridone-4-carboxylate-—This was prepared when 
piperidine (10 drops) was added to a warm solution of ethyl 2,4-dioxo-5,6-diphenylhex-5- 
enoate (1 g., 1 mol.) and cyanoacetamide (0-6 g., 2 mol.) in absolute ethanol (20 ml.). The 
solution gradually deposited deep-red crystals (0-9 g.), m. p. 210° (Found: C, 73-2; H, 6-4; 
N, 9-0; OEt, 10-0. C,,H,,0,N,,C,H,,N requires C, 73-8; H, 6-4; N, 9-2; OEt, 99%). This 
pyridone—piperidine solvate crystallised from ethanol in a solvent-free form (yellow needles), 
m. p. 274°, having a faint fluorescence and free from piperidine (Found: C, 74-7; H, 5-0; 


Ethyl 3-cyano-6-styryl-2-pyridone-4-carboxylates (III). 


Solvent Found (%) — (%) 

R R’ M. p. for crystn.* Cc H N Formula Cc N 
p-MeO-C,H, ...... H 280° G 66-8 49 85 C,.H,O,N, 66-7 kel 8-6 
o-MeO-C,H, ...... H 256° G 67-0 49 87 CyH,O.N, 66-7 50 86 
3,4-CH,0,:C,H, ... H 325%¢ P 641 43 84 C,,H,O,N, 639 42 8-3 
3,4-(MeO),C,H, ... H 297° P 64:1 52 8-0 C,H,,O;,N, 644 51 79 
s NMe,°C,H, ...... H 323%¢ D 67-3 59 12:5 C,H,O,N, 676 57 125 

aS i oh Me 219° E 70-05 52 92 CyHyO,N, 701 52 91 
> MeOCH, sodden Me 2624 G 67:3 5-4 84 C,H,,O,N, 67-4 O54 8-3 
o-MeO-C,H, ...... Me 2024 E 67-7 53 85 C,,H,O,N, 67-4 5-4 8-3 
3,4-CH,0,:¢,H, . .. Me  284¢ G 64-7 4:7 8-0 C,H,O,N, 648 46 7-95 
3,4-(MeO),C,H, ... Me 215° G 65-0 55 7-7 2O5N, 65:2 5-5 7-6 

* Block. *° Rods. ¢ Plates. 4 Needles. * G = glacial acetic acid; P= pyridine; D= 


dioxan; E = ethanol. 


N, 7:5; OEt, 11-7. C,,H,,0,N, requires C, 74-6; H, 4:9; N, 7-6; OEt, 12-2%). When the 
ethanolic mother-liquor was distilled with steam, the distillate gave a positive colour test for 
piperidine." 

Ethyl  3-Cyano-6-(«-phenyl-4-methoxystyryl)-2-pyridone-4-carboxylate——This estey was 
prepared in 40% yield from ethyl 2,4-dioxo-6-p-methoxyphenyl-5-phenylhex-5-enoate as for 
the previous pyridone and separated in deep red plates, m. p. 260°-(Found: C, 71-3; H, 6-1; 
N, 9:2. C,,H..O,N,,C;H,,N requires C, 71-7; H, 6-4; N, 8°7%). It crystallised from ethanol 
in solvent-free form as yellowish-orange needles, m. p. 290° (Found: C, 72-4; H, 5-0; N, 7:3. 
C,4H..O,N, requires C, 72-0; H, 5-0; N, 7-0%), The mother-liquor gave a positive test for 
piperidine. 

Degradation.—3-Cyano-4-ethoxycarbonyl-2-pyridone-6-carboxylic acid (IV). Ozonised 
oxygen was bubbled through an ice-cold suspension of ethyl 3-cyano-6-styryl-2-pyridone-4- 
carboxylate (III) (4.g.) inchloroform. After removal of the solvent under reduced pressure, the 
ozonide was decomposed with water and distilled in steam until benzaldehyde ceased to pass 
over. On cooling of the residual brownish solution, 3-cyano-4-ethoxycarbonyl-2-pyridone-6- 
carboxylic acid (2-8 g.) separated (m. p. 242°). It crystallised from boiling water in yellowish- 
orange plates, m. p. 247° (decomp.), which gave a red colour with ferric chloride and an initial 
blue colour with 5% titanium trichloride (Found: C, 47-2; H, 4:1; N, 10-9. C,gH,O;N,,H,O 
requires C, 47-25; H, 4:0; N, 11-0%). Water of crystallisation could not be completely 
removed from this acid even at 140° in a high vacuum. 

Ozonolysis of ethyl 3-cyano-6-4’-methoxystyryl-, -6-2’-methoxystyryl-, and -6-(3,4-methyl- 
enedioxystyryl)-2-pyridone-4-carboxylate afforded this acid with p-anisic acid, p-anisaldehyde, 
o-anisaldehyde, and piperonaldehyde, respectively. 

3-Cyano-4-ethoxycarbonyl-2-pyridone-6-carboxylic acid was also obtained when powdered 
potassium permanganate (1-1 g.) was gradually stirred into a suspension of ethyl 3-cyano-6- 
styryl-2-pyridone-4-carboxylate (2 g.) in acetone. After being kept at room temperature for 
1 hr., the brown precipitate was separated and digested with warm water, and the filtrate was 
acidified. The acid (0-9 g.), m. p. 237°, thus obtained crystallised from water in yellowish- 
orange plates, m. p. and mixed m.,p. 247°. 

Methyl 3-Cyano-4-ethoxycarbonyl-2-methoxypyridine-6-carboxylate (VIII).—This ether was 
readily formed by the action of ethereal diazomethane on 3-cyano-4-ethoxycarbonyl-2-pyridone- 
6-carboxylic acid. It crystallised from light petroleum in rods, m. p. 96°, having a faint-blue 


14 Feigl, “‘ Spot Tests,” Vol. II, Organic Applications, Elsevier, 1954, p. 189. 
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fluorescence (Found: C, 54-9; H, 4-8; N, 10-5; OMe, 22-5. (C,,H,,0;N, requires C, 54-55; 
H, 4:6; N, 10-6; OMe,, 23-5%). 

Ethyl 3-Cyano-2-pyridone-4-carboxylate (V).—An intimate mixture of 3-cyano-4-ethoxy- 
carbonyl-2-pyridone-6-carboxylic acid (0-5 g.) and freshly precipitated copper powder (0-5 g.) 
was heated at 230°/0-1—0-3 mm. The decarboxylation product obtained as a yellow sticky 
sublimate (0-2 g.) was dissolved in chloroform, shaken with sodium hydrogen carbonate 
solution, washed, and dried. After removal of the solvent, ethyl 3-cyano-2-pyridone-4- 
carboxylate was recovered as a yellow solid, m. p. 156°, which was freed from an insoluble 
greenish-yellow impurity by being dissolved in benzene. On concentration of the solution, 
the pure ester was recovered and crystallised from benzene in yellow needles, m. p. 162° (Found: 
C, 56-3; H, 4-1; N, 14:7. C,H,O,N, requires C, 56-2; H, 4-2; N, 146%). It did not give 
characteristic colours with ferric chloride or titanium trichloride. 

2-Pyridone-4-carboxylic Acid (V1).—Ethyl 3-cyano-2-pyridone-4-carboxylate (0-5 g.) was 
refluxed with concentrated hydrochloric acid (10 ml.) for 10 hr. When most of the acidic 
solution was evaporated and the residue diluted with water, the pyridone acid separated in 
needles, m. p. 260°. It crystallised from boiling water in needles, m. p. 355° (block) (Found: 
C, 51-65; H, 3-8; N, 10-0. Calc. for C,H,O,N: C, 51-8; H, 3-7; N, 10-1%). Its methyl ester 
(prepared by diazomethane) crystallised from boiling water in needles, m. p. 211° (Found: 
C, 54:8; H, 48; N, 93; OMe, 20-4. Calc. for C,H,O,N: C, 55-0; H, 4:6; N, 915; 
OMe, 20-3%). 

Ethyl 6-Acetyl-3-cyano-2-pyridone-4-carboxylate (VII; R’ = Me).—A suspension of ethyl 
3-cyano-6-(a-methylstyry])-2-pyridone-4-carboxylate (III) (2 g.) in dry chloroform was ozonised 
until a clear solution was obtained. After removal of the solvent, the ozonide was decomposed 
and distilled with steam until benzaldehyde ceased to pass over. Cooling the residual solution 
gave ethyl 6-acetyl-3-cyano-2-pyridone-4-carboxylate (1-3 g.) as a yellow solid, m. p. 160°. It 
crystallised from methanol in lemon-yellow needles, m. p. 172°, which gave a red colour with 
ferric chloride and a pale-brown colour with 5% titanium trichloride (Found: C, 56-2; H, 4-2; 
N, 12-0. C,,H,,O,N, requires C, 56-4; H, 4:3; N,12-0%). Its oxime crystallised from ethanol 
in yellow needles, m. p. 276° (decomp.) (Found: N, 16-6. C,,H,,O,N, requires N, 16-9%). 

The same keto-ester was obtained by ozonolysis of ethyl 3-cyano-6-(4-methoxy-«-methyl- 
styryl)- and -6-(2-methoxy-a-methylstyryl)-2-pyridone-4-carboxylate. 

Oxidation of the Ketone (VII; R’ = Me).—The ketone (0-1 g.) in methanol (15 ml.) was 
treated with potassium iodide (0-3 g.) in a minimum of water and 10 ml. of 2N-sodium hypo- 
chlorite. The mixture was kept at room temperature for 5 min. and the iodoform separated. 
On acidification of the solution, the acid (IV) separated and crystallised from water in yellowish- 
orange plates, m. p. and mixed m. p. 247°. It yielded a methyl ester, m. p. and mixed m. p. 96°. 

Ethyl 6-Acetyl-3-cyano-2-methoxypyridine-4-carboxylate (IX; R’ = Me).—This ether was 
prepared when the foregoing keto-pyridone was kept with ethereal diazomethane for 3hr. The 
product crystallised from light petroleum in yellowish-white needles, m. p. 56° (Found: C, 58-0; 
H, 4:8; N, 11-3; OMe, 12-7. C,,H,,0O,N, requires C, 58-1; H, 4-9; N, 11-3; OMe, 12-5%). 

Ethyl 6-Benzoyl-3-cyano-2-pyridone-4-carboxylate (VII; R’ = Ph).—This keto-ester was 
prepared when a suspension of ethyl 3-cyano-6-(«-phenylstyryl)-2-pyridone-4-carboxylate 
(1 g.) in chloroform was ozonised. The keto-pyridone (0-6 g.) left after distillation of benzalde- 
hyde with steam crystallised from methanol in yellow plates, m. p. 204°, which gave a pale- 
brown colour with titanium trichloride and a negative ferric chloride test (Found: C, 65-0; 
H, 3-9; N, 9-45. C,,H,,O,N, requires C, 64-9; H, 4:1; N, 9-5%). 

The same keto-ester was obtained by ozonolysis of ethyl 3-cyano-6-(4-methoxy-«-phenyl- 
styry])-2-pyridone-4-carboxylate. 


CHEMISTRY DEPARTMENT, FACULTY OF SCIENCE, ALEXANDRIA UNIVERSITY, 
ALEXANDRIA, Ecypt, U.A.R. [Received, August 27th, 1959.] 
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288. £§-Diketones and Their Metal Complexes. Part II.4 
Acetylation of Fluoroacetone to 1-Flworopentane-2,4-dione. 


By J. P. FACKLER, JUN., and F. A. Cotton. 


1-Fluoropentane-2,4-dione has been prepared by reaction of fluoroacetone 
with acetic anhydride in the presence of the acetic acid—boron trifluoride 
complex: The copper(i1) salt was isolated in about 57% yield and on acid 
hydrolysis gave the diketone. The proton and fluorine nuclear resonance 
spectra of the 6-diketone have been obtained; they afford proof of structure 
and indicate 87 + 4% enolization of the pure liquid at ~25°. 


DuRING spectroscopic and other investigations of §-diketone complexes! synthetic 
procedures for new substituted acetylacetones are being developed.* In this paper we 
describe the acetylation of fluoroacetone with acetic anhydride in the presence of boron 
trifluoride. This acid technique was used in preference to the more common basic Claisen 
condensation since «-halogeno-ketones are susceptible to basic cleavage of the carbon- 
halogen bond.?_ To our knowledge, there is no prior report of any acylation of an «-fluoro- 
ketone. 

The Condensation.—The normal procedure, passing boron trifluoride into a mixture of 
fluoroacetone and acetic anhydride at —70°, gave no #-diketone.* At 0° this procedure 
gave a deep red solution which, after being refluxed with aqueous sodium acetate, yielded 
with cupric acetate a blue precipitate whose analyses indicated that the ligands consisted 
of ~53% of fluoroacetylacetone and ~47% of acetylacetone; steam-distillation of the 
refluxed solution led to nearly pure di(acetylacetonate)copper(i1) (acetylacetone is a 
normal by-product of the boron trifluoride condensation of acetic anhydride with a 
ketone). By using the inverse addition procedure and eliminating the treatment with 
sodium acetate di-(1-fluoropentane-2,4-dione)copper(II) was prepared in 30—60% yield. 
Since one recrystallization sufficed to purify the copper complex, little if any acetylacetone 
is formed during the inverse addition procedure. 

Haszeldine e¢ al. claim to have obtained monofluoroacetylacetone by condensing 
ethyl fluoroacetate with acetone by means of sodium. After considerable purification 
their product gave the copper and ferric salts; their copper salt gave an ultraviolet 
spectrum substantially identical with that of our salt. However, a middle cut of the crude 
product obtained when we repeated their work gave a proton resonance spectrum which 
appeared very complicated in the high-field region and we think that their material 
contained some 1-fluoropentane-2,4-dione. 

It is likely that any di-(3-fluoropentane-2,4-dione)copper(11) formed in our synthesis 
would have been precipitated or extracted into benzene by the procedure used. The 
copper complex was blue (not blue-grey as might be expected for a 3-substituted 6-di- 
ketone complex of copper) and an ether extract of the ligand obtained after decomposition 
by ice-cold 3N-sulphuric acid gave only the fluorine nuclear magnetic resonance spectrum 
expected for 1-fluoropentane-2,4-dione. While the mechanism of condensations catalyzed 
by boron trifluoride has not been established in detail, the schemes (1) and (2) discussed by 
Hauser, Swamer, and Adams? are probably correct in essentials. For either path, the 
§-diketone produced from an unsymmetrical ketone depends on the mode of enolization 
under the influence of the acid (BF, or H*). In the present case it was considered likely 
that enolization of the starting ketone would be predominantly from the CH,F side, so that 


* Note added in proof: Bergman, Cohgn, and Shahak (J, 1959, 3279) have condensed fluoroacetone 
with acetic anhydride, in the presence of boron trifluoride, and obtained an impure f-diketone, b. p. 
49—51°/30 mm., which they believed to be 3-fluoropentane-2,4-dione. 


1 Holm and Cotton, J. Amer. Chem. Soc., 1958, 80, 5658. 
? Hauser, Swamer, and Adams, Org. Reactions, 1954, 8, 98. 
3 Haszeldine, Musgrave, Smith, and Turton, /., 1951, 609. 
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the 3-fluoropentanedione would be produced. Actually, failure to obtain this product 
does not conclusively vitiate this assumption; for, while the equilibrium (3) might lie to 
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the right, the rate of reaction of the ion (I) with the carbonium ion could be much faster 
than that of (IT). 
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Nuclear Magnetic Resonance Spectra.—The fluorine nuclear resonance spectrum of 
1-fluoropentane-2,4-dione in ether (consisting of two triplets, the stronger one showing 
fine structure) is interpreted as follows: The stronger triplet is due to fluorine in the 
enolic form of the compound. The primary components of the triplet are in the 
intensity ratio of 1: 2:1 within experimental error, and the splitting is 46 + 1 c.p.s.; 
the secondary splitting of each component into a doublet is attributed to coupling with 
the single hydrogen at position 3. The weaker triplet, which also has splittings 
of ~46 c.p.s. is assigned to fluorine in the keto-form; the secondary splitting of each 
component into a triplet by the methylene protons is not resolved owing to the weakness 
of the signals. The appearance of a triplet for the fluorine resonance in both the enol and 
the keto-form is as expected for the 1-fluoro-compound, but incompatible with the 3-fluoro- 
structure. 











Proton nuclear magnetic resonance data for 1-fluoropentane-2,4-dione 
(pure liquid at 26° + 3°). 



























Assignment c.p.s. at 40 Mc* § (p.p.m.) Relative intensities ¢ 
(1) -OH (enol) ............... —380 + 16 —9-50 + 0-05 0-77 ~- 
(2) =CH— (enol) ............... —24-3 + 0-14° — 0-607 + 0-004 0-78 — 
(3) CH,F (keto) ............ —12-1 + 0-066 —0-302 + 0-002 0-16 1-0¢ 
(4) CH,F (enol) ............... —8-69 + 0-096 —0-217 + 0-003 1-04 — 
RP 2 | | rer 0-00 0-00 _ _ 
(6) CH,F- (keto) ............ +35-0 + 0-14 +0-875 + 0-004 0-10 0-63 
(7) CH,F- (enol) ............ +37-9 + 0-10 +0-948 + 0-002 0-84 — 
(8) -CH,- (keto) +59-4 + 0-14 +1-48 + 0-01 0-22 1-4 
(9) CH,- (keto) +118-6 + 0-37 2-96 + 0-01 0-89 5-5 
(10) CH,- (enol) +1243 + 0-41 3-10 + 0-02 5:3 — 
Enol content * 87 + 4%. 


* Average values and deviations as calculated from six spectra. Centre of doublet, splitting 
~3-5 c.p.s. * Visual approximation of areas (+10%). 4 Arbitrarily fixed intensities. * Average 
value from intensities, based on (9) and (10), (3) and (4), (6) and (7), (2) and (8). 


For the proton resonance spectrum (see Table) the assignments are based on previous 
knowledge of chemical shifts in §-diketone complexes,*® internal consistency, and 
consistency with the fluorine resonance spectrum, and to a limited extent on relative 
intensities. With respect to internal consistency, the agreement of the splitting of the 
resonance of the CH,F protons, 46-6 + 0-2 c.p.s, with the splitting in the fluorine triplet, 
46 + lc.p.s. and the agreement of the secondary splitting of each peak in the enol fluorine 


* Reeves, Canad. J]. Chem., 1957, 35, 1351. 
5 Jarrett, Sadler, and Shoolery, J]. Chem. Phys., 1953, 21, 2092. 
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resonance (~3 c.p.s.) with the splitting of peak (2) in the proton spectrum of the enol 
(~3-5); are good evidence of the correctness of the assignments. 

Some of the intensity ratios (see Table) indicate that the spectra suffer from failure to 
achieve ideal slow passage: these intensity ratios were not unequivocally useful in making 
assignments, but they are never inconsistent. Similar anomalous intensity ratios may be 
seen in the spectra of acetylacetone and 3-methylacetylacetone published by Jarrett, 
Sadler, and Schoolery.5 However, these authors apparently assumed that such anomalies, 
arising from differences in relaxation times, would not be too severe for certain comparisons 
(between =CH- and —CH,- proton peaks) to be used in estimating the keto-enol ratio, and 
their estimate for acetylacetone agrees rather well with the result obtained classically 
by titration and with a more recent and probably more reliable nuclear magnetic resonance 
measurement by Reeves. On the same basis, we estimate that pure liquid 1-fluoro- 
pentane-2,4-dione at 25° contains about 87% of the enolic form. 


EXPERIMENTAL 


Microanalyses by S. M. Nagy, M.I.T., and Schwarzkopf Microanalytical Laboratory, Long 
Island, New York. 

Fluoroacetone.—This was prepared by Bergmann and Cohen’s method * and had b. p. 78— 
80°/760 mm., u,,** 1-3639 (Bergmann and Cohen gave b. p. 78—79°, n** 1-3627). 

The 2,4-dinitrophenylhydrazone (from ethanol—water) melted at 134—135° (lit.,? 134-2— 
135-4°) (Found: N, 21-5. Calc. for C,H,FN,O,: N, 21-9%). 

Di-(1-fluoropentane-2,4-dione)copper(t1).—Reaction of fluoroacetone with acetic anhydride 
was carried out essentially as described by Manyik e¢ a/.* in their inverse addition procedure. 
Acetic acid (48-0 g., 0:8 mole) at 0° was saturated with boron trifluoride (The Matheson Co.). 
A mixture of fluoroacetone (12-4 g., 0-163 mole) and acetic anhydride (Eastman White Label) 
(40-8 g., 0-4 mole) was then added during ~5 min. to the stirred powdery solid. After 30 min. 
the ice-bath was removed and stirring was continued for ~4 hr. as the flask warmed to room 
temperature. The mixture was poured into ice-cold sodium acetate solution (100 g. of 
trihydrate in 100 ml. of water). Excess (30 g.) of cupric acetate dihydrate in ice-water 
(~400 ml.) was added and the mixture kept near 0° for 30 min. The precipitated copper 
complex was filtered off, washed with water, then ether- and air-dried. The filtrate was 
extracted with warm benzene (5 x 200 ml.). After drying (MgSO,), the benzene extracts 
were warmed and the solid complex was added and completely dissolved therein. Storing the 
solution at ~0° overnight, gave di-(1-fluoropentane-2,4-dione)copper(1) (13-9 g., 57% based on 
fluoroacetone). The complex may be recrystallized conveniently in small amounts from benzene 
or in larger amounts from dioxan—water (Found: Cu, 21-4; C, 40-3; H, 4-0; F, 12-7. Calc. 
for C,)H,,CuF,O,: Cu, 21-35; C, 40-3; H, 41; F, 12-8%). 

1-Fluoropentane-2,4-dione.—The recrystallized copper complex (3 g.) was shaken with 
3n-sulphuric acid (20 ml.). The §-diketone was extracted into ether, five 50-ml. portions being 
required. The extracts were dried (MgSO,) and distilled: 1-fluoropentane-2,4-dione (1 g.), n™ 
1-4501, was collected at 41—46°/18 mm. (Found: C, 51-0; H, 6-0; F, 16-0. C;H,FO, requires 
C, 50-8; H, 6-0; F, 16-1%). 

Nuclear Magnetic Resonance Measurements.—Proton resonance spectra of the pure liquid 
diketone were observed at 26° + 3° on a Varian Associates Model V-4300B high-resolution 
spectrometer at a frequency of 40 Mc. Chemical shifts were measured relative to water in a 
Pyrex capillary inserted in the sample tube. The 5 mm. Pyrex sample tubes were spun with the 
usual air-turbine device. Two independent measurements of the line separations were made 
by the audio beat method ® in order to obtain a scale calibration. A line separation of 
502 + 5c.p.s. was observed between the OH (enol) peak and the major methyl peak before the 
water capillary was inserted. A separation of 125 + 1 c.p.s. was then determined between the 


® Bergmann and Cohen, J., 1958, 2359. 

7 R. A. Wiles, Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, Mass., U.S.A., 
1958. 

* Manyik, Frostick, Sanderson, and Hauser, J]. Amer. Chem. Soc., 1953, '75, 5030. 

* Roberts, ‘‘ Nuclear Magnetic Resonance,’ McGraw-Hill Book Company, Inc., New York, N.Y., 
1959, p. 22. 
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water peak and the methyl peak after insertion of the capillary. These results provided the 
basis for the reported chemical shifts, 8 (p.p.m.) [(freq. of peak-freq. of H,O peak)/40) for all 
peaks in the spectrum. 

The fluorine nuclear resonance spectra of ether solutions were also recorded at 40 Mc. The 
splittings in the observed triplet were found to be 46 + 1 c.p.s. by the audio beat method, and 
those in the close doublets are estimated to be ~3 c.p.s. 











We are grateful to Mr. E. C. Penski for obtaining the proton and fluorine nuclear magnetic 
resonance spectra and to Dr. R. H. Holm for helpful discussions and ultraviolet spectral 
measurements. We thank the United States Atomic Energy Commission [Contract No. 
AT(30-1)-1965] and the National Science Foundation for financial support. One of us (J. P. F.) 
thanks the National Science Foundation for a Summer Fellowship. 
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289. Comparison of Calorimetric and Spectroscopic Entropies of 
Molybdenum Hexacarbonyl. 







By R. R. Moncuamp and F. A. Cotton. 




























The heat of sublimation of molybdenum hexacarbonyl at 90° has been 
measured and is 16-66 kcal./mole. By combining this with data in the 
literature, the calorimetrically determined standard entropy of the gas at 25° 
is calculated to be 118-0 cal. mole deg.1. This is compared with entropies 
calculated from three different vibrational assignments in the literature and 
it is concluded that one of these assignments fails to give an entropy in 
satisfactory accord with the calorimetric value. 


AN attempt is now being made in this laboratory to obtain additional experimental data 
on the vibrational spectra of the Group VI metal carbonyls, M(CO), (M = Cr, Mo, W), in 
order to make possible a more certain assignment of the fundamental vibrational 
frequencies in these molecules. Hawkins, Mattraw, Sabol, and Carpenter + have reported 
fairly complete infrared spectra. However, the number of infrared-active fundamentals 
observed was only three, so the frequencies they propose for all 13 fundamentals are 
naturally somewhat uncertain, being based on extensive and unavoidably risky deductions 
from the combination bands observed. Using their assignments and the published 
molecular structure parameters,” they calculated the standard entropy of the gas at 298° k 
to be 121-07 cal. mole deg.. Murata and Kawai * applied a Urey—Bradley force field in 
order to compute force constants from the data of Hawkins e¢ al.1_ They were led to 
reassign v4) and v,, from 230 and 327 cm.-1, respectively, to 557 and 517 cm.*. They did 
not recalculate thermodynamic functions. Most recently, Danti and Cotton * have studied 
the Raman spectrum and find y,, at 62-4 cm. rather than at 80 cm. as estimated by 
Hawkins e¢ al.1 The three sets of assignments will hereafter be denoted HMSC,) MK,® 
and MK-DC.‘ 

We have measured the heat of sublimation of molybdenum hexacarbonyl in the 
range 70—110° by determining the temperature dependence of the vapour pressure. 
Just as with other metal carbonyls we have studied, the rate of decomposition to metal 
and carbon monoxide in the temperature range where the vapour pressures are appreciable 
is fairly rapid and it is necessary to make corrections for the pressure of the carbon 
monoxide produced. The apparatus used and the procedure, which permits making 

1 Hawkins, Mattraw, Sabol, and Carpenter, J. Chem. Phys., 1955, 28, 2422. 

* Brockway, Ewens, and Lister, Trans. Faraday Soc., 1938, 34, 1350. 


* Murata and Kawai, J. Chem. Phys., 1957, 27, 605. 
* Danti and Cotton, J. Chem. Phys., 1958, 28, 736. 
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these corrections, have been described already.’ Our data fit the equation logy, = 
11/174 — 3561-3/T, giving a value of 16-66 kcal./mole for the enthalpy of sublimation at 
363° K. Two previous determinations of this quantity have been reported.*? Hieber and 
Romberg ® measured vapour pressures in a temperature range slightly higher than ours. 
They observed that decomposition occurred and therefore worked quickly to minimize 
its effect. They proposed a value of 16-29 kcal./mole for the enthalpy of sublimation. 
Lander and Germer’ measured vapour pressures at 18-5°, 28'1°, and 35-2° by the vapour 
saturation method and proposed a value of 17-39 kcal./mole for the enthalpy of sublimation. 
They also suggested that Hieber and Romberg had not put the best line through their 
data and they proposed another line, the slope of which gives a AH of sublimation of 
16-72 kcal./mole. It appears to us that the latter value is indeed a more reasonable one 
to infer than the one which Hieber and Romberg themselves inferred, but in view of the 
dubious procedure employed to deal with the problem of decomposition we did not feel that 
the data themselves merited confidence. Also, Lander and Germer’s data, only three 
points over a small temperature range, did not appear adequate to provide an enthalpy of 
high reliability. Actually, Hieber and Romberg’s data do yield a result in rather good 
agreement with ours, and, after correction for the difference in temperature ranges (see 
below), so do the data of Lander and Germer. 

In order to calculate the standard entropy of gaseous molybdenum hexacarbony] at 25° 
from calorimetric data, the following procedure was employed. From the heat capacity 


data of Astrov, Itskevitch and Sharifov, 8 the enthalpy of equation (1) was estimated by — 


extrapolation : 
Mo(CO),(s, 298-16°) = Mo(CO),(s, 363-16°); AH = 3966 cal./mole . . (1) 


The heat capacity of the gas was calculated by using the MK-DC vibrational assignments, 
and the enthalpy of equation (2) calculated: 


Mo(CO),(g, 363-16°) = Mo(CO),(g, 298:16°); AH = —3314 cal./mole . (2) 


The MK-DC assignment was used since it appears to be the most reliable, but the effect of 
using either of the others would only amount to about 0-1 e.u. in the final result. Combin- 

g (1), (2), and 16,660 cal./mole for AH of sublimation at 363-16° K, we obtain for AH of 
sublimation at 298-16° a value of 17-31 kcal./mole. Upon dividing by 298-16° we obtain 
58-06 cal. mole deg. as the entropy of process (3): 


Mo(CO),(s, 298-16°) = Mo(CO),(g, 298-16°, 7°767 x 10mm.) . . . (3) 


The equilibrium pressure at 25°, 7-767 x 10°? mm., is calculated from a Clapeyron equation 
by using a value of AH of sublimation which is the average of the values at 363° and 
298° K., viz., 17-00 kcal./mole. This is equivalent to assuming that AH of sublimation 
varies linearly with temperature between 25° and 90°, which seems a fair assumption. 
For the entropy of compression at 25°, calculated by using the ideal-gas law, we obtain 
—18-26 cal. mole deg.1. Astrov e al® give 78-17 + 0-25 cal. mole* deg. as the 
entropy of the solid at 298-16°k. We therefore calculate the standard calorimetric 
entropy at 25° to be 78-17 + 58-06 — 18-26, or 118-0 cal. mole deg.+. 

This value of the entropy may now be compared with spectroscopically derived values 
by using the three vibrational assignments. We have used the Sackur-Tetrode equation 
for the translational contribution, and the tables of Miller, West, and Bernstein ® to evaluate 
the vibrational contributions from the frequencies of the normal modes. For the rotational 
contribution we have used the accurate molecular parameters of Schomaker and Nazarian,” 


* Cotton and Monchamp, J., in the press 

* Hieber and Romberg, Z. anorg. Chem., 1935, 221, 332. 

7 Lander and Germer, Metals Technology, 1947, 14, No. 6. 

® Astrov, Itskevitch, and Sharifov, Zhur. fiz. Khim., 1955, 29, 424. 

® Miller, West, and Bernstein, NRC Bull. No. 1, Nat. Res. Council, Ottawa, 1951. 

10 Nazarian, Ph.D. Thesis, California Institute of Technology, 1957; personal communication from 
Verner Schomaker. 
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viz., r(Mo-C) = 2-061 + 0-02 A and r(Mo-O) = 3-185 + 0-035 A, rather than the older 
data in ref. 2. The newer data give S° (rot) = 25-41 + 0-07 cal. mole deg. whereas the 
older parameters gave 25-48 + 0-16 cal. mole deg.+. The results obtained are given in 
the Table. It can be seen that the calorimetric value lies within 1-0 unit of the spectro- 


Spectroscopic entropies from various vibrational assignments for Mo(CO), 
(in cal. mole* deg.*). 


Translational Rotational Vibrational 

contribution contribution contribution Total 
PUT n tad. conchines ih chencciegsosios 42-62 25-41 ¢ 54-56 122-6 
i mcchareuabnebedieelsaatnweeiioth 42-62 25-41 ¢ 49-54 117-6 
PPE bao ctt cette cdiccveduvodes 42-62 25-41 ¢ 51-04 119-1 
Calorimetric value ............ —- — — 118-0 


* An uncertainty of +0-07 is estimated from the reported uncertainties in the molecular para- 
meters. *® HMSC! give 121-1; we cannot account for the difference between our result and theirs. 


scopic values obtained from either the MK or the MK-DC assignments. This certainly 
constitutes agreement within the limits of error. Whether or not a difference of 4-6 units 
is within the limits of error is difficult to say with certainty, but we are inclined to think 
that it is not quite, since the error in the calorimetric entropy is not likely to exceed about 
3-5 units. This would suggest that, so far as the entropy criterion is concerned, the 
reassignments made by Murata and Kawai are acceptable and also that made by Danti 
and Cotton. 


We thank the U.S. Atomic Energy Commission for financial support under Contract Number 
AT(30-1)-1965. 
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290. The Stereochemistry of Five-co-ordinate Compounds. Part I. 
Infrared Spectra of Some Iron(0) Compounds. 


By F. A. Cotton and R. V. Parisu. 


The infrared spectra of some compounds of the type LFe(CO), and 
L,Fe(CO), (L = Ph,P, Me-NC, Et-NC, Ph-NC, Bu*-NC) and of [(Ph-NC),Co]!* 
are reported and it is concluded from comparison with selection rules that 
the configurations are very probably trigonal bipyramidal. The preparation 
of the new Bu**NC compounds is described. An explanation is proposed for 
the fact that formation of a complex raises the NC frequency in Bu*NC, 
whereas there is a lowering in the analogous (Me),Si-NC and (Me),Ge-NC 
complexes made by Seyferth and Kahlen. 


FIVE-CO-ORDINATE complexes are formed by each of the isoelectronic species Mn(-1), 
Fe(0), Co(1), and Ni(11), and their stereochemistry is of considerable interest. For those 
in which all five ligands are identical it has generally been supposed that the configuration 
would be either a trigonal bipyramid (TBP) or a rectangular pyramid (RP). The only 
other regular configurations, viz., the plane pentagon and the pentagonal pyramid, have 
never been considered likely, nor will they be considered further here. The only known 
compounds with five identical ligands are Mn(CO),!-, Fe(CO);, and several cations 
[Co(CNR),}**, where R = Me, Ph, or one of several para-substituted phenyls. 

There is some infrared evidence to suggest that Mn(CO),!~- and HMn(CO), (in which 
the H atom probably has little if any steric effect) have TBP configurations.» Hieber 


1 Wilson, Z. Naturforsch., 1958, 18b, 349. 
2 Cotton, Down, and Wilkinson, J., 1959, 833. 
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and Wagner ® believe that the close parallels between the physical properties of HMn(CO), 
and Fe(CO), indicate that the molecules are isosteric and hence very probably isostructural. 
There has been considerable controversy about the configuration of iron pentacarbonyl in 
the past few decades and even today its structure is not known with certainty. Ewens 
and Lister’s * electron-diffraction studies certainly seemed to narrow the possible configur- 
ations to two, namely, the TBP andthe RP. Although these authors chose the TBP model, 
inspection of their published diffraction curves indicates that the choice is far from being 
indisputable. Since that time various attempts have been made to provide conclusive 
evidence for one or the other of these configurations. Three independent measurements 
of the dipole moment have been reported,®-®? and there is no doubt that when the total 
molar polarization is corrected for the electronic polarization, estimated from the refractive 
index for visible light, an apparent moment of ~0-60 is calculated. Weiss” suggests that 
this is due to failure to correct for atomic polarization and thus feels that the dipole- 
moment data are consistent with the trigonal bipyramid configuration. However, 
O’Dwyer ® has maintained that, since the atomic polarization in nickel carbonyl is only 
~10% of the electronic polarization whereas for Fe(CO), it must be assumed to be ~20% 
in order to dispose of the apparent moment of ~0-60, it is not certain that Weiss is justified 
in his argument and conclusion. An unsuccessful attempt has been made ® to determine 
the structure from the #8C nuclear resonance spectrum. 


Several studies of the vibrational spectrum of Fe(CO); have been reported. Sheline 


and Pitzer, from very limited data, favoured the TBP model. King and Lippincott # 
made a more detailed study of the infrared spectrum and also obtained a very limited 
amount of Raman data; they, too, favoured a TBP structure. Rather recently, O’Dwyer ® 
has reported a reinvestigation of the infrared spectrum and has claimed that his data can 
be satisfactorily assigned to an RP model but not to a TBP model. However, these 
conclusions seem to depend critically on the genuineness of several bands reported by him, 
but not observed by others.® 

The most conclusive spectral evidence to date does seem strongly to favour the TBP 
model. Stammreich et al.!* recorded a very extensive Raman spectrum, which, together 
with an unusually complete set of infrared data,®1* can be satisfactorily assigned to the 
TBP model but not to the RP model. 

So far as we are aware, there has been no published evidence as to the configurations of 
the [Co(CNR),]** ions. 

For five-co-ordinate complexes of the various atoms and ions mentioned above, in 
which there are two or more kinds of ligand, few experimental data indicative of con- 
figuration have been reported. While this work was in progress, Vohler reported that 
the infrared spectrum of [(Ph,P),Co(CO),]** indicated Ds, symmetry for that ion. In 
this paper we describe the results of experimental study of the infrared spectra of some 
compounds of the type LFe(CO), and L,Fe(CO),, in the CO stretching region, where L is 
triphenylphosphine, and in both CN and CO stretching regions where L is an isocyanide. 
The CN stretching frequencies of [(Ph-NC),Co]* are also reported. 

The selection rules for CO stretching modes in all possible mono- and di-substituted 
molecules of the types (RNC)M(CO), and (RNC),M(CO)s, assuming substitution of RNC 
for CO in M(CO), with preservation of initial configurations of both TBP and RP, have 


3 Hieber and Wagner, Z. Naturforsch., 1958, 18b, 339. 

4 Ewens and Lister, Trans. Faraday Soc., 1939, 35, 681. 

5 Bergman and Engel, Z. phys. Chem., 1931, B, 18, 232. 

* Graffunder and Heymann, Z. phys. Chem., 1932, B, 15, 377. 

7 Weiss, Z. anorg. Chem., 1956, , 223. 

8 O’Dwyer, J. Mol. Spect., 1958, 2, 144. 

* Cotton, Danti, Waugh, and Fessenden, J. Chem. Phys., 1958, 29, 1427. 
10 Sheline and Pitzer, J. Amer. Chem. Soc., 1950, 72, 1107. 

1 King and Lippincott, J. Amer. Chem. Soc., 1956, 78, 4192. 

12 Stammreich, Sala, and Tavares, J. Chem. Phys., 1959, 30, 856. 

13 Edgell, personal communication. 

14 Vohler, Chem. Ber., 1958, 91, 1235. 
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been derived by standard group-theoretical methods. The results are presented in Tables 
land 2. The substituent RNC has been used since it is of the type which itself has a bond 







TABLE 1. Symmetry types and activities of certain vibrational modes im (R*NC)M(CO), 









species. 
Point-group Symmetry species and activities Number of infrared- 
Structure symmetry (R = Raman, IR = infrared) active modes 
CEN str. CO str. C=N co 
A, (IR,R) 
Cy A, (IR,R) B, (R) 1 2 
E (IR,R) 






3A’ (IR,R) 
CG A’ (IR,R) 1 4 
A” (IR,R) 






2A, (IR,R) 
— A, (IRR) 1 3 
E (IR,R) 





q- QQ. 







tH 2A, (IR,R) 
Co A, (IR,R) B, (IR,R) 
B, (IR,R) 



















TABLE 2. Symmetry types and activities of certain vibrational modes in (R*NC),M(CO), 


species. 
Point-group Symmetry species and activities Number of infrared- 
Structure symmetry (R = Raman, IR = infrared) active modes 
CEN str. CO str, C=N co 
L 
A’ (R) A,’ (R) + 
Du 1 1 
| A,” (IR) E’ (IR,R) 
L 
Ai 
ni A, (IR,R) 2A, (IR,R) 
Cr 2 3 
ite B, (IR,R) B, (IR,R) 
vf 


fa 


2A’ (IR,R) 
or 2A’ (IR,R) 


C, 2 3 


A’ (IR,R) A” (IR,R) 
A” (IR,R) 


me 


age G13. 


lying along its molecular axis, and hence, presumably, also along the metal-ligand atom 
axis, which gives an easily observed and identified stretching frequency. Thus, for such 
ligands we require that the number of infrared active substituent stretching frequencies 
agree with theory in addition to having such agreement for the CO stretching frequencies. 
For the kind of ligand which has no characteristic group so placed that the vibrations of 
those in two or more co-ordinated ligands will couple, ¢.g., R,P, we have only the CO 
stretching frequencies on which to depend in drawing conclusions as to configuration. 
An important point should be stressed about the disubstituted molecules. It will be 
seen in Table 2 that there are two disubstituted molecules, one derived from the TBP and 
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the other from the RP, which have C2,symmetry. Naturally they have the same selection 
rules and are hence completely indistinguishable by the number of bands expected in the 
infrared. Indeed, their indistinguishability is of a very fundamental nature. Each of 
them represents only one of an infinite number of structures with the same symmetry but 
continuously varying bond angles. Were the results to suggest such a structure, there 
would be no reason to expect that it should necessarily be either of these two, which happen 
to have angles equal to those found in the two possible unsubstituted prototypes. Indeed, 
it would be unlikely for this to be the case. Thus the question of whether such a Co, 
molecule should be considered as a substituted TBP or RP has in general mo meaning. A 
similar statement can be made concerning the three disubstituted models of C, symmetry. 


Five-co-ordinate Compounds. 








RESULTS AND DISCUSSION 

The experimental results obtained for the various molecules studied are presented in 
Table 3. Also included for convenient comparison are Vohler’s data for [(Ph,P),Co(CO),]!* 
and Seyferth and Kahlen’s }§ data for (CH;),Si*NCFe(CO), and (CH,),Ge*NCFe(CO),. 


TABLE 3. Observed spectra in the CO and C=N stretching regions for LM(CO), and 


L,M(CO), molecules and ions. 
Observed bands ¢ (cm.~") 
Compound Medium CN stretches CO stretches 
(CsH;);PFe(CO), CHCl, 2059(3), 1978(3), 1938(10) - 
cc, 2059(3), 1984(3), 1946(10) 
CS, 2063(3), 1982(3), 1943(10) 
[(CgH,)sP].Fe(CO), CHCl, 1887 
CS, 1886 
(CH,*NC)Fe(CO), CHCl, 2218(3) 2072(3), 1996(3), 1967(10) 
cc, 2210(3) 2072(3), 2002(4), 1969(10) 
CS, 2208(4) 2068(3), 1997(4), 1967(10) 
(CH,*NC),Fe(CO), CHCl, 2170(7) 2009(0-5), 1925(10) 
CS, ~2160(4) 2009(0-5), 1927(10) 
[(CH,)sC*-NC]Fe(CO), CHCl, 2186(2) 2066(2), 1997(2), 1966(10) 
cc, 2185 (2) 2069(3), 2004(3), 1972(10) 
cs, ~2160(4, vb) 2067(3), 2000(3), 1970(10) 
CCl, (CaF, prism) 2211(3) 2069(3), 1998(3), 1970(10) 
[(CH),C*NC],Fe(CO), CHCl, 2139(6), 2090(vw, sh) 2006(0-6), 1923(10) 
CCl, 2134(6), 2090(vw, sh) 2009(0-7), 1927(10) 
cs, 2133(7), 2082(vw, sh) 2005(0-6), 1923(10) 
(C,H,*NC),Fe(CO), CHCl, 2155(4) 2004(0-5), 1922(10) 
ccl, 2149(5) 2012(0-6), 1932(10) 
CS, ~2140(3, vb) 2011(0-7), 1930(10) 
(CgH,*NC)Fe(CO), CHCl, 2175(1) 2067(3), 2003(4), 1973(10) 
CCl, 2171(2) 2065(4), 2007(4), 1976(10) 
CS, 2172(2) 2062(4), 2003(4), 1972(10) 
(CgH,*NC),Co(C10,) CHCl, 2157(5), 2120(10) 
[(CH,),Si*NC}Fe(CO), CHCl, 2132 2050, 1996, 1972 
[((CH,),Ge-NC]Fe(CO),* CHCl, 2135 2057, 1997, 1968 
(CH,),Si*NC ® CHCl, 2198 
(CH,),Ge-NC ® CHCl, 2197 
{(C.H,),P],Co(CO),}#* COMe, 2007 
C=N Frequencies in free RN=C 
(CH,),C*-NC ccl, 2145(10), ~2115(vw, sh), 2079(1) 
cs, 2141(10), ~2112(vw, sh), 2078(1) 
C,H,-NC CCl, 2138 
CH,*NC 4 gas 2166 
C,H,*NC CHCl, 2160 


* Numbers in parentheses following frequencies indicate relative intensities (areas); vw = 
weak; vb = very broad; sh = shoulder. * Seyferth and Kahlen, J. Amer. Chem. Soc., in the press. 
¢ Vohler, Chem. Ber., 1958, 91, 1235. ¢ Williams, J. Chem. Phys., 1956, 25, 656. 


It will be seen that for all the monosubstituted compounds there are three CO stretching 


bands, and, for the isocyanide compounds, also one C=N stretching band. 


Table 1 shows that the following conclusions may be drawn. 


18 Seyferth and Kahlen, J. Amer. Chem. Soc., in the press. 
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(1) Since the C4, structure derived from an RP should have only two CO bands, this 
structure is eliminated conclusively. 

(2) The spectra agree with expectation for the Cs, model but lack a band required by 
both the C, and the Cg, models. While the last two cannot be said to be thus conclusively 
eliminated, since it is always possible for a band to go undected because of poor resolution, 
or of accidental near-degeneracy such that no available optics could provide the necessary 
resolution or anomalous weakness of the band, the C3, model is strongly favoured. Since 
the spectrum of Bu**NCFe(CO), appears exactly the same with calcium fluoride or sodium 
chloride optics, it seems unlikely that a fourth band has gone unresolved here, since calcium 
fluoride should, under the experimental conditions, afford resolution of 4—6 cm.1. It 
should also be noted that, while we may find it convenient to consider the C3, structure to 
be derived from a TBP by substitution at one axial position, it is not necessary that the 
three remaining equatorial CO groups be coplanar with the iron atom after substitution. 

For the disubstituted compounds, the results may be taken to favour the Ds, model, 
derived from a TBP by substitution at both axial positions. Our results for (Ph,P),Fe(CO), 
and Vohler’s for [(Ph,P),Co(CO),]** agree perfectly with expectation for this structure, as 
Vohler has already noted concerning his own results. It appears unlikely that two of 
the three bands required by the C2, and C, structures would escape detection. 

For the isocyanide compounds, the results also suggest the correctness of the D3, model, 
but here there is possibly some uncertainty because of the presence in every case of an 
additional, weak CO band at 2005—2012 cm.. This band is always more than a power 
of ten weaker than the strong band at 1920—1930 cm.*. Its presence despite a structure 
of Ds, symmetry, or nearly so, can be explained in at least two ways. First, it could be a 
combination or overtone band which has gained intensity by Fermi resonance with the 
strong fundamental. Secondly, it could be the A,’, totally symmetric CO stretching mode 
which gains a little intensity in the infrared because non-linearity of the C-N-R group 
slightly perturbs the Ds, symmetry of the CN-Fe(CO),*NC grouping. 

We consider it likely that the presence of this weak band can be explained in one of the 
above ways, although we have been unable to devise any proof of either. If it is agreed 
that this weak band is not a fundamental, then the results for the disubstituted compounds 
containing isocyanides, like those containing triphenylphosphine, appear to have TBP 
configurations of the metal ligand bonds with substituents at the axial positions. A 
reasonably certain proof, or disproof, as the case may be, should be obtained by work now 
in hand on the dipole moments of these compounds and also from infrared study of 
compounds of the type (diphosphine)Fe(CO), in which only a C2, or a C, structure is 
possible. 

The appearance of two C=N stretching frequencies in [(Ph*NC),Co]** supports the 
assumption that this ion has a TBP configuration for which two C=N stretching modes are 
expected, whereas three are expected for an RP configuration. However, the resolution 
of a rock-salt prism at this frequency is perhaps only 10—15 cm.+ and the above conclusion 
should be accepted only with this reservation in mind. We hope to re-examine this 
spectrum under better resolution as soon as possible. 

There is one other feature of the data in Table 3 which merits comment. It will be 
noted that for the compounds (CH,),M*-NCFe(CO),, where M = C, Si, or Ge, the NC 
frequency when M = C is ~40 cm. higher than in the free ligand, whereas, for M = Si 
and Ge, the N=C frequency in the complex is ~60 cm. Jower than in the free ligand. This 
presumably means that, whereas complex-formation raised the NC bond order for 
(CH,),C-NC, it lowers it for (CH ),Si*NC and (CH,),Ge-NC. Mechanisms by which raising 
and lowering of the NC bond order may occur can be easily formulated in the concepts of 
valence bond theory, beginning with the generally accepted view that isocyanides may be 
regarded as resonance hybrids of (I) and (II). Clearly, when the carbon atom is attached 


(I) RNEC! <4» R-N=C: (ID 
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to a metal atom so that negative charge is drained from the carbon atom, there will be a 
tendency for the contribution of (I) to increase, thus increasing the NC bond order. 

As with co-ordinated CO we might also expect back-donation of electrons from metal- 
atom dx orbitals which would tend to lower the NC bond order, in opposition to the induc- 
tive effect just discussed. It must be concluded that for (CH,),C-NC, the inductive effect 
dominates, the net result being an increase in NC bond order, while for (CH,),Si-NC and 
(CH;),Ge*NC the back-donation dominates, the net result being a lowering of the NC bond 
order. We believe that there is a simple qualitative explanation for the greater extent of 
back-donation with (CH,),Si*NC and (CH,),Ge*NC than with (CH;),C-NC. 

This explanation is best framed in molecular orbital terms. In the =CNC’ system there 
are, in a given plane, two px atomic orbitals, one each on C’ and N, and two electrons to be 
housed in them. These two orbitals combine to give a bonding MO and an antibonding 
MO, with the electrons occupying the former. In the =CNC’Fe system there are, in a given 
plane, now three x orbitals, Npx, C’px, and Fedzx, and four electrons to be housed. In 
general the combination of three orbitals such as these leads to a bonding MO, a non- 
bonding MO, and an antibonding MO. The four electrons would then occupy the first 
two. Thus, when =CNC’ and Fe(CO), are separated we have a filled bonding MO (on the 
isocyanide), a filled non-bonding AO (on Fe), and an empty antibonding MO (on the iso- 
cyanide). When =CNC’ and Fe(CO), are combined we still have filled bonding and non- 
bonding orbitals and an empty antibonding orbital. So far as the total energy of the 
x electrons is concerned, approximately no stabilization is to be gained by interaction 
between the NC’ x-MO’s and the metal dz orbital. 

However, for (CH;),Si-NC and (CH),Ge*NC, where Si and Ge have empty dx orbitals, 
interaction with metal dz orbitals can be expected to stabilize the entire group of x electrons. 
For the =MNC (M = Si, Ge) system (again considering = electrons and orbitals in only one 
plane) there are two electrons in a bonding orbital, an empty non-bonding orbital, and an 
empty antibonding orbital, and on Fe(CO), there is a filled non-bonding dz orbital. Now 
on combining four x orbitals there result, in general, two bonding orbitals and two anti- 
bonding orbitals, and in this case, both bonding orbitals will be occupied. Thus there is a 
net stabilization of the system of four x electrons by the interaction. This provides more 
driving force for back-donation, with consequent lowering of the NC bond order, than 
there is in the =CNC’ case. 


EXPERIMENTAL 

Microanalyses are by S. M. Nagy, M.I.T., and Schwartzkopf Microanalytical Laboratories, 
Woodside, N. Y. Spectra were obtained on a Perkin-Elmer Model 21 double-beam spectro- 
meter; a rock salt prism was used, except in one instance where a check was made by using 
a Baird spectrometer equipped with a fluorite prism. 

(Ph,P)Fe(CO), and (Ph,P),Fe(CO),.—These compounds were mentioned by Reppe and 
Schwekendiek,!* who stated that they were obtained by direct reaction of triphenylphosphine 
with iron pentacarbonyl, but gave no further details. Our procedure was as follows: tri- 
phenylphosphine (2-9 g.) and iron pentacarbonyl (1-6 ml.) were placed in a Carius tube which 
was then cooled, evacuated, and sealed. During 3 hours’ heating at 110°, pressure developed 
and a yellow solid was produced. This was washed with ether and dissolved in benzene, and 
the solution was filtered. The benzene was then taken off in vacuo, and the residue sublimed. 
At ~180° a sublimate having m. p. (sealed tube) 201—202° (decomp.) was obtained [Found: 
C, 62-7; H, 4-6. Calc. for (Ph,P)Fe(CO),: C, 61-4; H, 35%)]. Reppe ?® gives 203° as the 
m. p. of (Ph,P)Fe(CO),. The residue from the sublimation, recrystallized from benzene, had 
m. p. 260° (decomp.) [Found: C, 70-4; H, 4-7. Calc. for (Ph,P),Fe(CO),: C, 70-6; H, 4:55%] 
(Reppe gives 270°). 

The isocyanide compounds containing CH,*NC, C,H,-NC, and C,H,"NC were all prepared 
according to Hieber and von Pigenot 1” and had the properties described by them (analyses 
for C and H were very satisfactory). 


16 Reppe and Schwekendiek, Annalen, 1948, 560, 104. 
17 Hieber and von Pigenot, Chem. Ber., 1956, 89, 193. 
3B 
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The t-butyl isocyanide derivatives are new. t-Butyl isocyanide was prepared in a manner 
similar to that described by Nef.* The yield was ~18%. 

Butylisocyanideiron tetracarbonyl. Iron pentacarbony] (0-42 ml., 3-13 mmoles) and t-butyl 
isocyanide (0-34 ml., ~3-2 mmoles) were heated in vacuum on a steam-bath for 3 hr., the tube 
being cooled to —78° every hour, and the carbon monoxide pumped out. Reaction was then 
complete (no further carbon monoxide evolution), and volatile contaminants were removed by 
evacuation at —78°, and the product sublimed in vacuo on to a cold finger held at — 70° as pale 
yellow crystals, m. p. 53-5—54-5° (0-630 g.). The compound is sensitive to air and light, 
although considerably more stable than the corresponding methyl isocyanide compound: 
It is very soluble in common organic solvents (Found: C, 42-6; H, 3-9; N, 5-9. C,H sNO,Fe 
requires C, 43-1; H, 3-6; N, 5-6%). 

Di-(t-butylisocyanide)iron tricarbonyl. Iron pentacarbonyl (1-9 ml., 14 mmoles) and t-butyl 
isocyanide (3-8 ml., ~38 mmoles) were heated in an evacuated tube on the steam-bath, carbon 
monoxide being pumped off hourly as before. Reaction was complete in 7 hr. Volatile 
products were removed in vacuo at 50°, and the residue was extracted with boiling light 
petroleum (b. p. 60—80°) from which the product crystallized as yellow needles, m. p. 98—98-5° 
(3-5 g.) (Found: C, 50-8; H, 6-0; N, 9-4. (C,,;H,,.N,O,Fe requires C, 51-1; H, 5-9; N, 9-2%). 
The compound is fairly unstable toward air and light and thermally. It dissolves readily in 
common organic solvents and the solutions decompose fairly rapidly in presence of air. 
(CsH,*NC),Co(ClO,) was prepared according to Malatesta and Sacco.’ 





We thank the U.S. Atomic Energy Commission for financial support under Contract No. 
AT(30-1)-1967. We are grateful to Professor D. Seyferth and Dr. N. Kahlen for communicating 
to us their results in advance of publication. 
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18 Nef, Annalen, 1899, 309, 154. 
19 Malatesta and Sacco, Z. anorg. Chem., 1953, 278, 247. 


291. Homolytic Reactions of Aromatic Side Chains. Part II 
Relative Rates of «-Hydrogen Abstraction by t-Butoxy-radicals. 


By K. M. JoHNsTon and GARETH H. WILLIAMS. 


Measurements are reported of the relative rates of abstraction by t-butoxy- 
radicals of a-hydrogen atoms from alkyl side chains attached to aromatic 
nuclei. The radicals were formed by the thermal decomposition of t-butyl 
peroxide, and the measurements made by the use of the competitive technique. 
The influence of nuclear substituents is determined by their polar character, 
since the results are in accord with Hammett’s “pa’”’ relation. A value of 
approximately —0-5 was obtained for the parameter e for this reaction, 
which is therefore assisted by electron-repelling and hindered by electron- 
attracting substituents. Alkyl substituents at the «-carbon atom of the 
side chain assist the reaction, probably because of their stabilising influence 
on the radicals formed by a-hydrogen abstraction. The theoretical 
significance of the results is discussed. 


THE reactions reported in Part I} provide a convenient vehicle for the investigation of 
the relative rates of abstraction of «-hydrogen atoms from the side chains of aromatic and 
heterocyclic compounds by t-butoxy-radicals, and a number of determinations of this kind, 
carried out by means of competitive experiments, are now reported. 

The relative rates of analogous processes of this type have already been investigated 
in considerable detail, and have been considered to be influenced by structural features 
which are present in the molecules in two ways, namely, by the effect of structure on the 
stability of the radical which is the product of hydrogen-abstraction, and by the polar effects 


1 Part I, J., 1960, 1168. 
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of the substituent groups. Reactivity series for free-radical reactions have, for many years, 
been interpreted in terms of the resonance stabilisation of the radicals formed in these re- 
actions, on the reasonable assumption that the stability of the transition states parallels that 
of the products (see, ¢.g., Mayo and Walling and Wheland%). More recently, however, the 
contribution of polar forms, resulting from electron-transfer between the radical and the 
substrate, to the transition states of these reactions has been considered to be of importance 
in determining the activation energies of these processes. Russell* has regarded the 
transition state for the reactions of a radical X- with a compound RH as a resonance hybrid 
of three canonical forms, one (I) resembling the reactants and another (III) the products. 
In the third form (II), electron-transfer is regarded as having taken place between the 
radical and the substrate, as originally suggested by Walling, Briggs, Wolfstirn, and Mayo.® 

RIH*X <¢—t RIHIX~ <¢—e RHIX 

(I) (Il (IIT) 


Polar effects would be expected to be most important in form (II), and Russell has argued 
that they should be more important in form (I) than in form (III). The more electro- 
negative the radical X, the more favoured form (II) should become, and hence the greater 
the importance of polar effects. Again, a highly reactive radical X should give rise to a 
transition state more nearly approaching (I), while an unreactive radical should lead to a 
transition state approaching (III). Since these forms are expected to reflect the polar 
effects of groups differently, the influence of polar effects should therefore be dependent 
on the intrinsic reactivity of the radicals as well as on their electronegativity. 

The conformity to the Hammett “ ec ’”’ relation * has been taken as an indication of the 
determination of reactivity by polar factors in a number of homolytic hydrogen-abstraction 
reactions, and the value of the parameter p derived from the application of this relationship 
to a particular reaction with a series of substrates has been considered to be a measure of 
the magnitude of the polar effect in that reaction. From an examination of the p-values 
obtained for the reaction of various free radicals (chlorine and bromine atoms, and tri- 
chloromethyl and succinimido-radicals) with derivatives of alkylbenzenes, van Helden and 
Kooyman?’ concluded that a correlation exists between the value of p and the electro- 
negativity of the atom which formally carries the unpaired electron in the free radical, the 
most pronounced polar effects being associated with highly electronegative radicals. It 
was therefore predicted that, since oxygen is highly electronegative, very pronounced polar 
effects, corresponding to values of p of about—2, should be found for reactions of this type 
with alkoxy- or peroxy-radicals. The reactions with peroxy-radicals were studied by 
Russell,‘ and values of p of —0-6 and —0-4 were obtained for the two series studied (toluene 
and cumene derivatives). It was therefore considered that, while the electronegativity 
of the attacking radical must obviously make a contribution, other factors, as indicated in 
the foregoing summary, must also be considered in assessing the magnitude of the polar 
effect in a given reaction. 

The establishment of the existence, and determination of the magnitude, of the polar 
effect in the reaction of alkoxy-radicals with derivatives of alkylbenzenes is therefore of 
great importance in this connection. This requires the determination of the relative 
reactivity of a series of compounds of this type towards a radical such as t-butoxy. In the 
competitive method, as used in the present determinations, t-butyl peroxide was allowed 
to react with a large excess of an equimolar mixture of the two solvents to be compared, 
and the resulting mixture of binuclear products isolated and analysed. A higher-boiling 


2 Mayo and Walling, Chem. Rev., 1950, 46, 191. 
3 Wheland, ‘‘ Resonance in Organic Chemistry,’”’ John Wiley & Sons Inc., New York, 1955, Chap. 8. 
* Russell, 7. Amer. Chem. Soc., 1956, 78, 1047. 
5 Walling, Briggs, Wolfstirn, and Mayo, J. Amer. Chem. Soc., 1948, 70, 1537. 
* Hammett, J. Amer. Chem. Soc., 1937, 59, 96; ‘‘ Physical Organic Chemistry,” McGraw-Hill 
Book Co., New York, 1940, Chap. 7. 
7 yan Helden and Kooyman, Rec. Trav. chim., 1954, 78, 269. 
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fraction consisting mainly of dehydrogeno-trimers, which is usually formed in small amount 
(cf. Part I+), was also isolated and analysed. The relative reactivities of the two solvents 
could then be calculated from the relative amounts of the radicals derived from them which 
were incorporated in the dehydrogeno-dimer and -trimer fractions. In order to facilitate 
the analysis of the product mixtures, either 6- or y-picoline was always used as one com- 
ponent of the mixture of solvents. In a competitive reaction in which the other component 
of the solvent mixture was a compound Ar-CH,, for example, three binuclear products 
would be formed, namely, the two dehydrogeno-dimers, Ar-CH,°CH,Ar, and 
Cs;H,N-CH,°CH,°C;H,N and the “mixed” product Ar-CH,°CH,°C;H,N. The analysis 
of this mixture could be accomplished by an acid-base titration of the mixture of mono- 
and di-acidic bases, after removal of the neutral dehydrogeno-dimer by acid-extraction. 
The reactions were conducted at a fairly low temperature (110°) in order to minimise the 
decomposition of t-butoxy-radicals to methyl radicals and acetone. The extent of this 
decomposition in a typical reaction was estimated by measurement of the amount of 
methane formed. The reaction chosen for this determination was a competitive reaction 
of t-butyl peroxide with a mixture of #-chlorotoluene and y-picoline, since both these 
solvents were shown to be rather unreactive towards t-butoxy-radicals, and hence the 
decomposition of these radicals would be expected to be most important in such a medium. 
The amount of methane formed corresponded to about 1/14 of the amount expected if 
all of the t-butyl peroxide used had been decomposed to give methyl radicals. The 
competitive reactions were, however, not allowed to proceed to completion, but were 
stopped after about 50° of the reaction had taken place, in order to minimise the formation 
of dehydrogeno-trimers. Calculation from the yields of methane and of bi- and tri- 
nuclear products obtained then reveals that not more than about 1/7 of the total amount 
of hydrogen-abstraction is brought about by methyl radicals under these conditions. 
This process is therefore regarded as only a minor contribution to the total reaction, about 
85°%, of which is due to t-butoxy-radicals. = 

It was also established by experiment that the extent to which a competitive reaction 
of t-butyl peroxide with a mixture of toluene and y-picoline was allowed to proceed had 
no effect on the relative reactivity deduced from its results. 

The experimental results reported below indicate that 8- and y-picoline are less reactive 
towards t-butoxy-radicals than any of the other substrates investigated. Thus, in 
principle, processes such as 


CsHyN-CH,* + CgHy-CHMe, — CsHyNCH; -+- CgH,*CMe,° 


are energetically favoured, and would tend to reduce the yield of nitrogen-containing 
dehydrogeno-dimers. To the extent to which such processes occur, therefore, the measured 
rate ratios exaggerate the actual differences in reactivity. The extent of these processes 
of radical-transfer brought about by picolinyl radicals has not been directly measured, but 
it is considered to be fairly small, as benzyl and 4-chlorobenzyl radicals have been shown 
to react only to a minute extent with isopropylbenzene in an analogous process which, on 
the basis of the foregoing argument, should also be energetically favoured. These 
processes of radical-transfer are therefore not considered to affect the results seriously. 


EXPERIMENTAL 


Solvents were purified as described in Part I.1 t-Butyl peroxide (Light and Co.) was used 
without further purification (cf. Part I 3). 

Preparation of Reference Compounds.—Bibenzyl was prepared by the reaction of t-butyl 
peroxide with toluene, as described in Part I.1 

2-Phenethylpyridine. This was prepared by Bergstrom, Norton, and Seibert’s method,’ 
i.e., treatment of «-picoline with potassamide in liquid ammonia, and then with benzyl chloride. 


® Hey, Shingleton, and Williams, unpublished observations. 
* Bergstrom, Norton, and Seibert, J. Org. Chem., 1945, 10, 452. 
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After the ammonia had been allowed to evaporate, the residue was treated with water and 
extracted with ether, and the extracts were washed with water and dried (MgSO,). Distillation 
gave 2-phenethylpyridine (b. p. 99°/2 mm.) in 65% yield. 

4-Phenethylpyridine. This was prepared in almost theoretical yield from y-picoline by a 
similar method, and purified by crystallisation from light petroleum (m. p. 71°; Bergstrom, 
Norton, and Seibert ® reported m. p. 70—71°). 

(+)-2-Phenyl-1-4’-pyridylpropane. A similar method was used for the preparation of this 
compound. Potassium (3-5 g.) was dissolved in liquid ammonia (400 ml.), anhydrous ferric 
oxide (50 mg.) added, and the mixture stirred for about } hr. until the deep blue colour of the 
solution was replaced by the amber colour of potassamide in liquid ammonia. +-Picoline 
(8 g.) was then added, followed by 1-phenylethyl chloride (11 g.), which was prepared by Norris, 
Watt, and Thomas’s method ! from l-phenylethanol. The mixture was worked up by the 
method described for the preparation of 2-phenethylpyridine and gave 2-phenyl-1-4’-pyridyl- 
propane, b. p. 130—131°/2-5 mm., m,’* 15620 (Found: C, 84-9; H, 7-8; N, 7-0. C,,H,;N 
requires C, 85-2; H, 7-7; N, 7-1%). The methiodide had m. p. 128° (Found: C, 52-7; H, 5-6; 
N, 4:1; I, 37-5. C,;H,,NI requires C, 53-1; H, 5:3; N, 4-1; I, 37-4%), and the picrate, m. p. 
103° (Found: C, 56-3; H, 4-0; N, 13-3. C,.9H,,0O,N, requires C, 56-3; H, 4:3; N, 13-1%). 

1,2-Di-3’- and 1,2-di-4’-pyridylethane were prepared as described in Part I. 

Analysis of Mixtures of Dehydrogeno-dimers.—It was first established by experiment that the 
following mono- and di-acidic bases, which are typical of the binuclear products which would 
be formed in competitive experiments by union of radicals formed from basic and neutral 
substrates, could be satisfactorily titrated against hydrochloric acid by Kolthoff’s method," 
using Bromophenol Blue as indicator: 2- and 4-phenethylpyridine, (+)-2-phenyl-1-4’-pyridyl- 
propane, and 1,2-di-3’- and 1,2-di-4’-pyridylethane. It was also shown that these bases could 
be estimated by dissolution in an excess of standard hydrochloric acid and back-titration 
against sodium hydroxide, using the same indicator. 

The following method for the analysis of mixtures containing a neutral component as well 
as a mono- and di-acidic base was then tested by the analysis of a synthetic mixture made up 
so as to simulate the mixture of dehydrogeno-dimers formed in a competitive experiment with 
a mixture of toluene and y-picoline as substrate. This mixture, which contained bibenzyl 
(0-5738 g.), 4-phenethylpyridine (0-3756 g.), and 1,2-di-4’-pyridylethane (0-1170 g.), was treated 
with 0-369N-hydrochloric acid (20 ml.), and the resulting mixture warmed on a water-bath. 
The mixture was cooled in a refrigerator, and the insoluble bibenzyl removed by filtration 
through a weighed No. 4 sintered-glass crucible, and washed with water. The crucible and its 
contents were dried in vacuo at room temperature, and re-weighed to give the amount of bibenzyl 
present. The filtrate was diluted with water (5 ml.) and made up to 50 ml. with ethanol. The 
resulting solution was titrated, in 10 ml. portions, against 0-119N-sodium hydroxide. This 
titration permitted the calculation of the normality of the solution of the mixture of bases, and, 
since the combined weight of the bases could be obtained from the weights of the original 
mixture and of the bibenzyl present, also of the amounts of the two bases originally present. 
Complete analysis of the mixture could therefore be accomplished. The amounts of the three 
components present, as determined by this procedure, were: bibenzyl, 0-572 g.; 4-phenethyl- 
pyridine, 0-373 g.; 1,2-di-4’-pyridylethane, 0-121 g. This method of analysis was therefore 
considered to be satisfactory, and was employed in the competitive experiments. 

Competitive Experiments.—t-Butyl peroxide (4-0 g., 0-027 mole) was allowed to decompose 
in a mixture of 0-5 mole of each of the two solvents for 72 hr. at 110° (thermostat). The 
reactions were conducted, and the products worked up, as described in Part I} for reactions 
of t-butyl peroxide with single solvents. Owing to the difficulty of preparing large quantities 
of 4-methylbiphenyl, competitive experiments involving this substance were conducted on a 
reduced (} of the above) scale. The dehydrogeno-dimer fractions were analysed by the method 
described above. The amounts of radicals derived from the two solvents and incorporated in 
the binuclear products were calculated in two ways, (a) from the titration alone, since a know- 
ledge of the normality of the mixture of bases permits the calculation of the amount of picoline- 
derived radicals, and (b) from the complete analysis, based on the gravimetric estimation of the 
neutral components as well as on the titration. The second method failed for competitive 


10 Norris, Watt, and Thomas, J. Amer. Chem. Soc., 1916, 38, 1078. 
" Kolthoff, Biochem. Z., 1925, 162, 289; Kolthoff and Stenger, ‘“‘ Volumetric Analysis II,’”’ Inter- 
science Publishers Inc., New York, 1947, p. 126, 
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experiments involving ethylbenzene as one component of the mixture of solvents, since racemic 
2,3-diphenylbutane is a liquid (cf. Part I 4), and could not therefore be estimated gravimetrically, 
The first method of calculation was therefore the only one used in this instance. Good agree- 
ment was obtained between relative rates calculated by the two methods. 

The relative rates calculated from the composition of the mixture of binuclear products were 
corrected for the removal of some of the solvent-derived radicals by incorporation in the higher- 
boiling fractions, which were shown, by molecular-weight determinations, to consist very 
largely of dehydrogeno-trimers, the formation of which was discussed in Part I.1 Since these 
corrections were relatively small, accurate analysis of the high-boiling fractions was unnecessary, 
and their composition was estimated by means of microanalysis for nitrogen. The observations 
made, and the methods of calculation employed, are illustrated in Table 1, with reference to 
competitive experiments in which the substrate was an equimolar mixture of toluene (M, 92) 
and y-picoline (M, 93). 


TABLE 1. Reaction of t-butyl peroxide with an equimolar mixture of toluene and y-picoline, 
Expt. 1 Expt. 2 


(a) Dehydrogeno-dimer fraction, b. p. 90—126°/2 mm. (g.) ...........seceseeeerereeee 1-7219 1-6852 
(b) Dehydrogeno-trimer fraction, b. p. 170—220°/2 mm. (g.)  ........seseseeeeeeeeees 0-2732 0-2518 
Cy ae WU i OD 1 ca rads eetianctiben dein <icctina caadbs dec ncee chnsederewabatccctecidccdine ceondie 249 262 
ie EEE: shi ciscknsuiaheninbidssveiii uhh deine idipedniine checodnys esqntedechehsiibtans obs 5-35 5-10 
(e) Benzyl radicals in (a) calc. from titration alone (g.) ............ccsceseeeeeeeeeeeeees 1-3052 1-2872 
(f) y-Picolyl radicals in (a) calc. from titration alone (g.) ............scseeeseeeeeeeeees 0-4167 0-3980 
(g) Relative rate of reaction (toluene : y-picoline) calc. from (e) and (f) ............ 3-25 3-23 
Ss NE BE ARDS, ciccinncends tern evegns si dvstinnsiabubecinkes poineve hasesinstiievéencvnnis 1-0240 1-0077 
Ce ee OD 2 EOD BD | ocncsnveachoscotenasedservedhseespeatiansnetbedashenacees 0-5679 0-5558 
Cie ee ME CMLL, sccccnccsqccgssnssoqecotescessosccescicanscescongoesos 0-1300 0-1217 
(k) Benzyl radicals in (a) calc. from (A) and (i) (g.)  .......csceecceceeeeeeeeeeceeeeens 1-3080 1-2853 
(1) y-Picolinyl radicals in (a) calc. from (i) and (7) (g.) ........scecsceceeeeeeceeeeeeeees 0-4140 0-3993 
(m) Relative rate of reaction (toluene : y-picoline) calc. from (A) and (i) ............ 3-28 3-22 
(n) y-Picolinyl radicals in (b) calc. from (d) (g.) .......scccccsececeecesteceeveeceereceeees 0-0934 0-0862 
Cop Reeeerye Seiceen Ee BH) ORNS. TOE GA) GE.) 000. ccccccoscisccedcecernccecscceesccseecesscoss 0-1798 0-1656 
(p) Corrected relative rate of reaction (toluene : y-picoline) = 93(e + 0)/92(f+ m) 2-98 2-99 


The results of competitive experiments performed in this way are given in Table 2, from 
which it may be seen that the agreement in duplicate experiments is good. 


TABLE 2. Relative reactivities towards homolytic «-hydrogen abstraction. 


Solvent A Solvent B Relative reactivity A/B Rye, of solvent 
B-Picoline Toluene 0-45 0-43 0-44 
y-Picoline a 0-33 0-33 0-33 
o-Chlorotoluene y-Picoline 2-2 2-2 0-73 
m-Chlorotoluene e 2-1 2-1 0-70 
p-Chlorotoluene os 2-7 2-7 0-90 
4-Methylbiphenyl ‘i 5-3 = 1-75 
Ethylbenzene 0 78 7-8 2-6 
Isopropylbenzene o 9-2 9-1 3-1 
p-Cymene ma 9-6 — 3-2 


The volume of the gaseous products formed from a competitive reaction of t-butyl peroxide 
(4-0 g.) with an equimolar mixture of p-chlorotoluene and y-picoline was measured by collection 
in a graduated vessel over brine. The corrected volume of this gas, which may be assumed to 
consist almost entirely of methane (cf. Bell, Rust, and Vaughan 1") was 90 ml. (S.T.P.). The 
combined yield of bi- and tri-nuclear products in this reaction was 3-0 g. 

A competitive reaction in which t-butyl peroxide (4-0 g.) was allowed to react with an 
equimolar mixture of toluene and y-picoline at 110° for 168 hr. gave increased yields of all of 
the products, and the value of the corrected relative rate of reaction (toluene : y-picoline) 
calculated from the composition of these products was 3-0. 


DISCUSSION 
The relative reactivities (k,.) of the compounds investigated, on a scale in which 
toluene is considered to have a reactivity of unity, are given in the last column of Table 2. 
12 Bell, Rust, and Vaughan, J. Amer. Chem. Soc., 1950, 72, 337. 
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The polar effects of nuclear substituents (except the o-chloro-group, for which steric 
factors. render the Hammett equation inappropriate) are illustrated by the Figure, in 
which log fre, is plotted against the appropriate Hammett o-constant. The point corre- 
sponding to the -methyl group was obtained by using the relative reactivity of p-cymene 
expressed on a scale on which isopropylbenzene has a reactivity of unity. This relative 
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reactivity is 1-04. This procedure is justified, since it has previously been shown (cf. 
Part I+) that hydrogen-abstraction from p-cymene takes place virtually entirely from the 
isopropyl group. The o-constants used are those given by Jaffe, except for @- and. 
y-picoline, for which those given by Simonetta and Favini* were employed. The slope 
of the best straight line drawn by the method of least squares through all the points except 
that corresponding to 4-methylbiphenyl was found to be —0-49. The value of the reaction 
constant p is therefore approximately —0-5. This observed correlation between the 
relative reactivities of derivatives of toluene and the Hammett o-constants for the 
appropriate substituents demonstrates clearly that the effects of nuclear substituents 
on the rate of this reaction are governed by their polar influences. The relative insignific- 
ance of considerations of the stability of the product radicals is doubtless due to the fact 
that nuclear substituents, apart from aryl groups, impart little resonance stabilisation 
to radicals analogous to benzyl, and hence the relatively small polar influences become 
effective in determining reactivity. This contention is supported by a comparison of the 
values of the (C;H,N-CH,-H) bond dissociation energies in 8- and y-picoline (76-5 and 
77-5 kcal. mole™ respectively 5) with that of the (C,H,;-CH,-H) bond dissociation energy 
in toluene (77-5 kcal. mole™).16 If the relative reactivities of these compounds were 
determined mainly by the stability of the product-radicals, then on the basis of these 
values for the bond-dissociation energies they would be expected to be closely similar. 
The fact that the picolines are only about one-third as reactive as toluene shows conclusively 
that the reactivities are determined by other factors, of which polar effects appear to be the 
most probable. On the other hand, the importance of the resonance-stabilisation effect 
in the case of the strongly conjugating p-phenyl group is clearly indicated by the fact that 
the point corresponding to 4-methylbipheny] in the Figure lies well above the line. Walling 
and Miller !” observed a similar situation in the homolytic side-chain chlorination of this 
compound. 

The magnitude of the polar effect in the reaction with t-butoxy-radicals, as indicated 
by the value of p, is closely similar to those obtained by Russell * for the reaction of nuclear- 
substituted toluene and cumene derivatives with peroxy-radicals. The present results 
therefore lend further support to Russell’s contention that other factors besides the 
electronegativity of the atom carrying the unpaired electron in the attacking free radical 


13 Jaffe, Chem. Rev., 1953, 58, 191. 

14 Simonetta and Favini, Gazzetta, 1954, 84, 566. 

15 Roberts and Szwarc, J. Chem. Phys., 1948, 16, 981. 

16 Szwarc, J. Chem. Phys., 1948, 16, 128; Discuss. Faraday Soc., 1947, 2, 39. 
17 Walling and Miller, J. Amer. Chem. Soc., 1957, 79, 4181. 
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are significant in determining the importance of polar effects in reactions of this type. On 
the basis of Russell’s theory, as outlined in the introduction, the present results indicate 
that the t-butoxy-radical in aromatic solvents should be regarded as a rather unreactive 
species. 

Hydrogen-abstraction by the relatively non-polar methyl radical would, of course, 
tend to reduce the observed p-value, and the foregoing argument therefore depends on the 
observation that this process makes only a small contribution to the total reaction. 

The relative reactivities of the hydrocarbons toluene, ethylbenzene, and isopropyl- 
benzene are in accord with the well-established theory that the effects of side chain, as 
distinct from nuclear, substituents on reactions of this type are governed chiefly by the 
resonance-stabilisation of product radicals.*7,17 The numerical values obtained in this 
work, however, are not in complete agreement with the values reported by Williams, 
Oberright, and Brooks '* and by Brook. The three sets of results, expressed as relative 
reactivities per «-hydrogen atom on a scale on which the reactivity of the single «-hydrogen 
atom of isopropylbenzene is unity, are given in Table 4. Williams, Oberright, and Brooks 


TABLE 4. Relative reactivities of «-hydrogen atoms of aralkyl hydrocarbons. 
Relative reactivity * 


Hydrocarbon (a) (b) (c) 
GRE scknodicvegedsenpapeseqecsapnesencequen 0-23 0-16 0-11 
IEE cui cinassncederpheesasneseaspeun 0-66 0-63 0-42 
TSOpropylIbenZeNe’ ..........5..ccccsecocsoese 1-00 1-00 1-00 


* Results obtained by (a) Williams, Oberright, and Brooks,!* (6) Brook,” and (c) in present work, 


have not commented on their rather surprising conclusion that the total reactivity of 
ethylbenzene towards attack in the side chain by t-butoxy-radicals (7.e., double the value 
given in Table 4, since ethylbenzene has two a-hydrogen. atoms) is greater than that of 
isopropylbenzene. This is not in accord with the behaviour of these hydrocarbons in 
other free-radical reactions, such as their reactions with phenyl radicals from benzoyl 
peroxide,” trichloromethyl radicals," and polystyrene radicals.2* In all these various 
processes, each of which involves «a-hydrogen abstraction, the reactivity series toluene < 
ethylbenzene < isopropylbenzene was found to be obeyed. This anomaly was recognised 
by Brook,” who considered steric factors to be responsible for the low reactivity of iso- 
propylbenzene in its reaction with t-butyl peroxide. Examination of models, however, 
indicates that there should be no appreciable hindrance to the approach of a t-butoxy- 
radical to the a-hydrogen atom of isopropylbenzene. Hence, it is difficult to rationalise 
the comparatively high reactivity of ethylbenzene as measured by the aforementioned 
workers, and it is therefore considered that the relative reactivities of toluene, ethyl- 
benzene, and isopropylbenzene obtained in the present work are probably more reliable. 


We thank the Department of Scientific and Industrial Research for the award of a main- 
tenance grant to K. M. J., and Professor D. H. Hey, F.R.S., for helpful discussion and criticism. 


Krtna’s CoLLeGe (UNIVERSITY OF LONDON), 
STRAND, Lonpon, W.C.2. (Received, September 10th, 1959.) 


18 Williams, Oberright, and Brooks, J. Amer. Chem. Soc., 1956, 78, 1190. 
1® Brook, Trans. Faraday Soc., 1957, 53, 327. 

% Hey, Pengilly, and Williams, J., 1956, 1463. 

#1 Kooyman, Discuss. Faraday Soc., 1951, 10, 163. 

*2 Gregg and Mayo, Discuss. Faraday Soc., 1947, 2, 328. 
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292. Effect of Solvent Composition on the Kinetics of Reactions 
between Ions and Dipolar Molecules. Part II.* 


By E. A. S. CAVELL and J. A. SPEED. 


The rate of exchange of radioactive iodine between n-butyl iodide and 
sodium iodide has been measured in acetone containing various small con- 
centrations of water. By use of carrier-free sodium radio-iodide as the only 
source of ions, it has been possible to study the kinetics of the reaction under 
conditions where the effect of ion association can be neglected. Changes of 
reaction rate with solvent composition have been interpreted in terms of 
changes in dielectric constant, and of a specific interaction between iodide 
ions and water molecules. The effect of various concentrations of potassium 
iodide on the rate of the iodine exchange has also been investigated and the 
results obtained have been discussed in terms of the formation of ion pairs. 


In solvents of low dielectric constant the kinetics of reactions between ions and dipolar 
molecules are often complicated by ion association, a fact which is usually neglected in 
the derivation of the integrated rate equations for such reactions. As a result, rate 
constants calculated by using these equations tend to increase in value when the initial 
concentration of the electrolyte used is decreased. The effect of ion association on the 
kinetics of the reaction of iodide ions with n-butyl bromide, and also the possibility of a 
kinetic salt effect in this reaction, have been discussed in Part I. It was there concluded 
that failure of the rate of this reaction to change with dielectric constant of the solvent in 
the way expected theoretically could not be attributed to either effect.1 As far as ion 
association is concerned, however, the validity of this conclusion depended upon the 
certainty with which the dissociation constant of the electrolyte in a series of mixtures of 
acetone and water could be calculated theoretically. Such calculations necessarily involve 
a number of assumptions and approximations, so that in the present work we have tried 
to justify this conclusion experimentally. 

Swart and le Roux? have pointed out that, by using the appropriate carrier-free 
radioactive isotope, it is possible to study the kinetics of halogen exchanges under con- 
ditions in which ionic concentrations are negligible, thus avoiding the necessity of correcting 
rate constants for ion association altogether. We have therefore studied the effect of 
small amounts of water, from 0 to 5M, on the rate in acetone of the exchange reaction 
*I- + Bu"l == I- + Bu"*l, using carrier-free sodium radio-iodide as the only source of 


TABLE 1. Rate constants (k, in 1. mole sec.) obtained with sodium radio-todide 
alone and calculated by means of equation (1). 


[Bu"I], = 0-030—0-035m. Temp. = 19-71°. 


[H,0] e 10%, [H,0] . 10%, [H,0} e 10%, 
0 19-56 4-31 0-502 20-13 2-14 2-03 21-87 0-786 
0 19-56 4-38 0-756 20-42 2-04 2-48 22:38 «© 0-6 11 
0 19-56 4-08 0-828 20-50 1-76 3-03 23-00 0-546 
0-079 19-65 3-40 1-00 20-70 1-47 4-03 24-14 0-420 
0-252 19-85 2-84 1-55 21-32 1-01 4-98 25-22 0-325 
0-388 20-00 2-51 2-01 21-84 0-825 


iodide ions. Rate constants k, obtained from these experiments are given in Table 1; they 
were calculated by means of the equation 


Rot = —(2-3038/a) logy (lL —-z/c) . . «. « w. . (I) 
where a is the total concentration of, n-butyl iodide and x/c is the ratio of the radioactivity 
associated with the butyl iodide at time ¢ to the total radioactivity. For the experiments 


* Part I, J., 1958, 4217. 


1 Cavell, J., 1958, 4217. 
* Swart and le Roux, /J., 1956, 2110. 
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considered here, equation (1) is sufficiently accurate for evaluating rate constants, because 
in all cases kinetic measurements were confined to a period of less than 19 hr.,? 7.e., 1/10th 
half-life of I. Dielectric constants ¢ of acetone—-water mixtures, also given in Table 1, 
have been interpolated from Akerlof’s data.’ 

In Fig. 1 values of log k, obtained for the reaction between iodide ions and n-butyl 
iodide with carrier-free sodium radio-iodide as the only source of iodide ions have been 
plotted against the reciprocal of the dielectric constant of the solvent. Essentially the 
same variation of log k, with 1/e as that illustrated in Fig. 1 has also been observed (but 
in use of finite electrolyte concentrations) for the reaction of iodide ions with n-butyl 
bromide. It seems, therefore, that the view expressed in Part I, concerning the latter 
reaction, namely, that the absence of a linear relation between log k, and l/e at water 


Fic. 1. Plots of logy, 10°k, against reciprocal of the 
dielectric constant. 


© Rate constants obtained with carrier-free sodium 
vadio-iodide alone. 

x Rate constants obtained with 0-015M-potassium 
iodide present. 











1 
3-8 4:2 46 5-0 


10 Ve 


concentrations of less than 2m was not due to the finite concentrations of electrolyte used, 
was justified since a similar deviation from linearity is here observed in a closely related 
reaction when ionic concentrations are negligibly small. 

Following the suggestion made in Part I, we assume that the observed departure from 
the linearity predicted theoretically is due to an equilibrium I~ + K,O == (I,H,O)-. 
However, before experimental rate constants can be used to test the implications of this 
hypothesis, they must be corrected to a standard dielectric constant. This has been 
done for the rate constants k, given in Table 1 by means of the equation 


log kg = logka + m(I/eg— Ife) . -. . «. ~~ « (2) 


where m is the slope of the linear portion of the appropriate log k,-1/e curve (Fig. 1), ¢ 
is the dielectric constant of dry acetone, and ¢, that of the solvent mixture to which k, 


TABLE 2. Values of kg calculated by means of equation (2) 
from rate constants k, given in Table 1. 
m = 56-5. 10%, = 4-261. mole sec.“ 


NR he 0 0-079 0252 0388 0-502 0-756 0-828 1-00 
ee een 4:26 3-50 3-13 2-90 2-58 2-41 2-39 2-12 
gh cece te 155 201 2-03 2-48 3-03 4-03 4-98 
ii lid Set 1-99 1-65 1-59 1-41 1-48 1-48 1-49 


refers. The assumptions and approximations involved in this method of correction have 
been discussed previously.1_ Values of corrected rate constants &, for different concentra- 
tions of water are recorded in Table 2. 


* Akerléf, J. Amer. Chem. Soc., 1932, 54, 4125. 
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Now, the equilibrium postulated above requires the quotient (ky — hs)/(ks — ke) to 
be directly proportional to the concentration of water, provided that this is large compared 
with the total iodide-ion concentration; ky and k. are the specific rates at which I- and 
(I,H,O)~ react with n-butyl iodide in a solvent of dielectric constant ¢. However, in 
order to test our hypothesis we prefer a plot of (ky — k,)/[H,O] against ’,, as shown in 
Fig. 2, to the equivalent plot of (ky — k,)/(ks — ke) against water concentration, because 
the first procedure requires one fewer parameter. Most of the points in Fig. 2 lie close 
to the same straight line, in satisfactory agreement with the requirements of the equilibrium 
postulated above. Up to water concentrations of about 1m, an error of 5% in k, would 
be more than sufficient, in most cases, to account for the divergence of the points from 
the straight line, although above this concentration, deviations are more pronounced. 





SOF 
4-Of 
=, 
o. o/? 
=, FOr 
Fic.2. Plot of (ka — k,)/[H,O] oor cv 20+ °f? 
k, for data given in Table 2 * 
x ° 
——— / @) s 
“o 
~ 





rs 20 25 30 
10*k, 


The effect of small amounts of water on the rate of the reaction *I- + Bu"l == 
I- + Bul in acetone solution has also been investigated in the presence of various 
concentrations of potassium iodide. Rate constants obtained from these experiments 
are summarised in Table 3; they were calculated by means of the equation 


kat = —[2-303/(a + b)]}-logy, [1 — (x/c)(1 + b/a)] . 2 a oe 


where } is the concentration of potassium iodide, the other symbols having the same 
significance as for equation (1). The results given in Table 3 show that, for the same 


TABLE 3. Rate constants (k, in 1. mole sec.) obtained with various concentrations 
of potassium iodide and calculated by means of equation (3). 
[Bu"I], = 0-030—0-035m. Temp. = 19-71°. 
[H,0]} 10°, [H,0} 10%, [H,0} 10°, [H,0] 10%, 
[KI] ~1-5 x 10 


0 3-05 0-651 1-67 2-00 0-691 4-05 0-345 
0 3-13 0-776 1-59 2-07 0-703 6-39 0-187 
0-251 2-25 0-979 1-25 3-25 0-432 8-38 0-137 
0-490 1-82 1-55 0-896 3-96 0-352 
{KI} ~1-6 x 10m 
0 3-53 0-481 2-22 1-11 1-40 3-85 0-398 
0 3-61 0-610 1-84 1-98 0-815 6-00 0-229 
0-200 2-72 0-801 1-72 3-20 0-472 8-31 0-151 
[KI ~3-3 x 10m 
0 4-02 ° 
[KI] ~9 x 10m 
0 4-20 0-523 2-50 1-00 1-54 3-37 0-475 
0-242 2-99 0-700 2-00 2-05 0-762 4-01 0-374 
0-401 2-65 0-823 1-84 2-07 0-782 5-04 0-296 
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solvent composition, rate constants evaluated by using equation (3) usually decrease in 
value as the concentration of potassium iodide is increased. However, some of the results 
for 9 x 10°m-potassium iodide are slightly larger than the corresponding rate constants 
obtained when sodium radio-iodide was used alone (Table 1), although in all such cases 
the difference is less than 10%, so these anomalous results may be due to experimental error. 

The effect on the rate constant of a given increase in concentration of potassium iodide 
is most pronounced in dry acetone, as is to be expected if the effect is a result of ion asso- 
ciation. However, these rate constants can be corrected for incomplete dissociation of 
the salt, because for dry acetone the requisite data are available. In this solvent, Reynolds 
and Kraus * found that at 25° the dissociation constant of potassium iodide was 8-02 x 
10°%, from which by means of Fuoss’s equation 5 a value of 8-30 x 10° has been calculated 
for 19-71°, the temperature at which our kinetic measurements were made. It is from 
this value that degrees of dissociation «, given in Table 4 together with corrected rate 


TABLE 4. Degrees of dissociation of potassium iodide in dry acetone 
and rate constants corrected for ion association. 


PERE cnecnccpetqoescavesseees 1-5 x 10° 1-6 x 10° 3-3 x 10° 9 x 10° 
Dh sedsarcossescssesoceghesaseoesess 0-770 0-917 0-973 0-993 
DONE hosvicacicccsstyuscessse 401 3-89 4-13 4-23 


constants k,/«, have been calculated by using the method given by Evans and Sugden.® 
The values of k,/« obtained are in fairly good agreement with the average value of the 
rate constant found when carrier-free sodium radio-iodide was used alone, namely, 
(4-26 + 0-12) x 107 1. mole sec... It seems probable therefore that the variation of 
rate constant with electrolyte concentration observed in our experiments is due principally 
to incomplete dissociation of the salt, a conclusion which was also reached by Evans and 
Sugden ® for the reaction between lithium bromide and n-butyl bromide in dry acetone. 

Requisite experimental data for calculating degrees of dissociation of potassium iodide 
in various mixtures of acetone and water are not available. No attempt has therefore 
been made to correct rate constants obtained in aqueous acetone as solvent for the effect 
of ion association. The kinetic results given in Table 3, however, indicate that the addi- 
tion of water to acetone has the effect of increasing the degree of dissociation of the salt. 
Part, at least, of this increased dissociation may be attributed to the increase in dielectric 
constant. Recent theoretical treatments of ion-pair formation >? require the dissociation 
constant Kg of an electrolyte to be proportional to exp (—d), where the function 0 is in- 
versely proportional to the dielectric constant of the solvent. As the reciprocal of the 
dielectric constant decreases, therefore, log Kg should increase linearly, the degree of 
dissociation increasing accordingly. However, if the addition of water also produces a 
new ionic species, such as that postulated above to account for the variation of reaction 
rate with solvent composition, then the increase in dissociation may well be different 
from that expected from the change in dielectric constant alone. 

In spite of concomitant changes in degree of dissociation of the salt, the form of the 
curve connecting dielectric constant with the rate of the iodine exchange is not appreciably 
affected by the concentration of potassium iodide present. For each of the three con- 
centrations of this electrolyte examined, the variation of log k, with 1/e is essentially the 
same as that illustrated in Fig. 1, the water concentration above which a linear relation 
between log k, and 1/e is observed being approximately independent of the concentration 
of potassium iodide present. After correction to a standard dielectric constant, the 
kinetic data for each concentration of potassium iodide given in Table 3 have been examined 


* Reynolds and Kraus, J]. Amer. Chem. Soc., 1948, 70, 1709. 

* Fuoss, J. Amer. Chem. Soc., 1958, 80, 3163. 

* Evans and Sugden, J., 1949, 270. 

7 Denison and Ramsay, /. Amer. Chem. Soc., 1955, '77, 2615; Gilkerson, J. Chem. Phys., 1956, 25, 
1199. 
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n in terms of the postulated equilibrium I- +- H,O = (I,H,O)~ as described above, and 
ts the results obtained were similar to that shown in Fig. 2. 

ts 

eS 

r. EXPERIMENTAL 

le Potassium iodide was crystallised from water and dried by heating it in vacuo over phosphoric 
™ oxide at 100° for 3 hr. n-Butyl iodide was purified as described by Vogel.* It was dried 
of (P,O,) and then fractionated through a column packed with glass helices; it had b. p. 130-2— 
ds 130-6°/760 mm. Purified n-butyl iodide was stored in the dark over mercury and redistilled 
x just before use. Acetone was purified as described previously.? 

ed Radioactive iodine-131 was obtained as a solution of carrier-free sodium iodide in water. 
m This was evaporated to dryness, and the residue extracted several times with dry acetone, 
te the combined extracts being filtered and kept as a stock solution. 

To carry out a kinetic run, a solution in acetone of n-butyl iodide of known concentration 
and one containing a known amount of radioactivity and, where appropriate, known con- 
centrations of potassium iodide and water, were prepared at thermostat temperature. Equal 
volumes of each of these solutions were then transferred to a stoppered flask, the moment of 
mixing being taken as the time-zero. After suitable intervals, aliquot parts were withdrawn 
and run into a mixture of benzene and 3% aqueous potassium sulphate solution, the presence 
of this salt facilitating separation of the two layers. The benzene layer was washed once with 

n.é potassium sulphate solution, and its activity determined in a liquid-immersion type Geiger— 
the Muller counter tube. In several cases the corresponding aqueous layer was evaporated to 
ly dryness, the residue extracted with potassium iodide solution, and the activity of the resulting 
af solution measured. Values of rate constants calculated from the two sets of measurements 
ll usually agreed to within about 5%. 
wx Measurements of total radioactivity (c) were made by using the acetone solution of the 
ind reaction mixture, whereas measurements of the activity associated with the n-butyl iodide (x) 
ne. were made on benzene extracts. Values of the ratio x/c were therefore multiplied by a correc- 
ide tion factor f, which was determined experimentally as described by le Roux and Swart.* In 
ore addition, all activity measurements within a given experiment were corrected to the same 
fect arbitrary time in order to allow for variations in the amount of radioactive decay undergone 
idi- by individual samples. ‘ 
alt. Within a given experiment the mean deviation of individual rate constants from the mean 
tric value of the rate constant was about 5%, whilst mean values of rate constants obtained from 
ion | independent experiments did not differ by more than 10%. It was shown by using the sealed- 
: bulb technique described in Part I that no significant absorption of water by the reaction 
wl mixture occurred during the course of the reaction. Rate constants obtained by the two 
~ methods agreed within the limits of experimental error. 
> O 
Sa We thank the Chemical Society for a grant to purchase the radioactive isotope, and the 
tion University of Southampton for a research scholarship to one of us (J. A. S.). 
-_ THE UNIVERSITY, SOUTHAMPTON. (Received, October 2nd, 1959.} 
the ® Vogel, J., 1943, 636. 
* le Roux and Swart, J., 1955, 1475. 
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293. The Crystal Structure of (—)-Aspidospermine N(b)-Methiodide. 
By J. F. D. Mitts and S. C. Nysurc. 


A three-dimensional X-ray crystal structure analysis of the N(b)-meth- 
iodide of the alkaloid aspidospermine shows the molecular structure to have 
been correctly ascertained by chemical methods apart from the location of 
one ethyl group. 


THE alkaloid aspidospermine obtained from the bark of Aspidosperma quebracho-blanco 
Schlect. was first examined chemically by Ewins ! in 1914, but serious attempts to elucidate 
its molecular structure did not begin until about 1947 when it was taken up independently 
by Openshaw and Smith? in Britain and by Witkop and his co-workers * in the United 
States. Conroy and his co-workers * have also made contributions. 

It was clear by the early part of 1958 that, although much was known concerning the 
molecular structure, its unequivocal assignment by purely chemical methods would be 
difficult. When X-ray analysis was first contemplated the four currently acceptable 
structures were (I—IV). Towards the completion of the X-ray structure analysis, Conroy 
and his co-workers,® unaware of our work, withdrew their two structures (III) and (IV) 
which alone contain N-methyl groups. 





3 
CH; (II) 
GH; 
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fall CH; ~ 
3’ 8 N 
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1’ 7° 8’ j 9’ 
,CH; 
10 
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A preliminary X-ray crystallographic examination of deacetylaspidospermine N(a)- 
methobromide (quaternized at N,,)) showed the bromide ions to be unfavourably sited in 
the unit cell for phase assignment. Fearing this might also be the case with other halide 
derivatives involving the quaternized N(a) atom, Dr. G. F. Smith, Manchester University, 
kindly prepared and submitted a suitable crystalline specimen of the N(b)-methiodide 
(quaternized at N,)) on which crystal structure analysis was carried out. The corresponding 
methobromide, which would have been more satisfactory for X-ray analysis, defied 
attempts at crystallization. 

The colourless crystals of molecular formula, C,,H,,N,0,I (M, 496), m. p. 267° 
(decomp.), belong to the orthorhombic bipyramidal class, symmetry mmm. The acicular 
crystals crystallized from ethanol have y as the needle axis with {201} and {210} forms 
developed. The unit-cell parameters are a = 24-3, b = 8-50, and c = 11-1 A, the volume 
of the unit cell being 2293 A*. The crystal density evaluated by flotation in carbon tetra- 
chloride-dioxan was 1-456 g. ml.4. For Z = 4 molecules in the unit cell, the calculated 
density, D,, is 1-438 g. ml.1, whence F(000) the number of electrons per unit cell is 1026. 
The space group is P2,2,2, (D,*, No. 19). Cu-K« radiation was used throughout for which 

1 Ewins, J., 1914, 106, 2738. 

s Openshaw and Smith, 13th Internat. Congress, I.U.P.A.C., 1953, Abs., p. 223. 

* Witkop and Patrick, J. Amer. Chem. Soc., 1954, 76, 5603. 


* Conroy, Brook, Rout, and Silverman, J. Amer. Chem. Soc., 1957, 79, 1763. 
* Conroy, Brook, Rout, and Silverman, J. Amer. Chem. Soc., 1958, 80, 5178. 
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the linear absorption coefficient y is calculated as 123-4 cm.._ The crystals used were all 
less than 0-1 mm. in their maximum dimension and no absorption corrections were made. 

The x,y co-ordinates of the iodide ions were unambiguously established from the z-axis 
Patterson projection. The Fourier projection derived from this was unintelligible apart, 
of course, from the confirmed positions of the iodide ions. The resolution, as might be 
expected, was too poor for any allocation of atomic positions to be possible. The x-axis 
Patterson and Fourier projections were similar, merely allowing the y,z co-ordinates of the 
iodide ions to be established. 


Fic.1. Composite electron-density 
map viewed along the z-axis. 

















Ow) 


Fic. 2. Atomic positions correspond- 
ing to Fig. 1. 














(4,1) 





Data for a three-dimensional analysis were collected by equi-inclination Weissenberg 
photographs and, in order to keep the measurements and computational effort to a 
minimum, no reflexions were estimated for which sin @ >0-77. Of these 1095 reflexions 
the intensities of 958 were observed. The Wilson method ® was used for evaluation of 
approximate absolute scale and temperature factors. The average temperature factor 
found was B = 3-0 A®. : 

There is no centre of symmetry in the space group P2,2,2,; asymmetric molecules of 
one hand cannot in any case crystallize in centrosymmetric space groups. With the origin 


* Wilson, Nature, 1942, 150, 152. 
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given in the International Tables,’ the co-ordinates of one iodide ion are 0-982, 0-473, 
0-046. Phases calculated on the basis of the iodide ions only were assigned to the structure 
factors and a three-dimensional electron-density plot evaluated on a Deuce computer at 
intervals of 1/80 along x and 1/20 along y and z. 

The peaks on the electron-density plot could be divided into three categories: (i) those 
of magnitude >1-8 e.A** which appeared to correspond to rationally bonded atoms (23 in 
number), (ii) those of magnitude <1-8 e.A-$ for which a rational bonding scheme could be 
devised (3 in number), and (iii) those of magnitude <1-8 e.A** for which no rational assign- 
ment of chemical bonds could be devised (5 in number). The peaks of category (i) 


Fic. 3. Scale drawing of molecule 
with atomic positions as found. 





established without doubt the structure of the main bulk of the molecule and appeared to 
support formula (I). If the molecular formula of the methiodide is correct, 27 carbon, 
nitrogen, and oxygen peaks are expected and the four which did not appear in category (i) 
were Cig, Cy, C5) [which appeared in category (ii)] and one of either Cag) orO@). Structure 
factors and phases were re-computed by including, in addition to iodide ions, the 23 peaks 
of category (i). The indole nitrogen atom Ni.) and methoxy-oxygen atom O,) were given 
their due weight but all other atoms were taken equivalent to carbon. The residual fell 
from 0-35 (iodide ions only) to 0-25. 

The new electron-density map based on these new phases revealed 21 of the 23 included 
atoms with enhanced electron density, but two had weakened, Cq,) and Cq,). The latter, 
however, was replaced by a new peak, evidently the correct methoxy-carbon atom. Both 
Cg) and Cy, omitted from the phase calculation, showed up clearly. In addition so did 
either Cao) or Org), but less sharply. New phases and structure factors were calculated by 
using what were now assumed to be the 27 atoms of the molecular structure and a new 
electron-density plot computed. The residual fell from 0-25 to 0-24. 

At this stage the interpretation of the electron-density map became difficult. The 
first disturbing feature was the weakening of Cq,) and virtual disappearance of Cq,) and 
their close proximity to a neighbouring molecule (although small shifts in position during 
refinement might overcome this). It was difficult to believe that the peak for Cq,4) was 
spurious since it had appeared on the first electron-density map without being included in 
the calculation of phases, and, moreover, its position was just that supported by chemical 
evidence. Against this was the argument that if this peak were genuinely that for Cy4) 
this assignment would leave a large unfilled hole in the crystal structure in the neighbour- 
hood of C;;). However, in this hole there were two electron-density peaks of low magnitude 


7 “ International Tables for X-ray Crystallography,” Kynoch Press, Birmingham, 1952, Vol. I, p. 
105. 
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and it was at one stage thought that these might be due to two of the three carbon and 
oxygen atoms of occluded ethanol. Its presence would not significantly alter the chemical 
analysis if present in 1:1 molar ratio. However, a careful comparison of the unit cell 
with that of a crystal specimen crystallized from dimethylformamide revealed no 
differences in parameters and no change in X-ray intensities. Moreover, the infrared 
spectra of the two specimens were identical in the range 3—15 p. 

It was decided to test whether the two peaks in the Cg) region could be genuine by 
including them with the 27 other atoms in a new set of structure factor calculations. It 
was found that the residual improved, dropping from 0-24 to 0-23. 

The final confirmation that the originally assigned C,,, and Cq;) peaks were erroneous 
was given by the marked improvement in residual when these were removed from the 
structure-factor calculations, leaving, of course, the new carbon atoms in the C;,) region. 
The residual fell from 0-23 to 0-209 and the electron density map was gratifyingly free from 
false peaks. The conclusion was therefore inescapable that the ethyl group is not attached 
to Cy.) as shown in formula (I), but is in fact attached to C,,. 

Discussion.—A composite electron-density section map is shown in Fig. 1. This was 
computed by using phases calculated from the atomic co-ordinates given in the Table and 


Fractional atomic co-ordinates of molecule shown in Figs. 1 and 2. 





* y Z * y Zz * y zZ 
we 0-982 0-47, 0-046 C(10) ... 0596 0-68, 0154 C(3’) ... 0-841 0-68, 0-100 
N(l) ... 0-706 0-92, 0-045 C(I1) ... 0659 0-67, 0150 C(4’) ... 0-800 0-80, 0-100 
C(2) ... 0-650 085, 0-053 C(12) ... 0-659 0-68, 0-000 C(5’) ... 0-748 0-79, 0-051 
C(3) ... 0-633 0-83, 0182 C(13) ... 0-621 0-55, 0-044 C(6’) ... 0-720 0-65, 0-050 
C(4) ... 0579 0-73, 0-195 C14) ... 0-638 0-49, 0-274 O(7’) ... 0-818 0-96, 0-128 


C(5) ... 0594 0:56, 0-165 C(15) ... 0-654 0-33, 0-253. C(8’) ... 0-715 1-05, 0-025 
C(6) ... 0-585 0-48, 0-160 C(16) ... 0-576 0-38, 0133 O(9’) ... 0-672 1:15, 0-043 
C(7) ... 0-493 0-50, 0-093 C(I’) ... 0-755 0-52, 0-040 --C(10’) ... 0-768 1-08, 0-088 
C(8) ... 0516 0-58, 0-035 C(2’) ... 0-806 0-56, 0-088 C(11’) ... 0-879 0-97, 0-150 
N(9) ... 0578 0-54, 0-060 


allows an unambiguous assignment of atoms to be made as shown in Fig. 2. This view of 
the molecule makes it difficult to appreciate its conformation, which is shown from a 
different angle in Fig. 3. [For conventional chemical formulation see formula (IT) of the 
following paper.§) 

The analysis is of too low an accuracy for a detailed discussion of the stereochemistry 
to be possible. One can note the chair conformation of ring c and the boat conformation 
of ring D (ring D is also thought to have the chair conformation in the free base; see follow- 
ing paper §). As to rings A and B, if one takes atoms Cg, and Og) and the midpoint of 
Cyy-Cy) as adequately defining the plane of the benzene ring, then Cg») lies 0-16 A out of 
this plane in one direction and Nq) lies 0-16 A out of it in the other, with Cy) intermediate 
in position. This rather surprising result must be regarded with caution, especially as the 
close proximity of an iodide ion to the benzene ring will make the positional errors in the 
benzene peaks exceptionally high. One would have expected, nevertheless, that the 
bonds attached to the benzene ring would have been more nearly coplanar with it. 

The Nq-acetyl group is coplanar with the nitrogen atom and noticeably bent out of the 
indole mean plane by the pyramidal requirements of the nitrogen atom. 

The packing of the molecules is shown in general view in Fig. 4. The alkaloid ions can 
be considered to form thick layers and the iodide ions to form layers between them. The 
ends of the bulky organic cations obtrude into the spaces between the iodide ions. 

There are no unusually short intermolecular distances save perhaps that of 3-2A 
between one terminal atom of the acetyl group and the N-methyl atom, Cq,), of an adjacent 
molecule. On these grounds we have taken this acetyl atom in the Table to be the oxygen 





§ Smith and Wrobel, following paper. 
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atom rather than the more bulky methyl group. Its peak density is also higher (see 
Fig. 1). Again inaccuracies in the analysis could make this the wrong assignment. 


The computations were carried out on the Deuce computer at the English Electric Company, 
Stafford. It is a pleasure to acknowledge the help given by Mr. M. R. Wetherfield and the 
generosity of the English Electric Company in providing facilities. The work, which was 
carried out in fulfilment of the M.Sc. (Manchester) degree, was made possible by financial help 
to J. F.D.M. from the Distillers Company Limited and the Harrison Memorial Fund. 
Manchester University also gave generous help with expenses incurred. Finally our thanks 
are offered to Dr. G. F. Smith for suggesting the problem to us and for preparing crystal 
specimens to our requirements. 


CHEMISTRY DEPARTMENT, UNIVERSITY COLLEGE OF NORTH STAFFORDSHIRE, 
KEELE, STAFFS. [Received, October 2nd, 1959.) 


294. The Constitution of Aspidospermine. Part IV.* 
By G. F. Smita and J. T. WROBEL. 


The pyridine base obtained by Witkop by dehydrogenation of aspido- 
spermine is shown to be a mixture of 3-ethyl-5-methyl- and 3,5-diethyl- 
pyridine. The degradation of the alkaloid around N(a) is described. Steric 
hindrance at N(b) is discussed in the light of the structure proposed by Nyburg 
and Mills for aspidospermine N(b)-methiodide on the basis of X-ray crystallo- 
graphic studies. Also, a synthesis of 2,3-diethylpyridine is described. 


ASPIDOSPERMINE, for which structure (I) had earlier been tentatively proposed }-? on the 
report by Witkop * of the formation of skatole, 3-ethylindole, and 3,5-diethylpyridine on 





a mo MeO AcH > _— (II) 


dehydrogenation with zinc dust, has recently been shown by Nyburg and Mills * to have 
structure (II) as the result of the X-ray crystallographic analysis of aspidospermine N(d)- 
methiodide. The identity of Witkop’s dehydrogenation base with 3,5-diethylpyridine has 
for some time been considered not to be finally established, because of the large discrepancy 


Picrate of M. p. 
CE) DB Ties GAY onic civsdes inetd lentdddiienondocbeiesbinesvbecsene 158—162° 
(ii) 3-Methyl-5-methylpyridine (B)  ..............sscssessessseeeesceeeeeseeee 188—192 
Mixtures of (A) and (B): 
(iii) 3:1 159—169 
Gey O23 ..2 170—179 
(v) 1:3 178—184 





(vi) Dehydrogenation base (C) * § 


180—182, sinters 168 
(vii) Mixture of (A) and (C) * 


deeiindcadinapecstschensesichbelieraniaeihitaesan 182, sinters 168 


between the melting points of the picrates of the dehydrogenation product and of pure 
synthetic 3,5-diethylpyridine. Witkop himself later® suggested that the dehydrogen- 
ation product might be a mixture of 3,5-diethyl- and 3-ethyl-5-methyl-pyridine. We 


Part III, Everett, Openshaw, and Smith, J., 1957, 1120. 


* 
1 Openshaw, Smith, and Chalmers, 13th Internat. Congr. Pure and Appl. Chem., 1953, Abs., p. 223. 
2 Witkop and Patrick, J. Amer. Chem. Soc., 1954, 76, 5603. 
3 Witkop, ibid., 1948, 70, 3712. 

* Mills and Nyburg, preceding paper. 

5 Witkop, J. Amer. Chem. Soc., 1957, 79, 3193. 
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have investigated this question experimentally, and find Witkop’s suggestion to be correct, 
The picrate of 3-ethyl-5-methylpyridine does not in fact depress the melting point of 
3,5-diethylpyridine picrate. The melting points in the annexed Table were determined 
on a Kofler block. In all cases, including the pure substances, there was considerable 





Infrared spectrum of 3-ethyl-5-methylpyridine hydrochloride in chloroform. Principal bands are at 
2950, 2435, 2280, 2070, 1990, 1905, 1550, 1455, 1320, 1255, 1060, 900, and 860 cm.}. 





Absorption 








j ] il l 1 i 
4000 Jooo 2000 1000 
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distillation of picric acid on to the cover slip: this, the result of some dissociation of the 
picrate, began to occur well below the actual melting point of the crystals, and complicated 
matters somewhat. 

The last two m. p.s are Dr. Witkop’s and are not incompatible with m. p.s (iv) and (v), 
this type of observation being so subject to personal variation. It is relevant that (A) 
and (B) strongly depress the m. p.s of 3-ethyl-4-methyl-, 5-ethyl-2-methyl-, 3-ethyl-2- 
methyl-, and 3,4-dimethyl-pyridine picrates. 

A further observation perhaps of greater importance is that the infrared spectrum of 
3-ethyl-5-methylpyridine hydrochloride in chloroform (Figure) is, if anything, more 
closely similar to that published * for the dehydrogenation base hydrochloride than is that 
of 3,5-diethylpyridine hydrochloride. We therefore conclude that the base isolated by 
Witkop is a mixture of 3-ethyl-5-methyl- and 3,5-diethyl-pyridine in which the former 
predominates. 

The simple aromatisation of ring D in aspidospermine is prevented by the quaternary 
nature of Cy). In such cases aromatisation, if it occurs, is the result of either the elimin- 
ation of one of the blocking groups or its migration to an adjacent ring atom. The 
aspidospermine case is special in that there is specific 1,3-migration. The only explanation 
which occurs to us is that the break-up of the molecule involves a stage such as (II), in 
which the ethylene radical swings round to form a bridged intermediate (IV), which 
subsequently aromatises to (V; R= Me or Et). Quebrachamine, another alkaloid 


N’S “N NZ * 
NN 
Et Et 
CH, Et 
nH } 
MeO CH,* (III) (IV) (V) 


present in Aspidosperma quebracho blanco, yields the same mixture of pyridines,® and is 
thus very likely to have structure (II) with no 12,13-bond and an aromatic 
ring B. The only other instance of 3,5-dialkylpyridine formation is the dehydrogen- 
ation of ibogaine, which yields pure 3-ethyl 5-methylpyridine:* this is formed without 
skeletal rearrangement. 

In the systematic degradation of aspidospermine, Dr. H. Conroy studied reactions 


* Goutarel, Janot, Mathys, and Prelog, Compt. vend., 1953, 287, 1718. 
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around N(d),’? and we studied reactions around N(a). Deacetyl-1,1-dimethylaspido- 
sperminium iodide (VI) (the a-methiodide) reacts very rapidly with sodium in dry liquid 
ammonia, to give a mixture of bases which inexplicably contained a variable and ap- 
preciable proportion of polymeric material. Up to 72% of a base A, C,,H,,ON,, was 
however obtained and characterised as its crystalline perchlorate. The ultraviolet 
absorption of base A corresponds to that of anisole. This in itself was not sufficient to 


oS 
aint ‘i bts @piz @uic. 
MeO N 


MeO Me 2 MeO. Me, Me, 
(VI) (VII) (VIII) 


discriminate between the alternatives (VII) and (VIII), for the latter contains a highly 
sterically hindered dimethylamino-group, which would not be expected to conjugate with 
the methoxybenzene ring. Nor could a discrimination be achieved by pK, measure- 
ments, for protonated N(b) might be expected to lower the basicity of the now aliphatic 
N(a) in (VII), and the N(a) in (VIII), not being in conjugation with the aromatic ring 
would be much more basic than in a normal arylamine. Prolonged heating of base A with 
methyl iodide at 100° led to the elimination of N(a) as tetramethylammonium iodide and 
the formation of an amorphous monomethiodide, which was converted by Hofmann 
degradation into base B, C,)H,,ON or C,,H,gON. This base did not give a crystalline 
derivative, but the addition of one mol. of hydrogen over Adams catalyst led to a base 
C, CogHggON or C,,H,,ON, characterised as the crystalline perchlorate. The easy elimin- 
ation of N(a) from base A shows the latter to have structure (VII). 

Distillation of base A (VII) with zinc dust gave a 4% yield of indole, isolated as the 
picrate and as the 3-formyl derivative. The formation of indole is very surprising, for 
on the basis of structure (II) for aspidospermine one would have expected 7-ethyl- or 
7-n-propyl-indole. Dehydrogenation of base B with zinc dust or selenium failed to give 
a homogeneous product. We had hoped that, after ring B had been opened, dehydrogen- 
ation would give valuable skeletal information. We had not reckoned with the presence 
of a second quaternary carbon atom which ‘effectively prevented the straightforward 
dehydrogenations hoped for on the basis of structure (I). 

All aspidospermine derivatives with a tertiary N(b) show a medium well-defined infra- 
red band between 2750 and 2800 cm.. This band, which has been shown to be charac- 


Z. 
teristic of N-methyl groups,® is more generally characteristic of the system 3N~CCH in 


which the nitrogen f-electrons and the hydrogen are trans and coplanar with the nitrogen 
and the carbon. The stereochemistry of aspidospermine N(b)-methiodide has been 
shown by Nyburg and Mills‘ to be (IX), in which ring c is a chair and ring D a boat 





7” 
H UN* H 
\ 4] 
C) A 
MeO N 
(IX) ¢ (X) 


form, and the quaternary N (b)-methyl group is cis to the 13-hydrogen atom. If aspido- 
spermine itself had the same stereochemistry, no band in the 1750—1800 cm. region 


? Conroy, Brook, Rout, and Silverman, J. Amer. Chem. Soc., 1958, 80, 5178. 
® Hill and Meakins, J., 1958, 760; Braunholz, Ebsworth, Mann, and Sheppard, ibid., p. 2780. 

= * Bohlmann, Angew. Chem., 1957, 69, 641; Wenkert and Roychaudhuri, J. Amer. Chem, Soc., 1956, 
6417 
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would be expected. Simple inversion of N(b), however, leads to structure (X), in which 
both rings c and D are chair forms: in this structure the p-electrons on N(d) and the 13- 
hydrogen atom are in érans-relation. We therefore suggest that formula (X) represents 
the stereochemistry of aspidospermine. This structure explains the failure of the alkaloid 
to react with methyl iodide at room temperature, for a model shows the approach to the 
N(®) p-electrons to be sterically hindered, mainly by the axial 2-hydrogen atom. At a 
higher temperature, increased thermal energy renders possible a change to the less favoured 
conformation corresponding to (IX), in which ring D becomes a boat: in this conformation 
N(bd) is no longer sterically hindered and reacts with methy] iodide to give the salt (IX). 

The positional change of the ethyl group in aspidospermine from position 7 to 5 calls 
for a revision of existing biogenetic schemes." It is not easy to see how Wenkert’s 
ingenious and important ideas involving transformations of prephenic acid and its 
derivatives at a very early stage of the biosynthesis “ can be modified to produce a scheme 
for aspidospermine. We feel that the precursor (XI), common to so many indole alkaloids 
both of the yohimbine and the strychnine type, may also be the starting point for the 
formation of structure (II), and suggest the annexed scheme. 

The change (XI) —» (XII) is a simple reduction-oxidation sequence, and indeed an 
analogous change is invoked by Wenkert for the formation of ibogaine." “12, The changes 
(XII) —» (XIV) follow Woodward's well-known strychnine scheme. Conversion of (XIV) 
into (XV) may be looked on as a reverse Michael reaction followed by reduction of the 
a8-unsaturated ketone system, or, after introduction of oxygen at the carbon atom 
marked *, as a reverse aldol reaction. The latter device was employed in a previous 
biogenetic scheme ! for structure (I). This particular sequence of changes was suggested 
by another Aspidosperma alkaloid, ulein, to which Biichi and Warnhoff* have assigned 
structure (XVII). This is seen to be very closely related to the intermediate (XIV). 






H 
(XIII) O (XIV) 
NMe nN 
Et 
| (ll) < ° 
N N (e) XVI 
4 (XVII) H (XVT) 


During this work we had occasion to prepare aspidosine, the phenolic deacetyldemethyl- 
aspidospermine. By carrying out the hydrolysis with concentrated hydrobromic acid at 
140° in an evacuated sealed tube the yield of apidosine was 73-5%, which is a very marked 
improvement on the previous highest yield of 25°, reported by Witkop.? 

10 Everett, Openshaw, and Smith, J., 1957, 1120. 

11 Wenkert, Experientia, 1959, 15, 165. 


18 Taylor, ibid., 1957, 18, 454. 
18 Biichi, personal communication. 
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Whilst exploring the question of the identity of the dialkylpyridine picrate obtained 
from -aspidospermine, we prepared the hitherto unknown 2,3-diethylpyridine, the last of 
the six isomers. The synthesis started from the known 3-ethyl-2-methylpyridine and 
followed an established sequence of reactions, #.e., condensation with formaldehyde to 
give 3-ethyl-2-2’-hydroxyethylpyridine, followed by dehydration to 3-ethyl-2-vinyl- 
pyridine, and catalytic hydrogenation. 
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EXPERIMENTAL 

Base A (VII).—Deacetyl-1,1-dimethylaspidosperminium iodide (2 g.) in dry liquid ammonia 
(500 ml.) was treated with sodium until the blue colour persisted for a few minutes. Ammon- 
ium chloride was added, the ammonia boiled off, and the residue divided between water and 
ether-light petroleum (1:20). The organic phase yielded a colourless gum (1-45 g.) which on 
being distilled at 150° (bath-temp.)/0-01 mm. in a short-path apparatus gave base A as a colour- 
less viscous liquid (1-05 g., 72%), Amax, 276, 282 my (e 2240, 2020 respectively) (Found: C, 77-25; 
H, 9°75; N, 7°85. C,.H,,ON, requires C, 77-15; H, 10-0; N, 815%). The perchlorate 
crystallised from aqueous alcohol as prisms, m. p. 140—142° (Found: C, 47-4; H, 6-65; N, 5-15. 
C.2H,gON,,2HCI1O,,H,O requires C, 47-1; H, 6-8; N, 5-0%). 

Base B.—Base A (70 mg.) was heated in a sealed tube at 100° with methyl iodide (2 ml.) for 
5hr. The product was taken up in methanol, and the tetramethylammonium iodide (identified 
by its infrared spectrum) which crystallised was filtered off (21 mg.). The filtrate was 
evaporated, and the residue heated with methyl iodide (2 ml.) in a sealed tube at 100° for 5 hr. 
A further quantity of tetramethylammonium iodide (9 mg.) was obtained. The amorphous 
methiodide was converted into the quaternary hydroxide by means of silver oxide; distillation 
at 130°/0-01 mm. then yielded base B as a colourless liquid (50-6 mg., 86%) (Found: C, 80-75; 
H, 8-8; N, 4°75. C,ygH,,ON requires C, 80-75; H, 9-15; N, 4-7. C,,H,,ON requires C, 81-0; 
H, 9-3; N, 4:5%). 

Base C.—Base B (50 mg.) was hydrogenated in ethanol-glacial acetic acid (4:1). 1-1 mol. 
of hydrogen were taken up in 1-5 hr. Distillation of the product at 130—140° (bath- 
temp.)/0-1 mm. yielded a colourless liquid (41 mg.) which with two drops of concentrated 
perchloric acid gave, with difficulty, a crystalline perchlorate. One crystallisation from 
aqueous methanol yielded thick prisms, m. p. 215—217° (22-5 mg.), Amex, 274, 278 my (e 2160, 
2230 respectively) (Found: C, 60-3; H, 7-65. C 9H ,ON,HCIO, requires C, 60-2; H, 7-5. 
C,,H,,ON,HCIO, requires C, 60-9; H, 7-75%). 

Dehydrogenation of Base A.—A mixture of base A (125 mg.) and zinc dust (4 g.) was heated 
under nitrogen in a sealed tube at 370° for 40 min., then extracted with boiling ethanol, and the 
extract divided into neutral and basic fractions. The latter failed to yield a crystalline salt. 
The neutral fraction was distilled at 140° (bath-temp.)/0-01 mm., a yellow viscous oil (20 mg.) 
being obtained which with ethanolic picric acid yielded a red picrate as needles, m. p. 112° with 
resolidification and remelting at 168°. This picrate did not depress the m. p. of indole picrate. 
The indole was recovered from the picrate and was formylated by dimethylformamide and 
phosphorus oxychloride to give a crystalline product, m. p. 194—198° (2-2 mg., 4% calc. on 
base A) alone or mixed with 3-formylindole of the same m. p. 

Aspidosine.—Aspidospermine (942 mg.) in 48% hydrobromic acid (20 ml.) was heated in 
an evacuated sealed tube at 140° for 2-5 hr. The mixture was poured into water and basified 
with aqueous ammonia. The crude dried product crystallised from ethanol in two crops, to 
give brownish plates, m. p. 249—253° (583 mg., 73-5%). 

3-Ethyl-2-2'-hydroxyethylpyridine.—3-Ethyl]-2-methylpyridine (500 mg.) and paraform- 
aldehyde (130 mg.) were heated in a sealed tube for 8 hr. at 140°. The product was distilled, 
and the fraction boiling below 100°/0-5 mm. (170 mg.) was again heated with paraformaldehyde 
(50 mg.) for 5 hr. at 140°. The products from this and the first run boiling above 100°/0-5 mm. 
were combined and redistilled: the 3-ethyl-2-2’-hydroxyethylpyridine distilled at about 
110°/0-5 mm. (268 mg., 43%). The picrate formed yellow prisms (from ethanol), m. p. 114— 
115° (Found: C, 47-6; H, 4:3. C,,H,,O,N, requires C, 47-4; H, 4-25%). 

3-Ethyl-2-vinylpyridine—The above pyridine (235 mg.) was treated with powdered potass- 
ium hydroxide (100 mg.), left overnight, and distilled under reduced pressure. 3-Ethyl-2- 
vinylpyridine boils at 85—90°/18 mm. (181 mg., 67%). The picrate crystallised from ethanol 
14 Frank, Blegen, Dearborn, Myers, and Woodward, J. Amer. Chem. Soc., 1946, 68, 1368. 
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as yellow needles, m. p. 115—117° (Found: C, 49-5; H, 3-85. C,,H,,O,N, requires C, 49-7; 
H, 3-9%). 

2,3-Diethylpyridine.—3-Ethy]-2-vinylpyridine (181 mg.) was hydrogenated in ethanol over 
Adams catalyst. One mol. of hydrogen was taken up in 30 min. The 2,3-diethylpyridine 
was not distilled, but was converted directly into its picrate which crystallised from ethanol as 
needles, m. p. 103—104° (410 mg., 83%) (Found: C, 49-5; H, 4:45. C,,;H,,O,N, requires 
C, 49-45; H, 445%). 


We are grateful to Dr. T. White of the Forestal Land, Timber and Railways Co. Ltd. for a 
supply of Aspidosperma quebracho palarosa bark, to Professor M.-M. Janot and to Dr. B. 
Witkop for specimens of 3-ethyl-5-methyl- and 3,5-diethyl-pyridine picrates, to Dr. S. C. 
Nyburg and Mr. J. F. D. Mills for valuable collaboration in connection with the pyridine 
picrates, and to the Polish Ministry of Education for a grant (to J. T. W.). 
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295. Thermal Stability and Solution Properties of Copper 
Nitrate—Dinitrogen Tetroxide. 


By C. C. Appison and B. J. HaTHAway. 


The preparation of the addition compound Cu(NO,),,N,O0, from copper in 
organic solvent—dinitrogen tetroxide mixtures is described. Dissociation 
vapour pressures have been measured in the temperature range 20—80°. 
The Clausius—Clapeyron plot shows a break at 60°; heats of dissociation are 
15-1 and 16-2 kcal./mole above and below 60° respectively. An absorption 
band in the NO* region in the infrared spectrum of the solid indicates that 
the ionic form NO*[Cu(NO,),}~- may make some contribution to the structure 
of the solid. The visible and the ultraviolet absorption spectra of solutions 
of the addition compound, and of anhydrous copper nitrate, in various non- 
aqueous solvents are compared. Electrical conductivities in nitromethane 
solution are compared. These properties indicate that the compound dis- 
sociates completely into its components in solution. 


THE 1 : 1 addition compound of copper nitrate with dinitrogen tetroxide, Cu(NO,).,N,0,,! 
is the parent compound from which anhydrous copper nitrate is obtained. Prepared as 
described below, the compound is obtained as blue needles, strongly deliquescent in moist 
air. The stability of such compounds varies widely with the metal employed, and in 
general 1 : 2 compounds appear to be much less stable than 1:1 compounds. The com- 
pounds Zn(NOs;).,2N,0, and Co(NO,),,2N,0, have an obvious vapour pressure of 
dinitrogen tetroxide at room temperature, but the uranyl compound UO,(NO,),,N,0, 
is highly stable. The iron compound Fe(NO,),,N,0, sublimes without decomposition ; 
in the solid state it has the structure NO*([Fe(NO,),)~ and gives conducting solutions in 
non-aqueous solvents. The utility of these compounds as solid oxidants depends upon 
thermal stability and structure. Copper nitrate-dinitrogen tetroxide has a thermal 
stability lying between the extremes mentioned above, and there are three possible 
structures, (I), (II), (III). The first represents a lattice compound; in bonding to copper 


Cu(NO,)s,N,0, NO*[Cu(NO,);]- NO,Cu(NO,)s 
(D (Il) (III) 
nitrate the identity of the dinitrogen tetroxide molecules is retained. The ionic structure 
(II) is analogous to that of the iron compound above, and would be expected to possess 


1 Addison and Hathaway, Proc. Chem. Soc., 1957, 19; J., 1958, 3099. 
® Gibson and Katz, J. Amer. Chem. Soc., 1954, 76, 4668. 
* Addison, Hathaway, and Logan, Proc. Chem. Soc., 1958, 51. 
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high thermal stability. Structure (III) involves co-ordination of the nitrosonium ion to 
the copper ion. In this paper, some properties of the compound are discussed in the light 
of these structures. 

Dissociation Vapour Pressure.—In a closed tube at room temperature the crystals 
develop a slight atmosphere of dinitrogen tetroxide. Because of thermal decomposition a 
normal m. p. cannot be obtained, but if the sample is heated rapidly, transient melting to a 
green oil occurs before decomposition. Under these conditions the m. p. is ap- 
proximately 120°. 

Thermal decomposition has been studied by measuring the dinitrogen tetroxide vapour 
pressure. Results are shown in Table 1. P is the total vapour pressure observed, and 





TABLE 1. Thermal dissociation of Cu(NO,)2,N,0,. 


ee es 28 20° 30° 40° 50° 60° 70° 15° 80° — [83-5°) 
P (mm. Hg) ...... 5 15 34 17 190 349 484 638 760 
p (mm. Hg) ...... 3 9 19 43 98 198 268 362 429 


p the equivalent pressure on the assumption that no dissociation into nitrogen dioxide 
occurred in the gas phase; # was calculated by using the equilibrium constants recorded 
by Bodenstein and Boes * and Verhoek and Daniels. The results give smooth curves, and 
the temperature of 83-5° at which the vapour 

pressure reaches 1 atm. is obtained by extra- Fic. 1. 

polation. The vapour pressure falls below 1 mm. 30 
at 6°. The decomposition is completely reversible, 
and at these temperatures the vapour pressure 
of copper nitrate is not significant. The plot 
of logy, P against 10%/T is shown as the upper 
graph in Fig. 1. It consists of two straight lines 
intersecting near 60°. Some rearrangement in 
the solid structure probably takes place at this 
temperature, and it may be relevant that the 
specific heat and the thermal conductivity 
curves of the dinitrogen tetroxide—nitrogen dioxide 
equilibrium mixture pass through a maximum at 
this temperature. From the slopes of these lines, 
the heats of dissociation AH of copper nitrate— 
dinitrogen tetroxide is 17-0 kcal./mole below and 
14-2 kcal./mole above 60°. The lower plot (Fig. 1) is based on the equivalent dinitrogen 
tetroxide pressures p; the break in the line is only just apparent, the AH values being 16-2 
kcal./mole below and 15-1 kcal./mole above 60°. 

The partial pressure of dinitrogen tetroxide in the gas mixture over the low-temperature 
range was also calculated by using the known equilibrium constants, and plotted similarly. 
This gave AH = 16-4 kcal./mole for the reaction Cu(NO,).,N,0, = Cu(NO,), + N,O,. 

The breaking of the bonds between copper nitrate and dinitrogen tetroxide in the 
solid is only one of several terms making up the heat of dissociation. Further consider- 
ation will be deferred until AH values for related compounds are available, but it seems 
unlikely that the bonding is entirely of the type which the fully ionic structure 
NO*/[Cu(NO,)3]~ would require. 

In view of the existence of the 1 : 2 compounds Co(NO,),,2N,0, and Zn(NOg)2,2N,0,, 
it appeared possible that a corresponding copper compound might exist. The ionic 
formulation (NO*),[Cu(NO,),]?- for such a compound also involves the more acceptable 

* Bodenstein and Boes, Z. phys. Chem., 1922, 100, 75. 


5 Verhoek and Daniels, J. Amer. Chem. Soc., 1931, 58, 1250. 
® Gray, Chem. Rev., 1955, 55, 1069. 
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4-co-ordination of the copper ion. However, vapour-pressure measurements on the com- 
pound Cu(NO,),,N,0, in the presence of excess of dinitrogen tetroxide gave no indication 
of the existence of a 1 : 2 compound. 

Infrared Spectrum.—The absorption bands are compared in Table 2 with those for the 
NO* and N,O, species, and with the bands (col. 2) assignable to the covalently bonded 
nitrate group, as observed in anhydrous copper nitrate.® The results indicate that: 
(1) There is no absorption at the 1360 cm. region which is the characteristic vibration v, 
for the nitrate ion, so that all nitrate groups are covalently bonded. (2) Bands occur at 
frequencies expected for dinitrogen tetroxide, but in each case these coincide with covalent 
nitrate absorption; the results are therefore consistent with the presence of dinitrogen 
tetroxide molecules, but do not confirm this. (3) A sharp peak is observed at 2294 cm.1, 
which is much more pronounced than the weak absorption which is observed for copper 
nitrate in this region. This must be taken as indicating the presence of the NO* ion in the 
crystals. (4) Absorption in the 1730 cm. region is observed for many compounds in 
which the nitrosonium ion is co-ordinated to a metal.“ However, this band is weak, and 
as absorption in this region also occurs with copper nitrate and with dinitrogen tetroxide, 
it provides no direct evidence for the structure NO,Cu(NO,)s. 

The relatively low heat of dissociation, taken together with the infrared spectrum, 
leads to the conclusion that the solid has properties of both the lattice compound 
Cu(NO,).,N,0, and the ionic compound NO*[Cu(NO,),|~. The solid, as isolated, is not 
regarded as a mechanical mixture of these two species. The crystal structure of anhydrous 
copper nitrate recently determined # shows that the nitrate groups already exist in two 
different environments, and the introduction of dinitrogen tetroxide into the crystal 
increases the variety of N-O bonds present. Molecular interaction will distort these 
bonds, and a relatively small distortion may be sufficient to produce NO* absorption by 
the crystal. In consequence, the application of infrared spectra to the study of nitrosyl 
complexes becomes much more limited in compounds which already contain covalent 
nitrate groups. 

Action of Solvents.—In aqueous solution, complete dissociation occurs. The com- 
pound has an appreciable solubility in dry diethyl ether and in ethyl alcohol, giving clear 
green solutions. These solutions are unstable, and gassing occurs; oxidation of the 
solvents appears to occur more rapidly than with dinitrogen tetroxide alone. [This effect 


TABLE 2. Infrared absorption bands (cm.*). 
Cu(NO,).,N,0,  Cu(NO,), NOt N,O,  Cu(NO,),,N,0, Cu(NO,), NOt N,O, 


2294 m sp 2381 w 2300 ¢ — 1289 vs 1289 vs ‘gd 1265 
2299 w 2252 ° _- 1264 vs 1264 vs 
1730 w 1792 m -- 1749°¢ 1042 sh 1038 m Yr 
1733 m sh - “= 1026s 1016s 7h 
1520 sh 1592 vs 814 } 795s Pu + 
1490 vs 1565 vs ve 802s 787s 
1464 w 1546 vs Reg 765 w 770s -— 762 
1504 vs 740 w sh — — — 


* NO? in nitrosyl perchlorate.? * NO* in NO*[Fe(NO,),]- (Addison, Gatehouse, and Logan, 
unpublished results). ¢* See ref. 8. 


has been observed also with the compound Zn(NO,).,2N,0,.!2] Copper nitrate-dinitrogen 
tetroxide is readily soluble in a number of oxygen- and nitrogen-containing solvents, ¢.g., 
ethyl acetate, nitromethane, nitrobenzene, dioxan, acetone, tetrahydrofuran, and methyl, 
benzyl, and phenyl cyanides. Solubilities are frequently high, but in no case do they 


7 Millen and Watson, J., 1957, 1369. 

® Sutherland, Proc. Roy. Soc., 1933, 141, A, 3432. 

* Addison and Gatehouse, Chem. and Ind., 1958, 464; J., 1960, in the press. 

© Lewis, Irving, and Wilkinson, J. Inorg. Nuclear Chem., 1958, '7, 32; Griffith, Lewis, and Wilkinson, 
ibid., p. 38. 

11 Wallwork, Proc. Chem. Soc., 1959, 311. 

12 Addison, Lewis, and Thompson, J., 1951, 2829. 
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exceed that of anhydrous copper nitrate. For example, the solubilities of copper nitrate 
and its tetroxide addition compound in ethyl acetate at 25° are 150 g. and 163 g. (0-80 and 
0-58 mole) per 100 g. of solvent, respectively. Solutions of the addition compound in 
these solvents are emerald green and stable, but in a closed tube a visible atmosphere of 
dinitrogen tetroxide slowly develops above the solutions. These preliminary observations 
indicate that the simple dissociation Cu(NO,).,N,0O,—» Cu(NO,), + N,O, occurs at 
least partially in solution. Both copper nitrate and dinitrogen tetroxide can form 
addition compounds with these solvents, which will also encourage this form of dissoci- 
ation. Metal nitrates are insoluble in pure dinitrogen tetroxide, and the lower solubility 
of the addition compound, compared in mole units, is therefore attributed to the intro- 
duction of free dinitrogen tetroxide into the solvent. 

Copper nitrate—dinitrogen tetroxide is quite insoluble in non-polar solvents such as 
carbon tetrachloride, chloroform, benzene, and n- and cyclo-hexane. 

Absorption Spectra of Solutions.—Solutions in a number of solvents show a single broad 
absorption band in the visible region. Table 3 shows values for the maximum extinction 


TABLE 3. 
Solvent H,O EtOH EtOAc C,H,O, NO,Me 
ee 800 (12) 780 (32) 820 (50) 785 (34) 800 (64) 
Cu(NO,),N3O,: Amax. (Cmax) «+--+ 810 (13) 770 (32) 840 (59) 770 (34) 800 (65) 


coefficient en,x, at the wavelength Amax. for solutions of copper nitrate—dinitrogen tetroxide, 
together with corresponding data for anhydrous copper nitrate. All solutions show dmx. 
values near 800 my, but emx values are much greater in non-aqueous solvents than in 
water. 

The high extinction coefficients observed for solutions of copper nitrate in non-aqueous 
solvents, in both the visible and the ultraviolet range, will be discussed elsewhere. Table 3 
shows, however, that visible-range absorption by the addition compound closely resembles 
that of the anhydrous nitrate, and is consistent with complete dissociation into copper 
nitrate and dinitrogen tetroxide. Only with the ethyl acetate solutions is an appreciable 
difference observed. The very high solubility of copper nitrate in ethyl acetate 45 implies 
unusually strong solvation, but the tetroxide appears to have some influence on this 
process. The ultraviolet spectra of these solutions were therefore compared (Fig. 2). 
The curve (A) for the addition compound has Amz. at 295 my, the displacement from 
the nitrate peak in aqueous solution (302-5 my) being a solvent effect. Curve B for copper 
nitrate in ethyl acetate is very similar; the difference between the two curves (curve E) is 
close to the absorption curve for dinitrogen tetroxide in ethyl acetate 1® (curve F), so that 
the ultraviolet spectrum of the addition compound in ethyl acetate may be regarded as 
the sum of the absorption spectra of its components. Curve C, obtained with 1,4-dioxan, 
is similar to that for ethyl acetate. For fresh solutions in ethyl alcohol (curve D) the 
absorption at 295 my is again very high compared with nitrate absorption in water (e = 
7-0 at 302-5 my), but the appearance of an inflexion at 357 my, characteristic of nitrite, 
indicates some reaction with the solvent. 

Conductivity of Solutions.—The absorption spectra of solutions in non-aqueous solvents 
leave no doubt that a large proportion of the addition compound must undergo the simple 
dissociation Cu(NO,).,N,0, —» Cu(NO,), + N,O, in solution. The presence of NO* and 
[Cu(NO,)3]~ ions should, however, be revealed in the electrical conductivity of solutions 
in a solvent of high dielectric constant. Fig. 3 shows molar conductivities in nitromethane. 
The maximum molar conductivity is 6-5 ohm cm.?, so that neither copper nitrate nor the 
addition compound gives rise to an appreciable number of ions (the compound 

18 Addison, Hathaway, and Logan, unpublished results. 

14 Addison and Sheldon, J., 1956, 1941. 


18 Addison and Logan, unpublished results. 
16 Addison and Sheldon, /., 1958, 3142. 
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NO*({Fe(NO,),)~ has a maximum molar conductivity of 45 ohm cm.? at 25° in nitro- 
methane**), Copper nitrate is known?’ to exist as the un-ionised monomer in ethyl acetate 
(dielectric constant 6-1). In nitromethane medium of dielectric constant 37 slight ionis- 
ation may occur, so that the decrease in molar conductivity with increasing concentration, 
in the high concentration range, is normal. The increase in molar conductivity which 
occurs at low concentrations is quite unusual. This effect has been observed with some 
other anhydrous transition-metal nitrates, and will be discussed elsewhere. The con- 
ductivity curve for the addition compound follows closely that for copper nitrate. A 


Fic. 2. 
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significant difference is observed only at high concentrations. Dinitrogen tetroxide alone, 
when added to nitromethane, undergoes self-ionisation,1* the specific conductivity increas- 
ing from 10°? to 10° ohm™ cm.*, and the difference between the two curves (Fig. 3) may 
be attributed to this effect rather than to the direct ionisation of the Cu(NO,).,N,0, 
molecule. 

We conclude, therefore, that, although the ionic form NO*(Cu(NO,),]~ may make some 
contribution to the structure of the solid, there is no evidence for the formation of ionic 
species when the compound is dissolved in non-aqueous solvents. 


EXPERIMENTAL 


Copper nitrate—dinitrogen tetroxide was prepared by reaction between copper metal and 
mixtures of dinitrogen tetroxide with ethyl acetate or nitromethane. The rates of reaction of 
copper with these mixtures have been reported.1* However, these data are of little assistance 
in selecting optimum conditions for isolation of products, since solution properties of the 
mixtures, as well as their reactivity, vary considerably with composition. 

Mixtures with Ethyl Acetate-——The rate of reaction with copper is greatest at 20 mol. % of 
ethyl acetate. Mixtures containing up to 50% of ethyl acetate could be used; with larger 
proportions of ethyl acetate, the green colour of copper salts was only evident in the solution 

1” Addison and Hathaway, unpublished results. 


18 Addison, Hodge, and Lewis, J., 1953, 2631. 
'® Addison, Sheldon, and Hodge, /., 1956, 3900. 
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after several days. Over the 10—30 mol. % range, the initial rapid reaction quickly subsided 
owing to the coating of the metal surface with fine blue crystals. When these were removed 
mechanically the reaction proceeded again. The product was filtered off and washed with 
dinitrogen tetroxide, excess of the latter being removed in a stream of dry air in the apparatus 
described below. Copper was determined gravimetrically as the ethylenediamine—mercury 
iodide complex; total nitrogen was obtained by hydrolysing the complex in sodium hydroxide 
solution, reducing with Devarda’s alloy, and determining the ammonia evolved; the sodium 
hydroxide solution of the complex was titrated directly for nitrite content, from which the N,O, 
content of the complex was determined [Found: Cu, 22-7; N, 19-9; N,O,, 32-9. 
Cu(NO,)2,N,0, requires Cu, 22-75; N, 20-0; N,O,, 32-9%]. 

Mixtures containing 30—50 mol. % of ethyl acetate reacted steadily with copper for some 
hours at room temperature. The mixture became a dark green viscous oil, but no product was 
precipitated. Addition of excess of dinitrogen tetroxide to this oil precipitated copper nitrate— 
dinitrogen tetroxide as a pale blue amorphous powder. However, if the viscous oil was warmed 
slightly and the tetroxide added until solid just appeared, a high yield of crystalline copper 
nitrate—-dinitrogen tetroxide was obtained within an hour. This procedure was used to prepare 
the compound in quantity. No evidence of solid complexes between copper nitrate and ethyl 
acetate was obtained in this work; it is noteworthy that when alkyl or aryl cyanides are 
employed in place of ethyl acetate, the reaction product almost invariably contains combined 
cyanide.” 

Mixtures with Nitromethane.—The reaction rate with copper is maximum at 90 mol. % of 
nitromethane. Below 75%, reaction was slight and quickly subsided. Above 90%, reaction 
was vigorous but again quickly subsided. Between 75 and 90 mol. % of nitromethane, reaction 
was maintained, and blue crystals were deposited within a few minutes (Found: Cu, 22-7; N, 
20-0%). The product described here is no doubt the same as the jade-green microcrystalline 
solid obtained by Ferraro and Gibson,*® who heated dinitrogen tetroxide with cupric oxide 
in a sealed tube at 87° and 14-7 atm. for 7-5 hr., but the present method of crystallisation from 
solution gives the product in a more crystalline form. 

Filtration and Washing of Product.—The apparatus used is shown in Fig. 4, and has found 
general application where it is necessary to separate crystalline products from dinitrogen 
tetroxide media with the minimum of contact with the air. The apparatus is thoroughly dried, 
and flushed with dry air through connection D. The flow of dry air being maintained, the tube 
attached to the B.24 joint A is rapidly replaced by the flask containing the crystals and liquid. 
Entry of air into the flask is avoided by the simple expedient of warming it with the hand 
immediately before transfer. Tetroxide vapour then gushes from the mouth of the flask during 
transfer. The apparatus is then inverted; the crystals then collect on the sintered plate P 
(porosity 3) and are freed from supernatant liquor by gentle suction at D. Washing is effected 
by replacing the empty flask at A by one containing dinitrogen tetroxide, connected to joint A 
through a short bent tube so that the tetroxide can be poured by turning on the joint. If dry 
gas is now passed in at C or D, the vessels attached to A and B can be replaced by dry tubes. 
The apparatus is then again inverted, and the product shaken into the tube at A. From this 
stage, the manipulations can be carried out in a dry box. 

Thermal Dissociation.—Vapour pressures were measured in the apparatus shown in Fig. 5, 
which incorporates a glass spiral gauge, sensitivity 90° deflection per atm. Pressure changes 
were recorded by reflection on to a scale at a distance of 3m. The sample was placed in tube A 
at room temperature, the apparatus evacuated, and the zero of the gauge recorded with tap T 
open to vacuum; T was then closed, and the apparatus immersed in an oil-bath to the level L. 
The time required to reach pressure equilibrium was between 3 and 6 hr., depending on temper- 
ature. Pressures were first determined by heating the bath to the required temperature ?°, 
which was then maintained until equilibrium was established. The bath was then heated, and 
allowed to cool again to #°. The pressures obtained by the two methods were in close agree- 
ment, indicating that the decomposition is a reversible process. 

Possible Existence of the Compound Cu(NO,)2,2N,0,.—A sample of the 1: 1 compound was 
placed in tube A (Fig. 5) together with liquid dinitrogen tetroxide, and the temperature was 
kept at 0°. The equilibrium vapour pressure was the value (242 mm. Hg) for the liquid 
tetroxide. Successive known quantities of the tetroxide were then removed; the vapour 
pressure remained constant, until it dropped suddenly to zero when all excess of liquid 


20 Ferraro and Gibson, J. Amer. Chem. Soc., 1953, '75, 5747. 
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tetroxide had been removed. Analysis of the solid remaining at this stage showed it to be the 
1: 1 compound. 

Measurement of Spectra.—Ultraviolet spectra were determined with the Unicam S.P. 500 
spectrophotometer. The solutions were contained in matched fused silica cells with ground- 
glass stoppers. The infrared spectrum was determined by using a Parsons double-beam 
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—e- 
To vacuum 












I BG oo 


Phosphoric 
oxide 

















spectrometer; and cell windows were of sodium chloride coated with polystyrene. Nujol and 
hexachlorobutadiene were used as mulling agents. 

Electrical Conductivities.—Nitromethane was purified as already described,'* and had specific 
conductivity 1 x 107 ohm™ cm.!. The conductivity cell was of the type designed by 
Groeneveld and Zuur.*" Resistances were measured at 1000 cycles/sec., the circuit described 
by Greenwood and Worrall ** being used. 


The authors thank Dr. B. M. Gatehouse (University College, London) and Dr. Dagleish 
(Reckitts and Colman Ltd., Hull) for infrared spectra, and Dr. N. Logan for measurement of 
electrical conductivities. 


THe UNIVERSITY, NOTTINGHAM. (Received, October 12th, 1959.] 


21 Groeneveld and Zuur, Rec. Trav. chim., 1953, 72, 617. 
#2 Greenwood and Worrall, J. Inorg. Nuclear Chem., 1957, 8, 357. 





296. Periodate Oxidation of Deoxy-hexoses and Their Derivatives. 
By J. B. L&E. 


THERE are numerous examples of periodate oxidation of activated methylene groups ! 
and the appearance of free iodine has been regarded as accompanying this process * although 
no iodine was liberated in the oxidation of malondialdehyde and related compounds.® 
Hydroxylation of the methylene compound is postulated as the intermediate stage,* and 


1 Ness, Fletcher, and Hudson, J. Amer. Chem. Soc., 1951, 78, 3742; Wolfrom, Thompson, O’Neill, 
and Galkowski, ibid., 1952, 74, 1062. 

2 Williams and Woods, J]. Amer. Chem. Soc., 1937, 59, 1408; Head, Nature, 1950, 165, 236; Sarkar, 
ibid., 1951, 168, 122; Halsall, Hirst, and Jones, J., 1947, 1427; Fletcher, Ness, and Diel, J. Amer. 
Chem. Soc., 1954, 76, 3029. 

* Huebner, Ames, and Bubl, J. Amer. Chem. Soc., 1946, 68, 1621. 

“ Courtois and Ramet, Bull. Soc. Chim. biol., 1945, 27, 610; 1947, 29, 240; Head and Hughes, /., 
1954, 603; Lemieux and Bauer, Canad. J. Chem., 1953, 31, 814; McKeown and Hayward, ibid., 1955, 
33, 1392. 
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some proof of this has been offered. When we tried to confirm the structures of some 
2-deoxyhexose phosphates by periodate titration the results prompted examination of the 
reaction with the parent sugars. 
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F = Fast; M= moderate; S = slow. 


2-Deoxy-D-glucose, -D-altrose, and -D-galactose at 20—25° rapidly consumed 1 mol. 
of periodate. If the reaction was then stopped the same dialdehyde (I; R = H) was 
obtained from each sugar; this probably indicates that each had reacted in the same 
anomeric pyranose form. The small proportion of furanose and/or open-chain form was 
indicated by the low yield of formaldehyde. If set aside for 48 hours, or briefly warmed, 
the solution contained malondialdehyde. 

An excess of periodate caused over-oxidation and, at completion, the products were 
formic acid (~5 mols.) and formaldehyde (<1 mol.), approximately 6 mols. of oxidant 
being consumed. The appearance of formaldehyde on over-oxidation is also in agreement 
with a predominantly pyranose form in the original solution. 

After the initial rapid uptake of 1 mol., the rate decreases slowly with no marked break. 

Similarly, with 2-deoxyhexose 6-phosphates an initial rapid uptake of 1 mol. is followed 
by slower over-oxidation. From the mixture after the initial rapid reaction p-glycer- 
aldehyde 3-phosphate was isolated. When reaction was complete, mainly glycollaldehyde 
phosphate and formic acid were found. 

Both free sugars and phosphate esters initially yield a dialdehyde (I; R = H or PO,H, 
respectively). Fission on the hemiacetal link must occur (possibly activated by the 
methylene group ®) as the next step. The second oxidation stage for the free sugar will 


5 Schwarz and McDougall, J., 1956, 3065. 
® Cf. Overend, J., 1950, 671, 1433; 1951, 2063. 
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involve mainly fission of glyceraldehyde to glyoxal and formaldehyde, with concomitant 
slower oxidation of malondialdehyde; in agreement, formic acid is produced largely in 
the later stages of reaction (see Figs. 1 and 2). 

Formaldehyde is only partly released by 2 mols. of oxidant; also, glyceraldehyde 
releases formaldehyde more quickly than it is released in this reaction: it is likely that 
the rate of hemiacetal bond fission determines the rate of production of glyceraldehyde 
and hence largely the rate of oxidation in the second step. 


6r 


5 


Fic. 1. Oxidation of 0-0035M-sugar 
by 0-035m-periodate. 
A, Periodate uptake. 
B, Formation of fermic acid. 
C, Formation of formaldehyde. 
x 2-Deoxy-p-galactose. 
© v-Galactal. 
() 2-Deoxy-v-altrose. 
A 2-Deoxy-p-glucose 6-phosphate. 
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Fic. 2. Oxidation of 0-0031m-sugar by 
0-029M-periodate. 
A, B, C as Fig. 1. 
x D-Glucal. 
© 2-Deoxy-p-glucose. 
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It should be noted that malondialdehyde and the dialdehyde (I; R =H) rapidly 
decolorise 2 mols. of iodine in the presence of sodium hydrogen carbonate, but not in 
acid conditions, and unreliable results are obtained in the earlier parts of the oxidation 
unless periodate uptake is measured at low pH, viz., by using acidified potassium iodide 
and thiosulphate.’ 

As malondialdehyde and other 1,3-dicarbonyl derivatives tend to exist in the enolic 
form § it was of interest to compare the periodate oxidation of glycals. These, by analogy, 
should yield the enol derivative of malondialdehyde in the first stage (II —» III). Ex- 
tensive over-oxidation occurs on treatment of D-galactal and other glycals with periodate. 
For hexals there is initial rapid consumption of 1 mol. of oxidant, with later slower oxid- 
ation. However, comparison of 2-deoxyglucose with glucal shows an interesting steric 
effect. The glycals in each case are oxidised more slowly than the 2-deoxyhexoses (Figs. 
1 and 2).* Since it seems likely, although not rigidly proved, that attack by periodate 


* Note, however, the rate inversion at 1—3 mol. and sharp break in the curve at 3 mol. for glycals. 


? Gottlieb, Caldwell, and Hixon, J. Amer. Chem. Soc., 1940, 62, 3342; Taylor, ibid., 1953, '75, 3912; 
Whistler and Hickson, ibid., 1954, 76, 1671. 
® Diekmann and Platz, Ber., 1904, 37, 4638; Pino, Gazzetia, 1947, 77, 283; 1950, 80, 768. 
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involves formation of a cyclic intermediate ® similar to that propounded by Criegee '® 
for oxidation by lead tetra-acetate, and since in the glycals the four atomic centres O, 
C(1), C(2), C(3) must be coplanar," the transition stage in this case will involve fusion of 
a five- and a six-membered ring with more consequent strain than in the similar fusion 
involving the more flexible pyranose rings of 2-deoxyglucose and 2-deoxygalactose. 

The main formation of formaldehyde occurs slowly after consumption of 1 mol. of 
oxidant (only small amounts are released before this) and is only slight after consumption 
of 3 mol. Whilst it is known  ™ that formaldehyde condenses with malondialdehyde 
and its derivatives in these conditions, after complete removal of free formaldehyde at 
this stage, more is regenerated in the medium, indicating that the slow fission of the 
hemiacetal bond is again the rate-controlling step for oxidation of the glyceraldehyde 
portion of the molecule (III). 

















A 
yn 3 a7 ” x oe 
= ° 
Fic. 3. & —sB 
A, B, At 20—25°; C, at 0°. e ? 
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Release of iodine did not occur in any of the above reactions. However, when the 
dialdehyde (I; R = H) or malondialdehyde was kept, in daylight, in contact with sodium 
iodate at pH 2—4, slow release of iodine was observed, presumably involving attack on 
the methylene group. 

Over-oxidation involving hydroxylation of a methylene group has been shown to 
require two flanking >C=O groups, and even so will not proceed readily in acyclic systems 
if both groups are ketonic.* The oxidation of-some 2-deoxyhexitols has provided further 
support for this generalization.* 2-Deoxysorbitol rapidly consumed 3 mols. of oxidant, 
negligible further oxidation occurring. §-Hydroxypropionaldehyde is therefore not 
readily oxidized under these conditions. 

Periodate oxidation of a 3-deoxypentose (xylose) was examined. At 0° reaction was 
rapid, with consumption of 1 mol. of oxidant, but further oxidation was very slow. At 
higher temperatures further oxidation occurred, finally yielding formic acid and form- 
aldehyde. Use of 2 mols. of oxidant under these conditions permitted isolation of some 
malondialdehyde, but only small yields of formaldehyde were obtained, and it is likely 
that hydrolysis of a formate ester is the rate-controlling step, further oxidation of the 
malondialdehyde occurring even under these conditions (IV —» V). 


EXPERIMENTAL 


2-Deoxy-D-glucose and 2-deoxy-p-galactose were recrystallized commercial samples. 2- 
Deoxy-D-altrose was prepared by reduction of the 2-deoxy-2-iodo-derivative followed by 
hydrolysis of protecting groups. The corresponding 6-phosphates were prepared by essentially 


* Duke, J. Amer. Chem. Soc., 1947, 69, 3504; Buist and Benton, Research, 1953, 6, 55; J., 1954, 

1436. 

10 Criegee, Sitzber. Beférd. Ges. Nattirwiss. Marburg, 1934, 69, 25; Chem. Abs., 1935, 29, 6820; 
Criegee, Krafft, and Rank, Annalen, 1933, 507, 159. 

11 Barton and Cookson, Quart. Rev., 1956, 10, 77. 

12 O’Dea, Chem. and Ind., 1953, 1338. 

18 Unpublished work, and example quoted. 
- 1 Richards and Wiggins, J., 1953, 2443; Jeanloz, Prins, and Reichstein, Helv. Chim. Acta, 1946, 

, 371. 
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the method of Foster e¢ al.15 Oxidations were carried out with unbuffered sodium meta- 
periodate solutions. Formaldehyde was determined * as its dimedone derivative after being 
removed from the reaction mixture in carbon dioxide. Formic acid was determined by 
titration.?”7 Chromatography #* was on Whatman No. 3 paper with propan-l-ol-ammonia 
solution (d 0-88)—water (6: 3: 1). 

Weighed portions of the compound were dissolved in water, and the required volume of 
freshly prepared sodium periodate solution added, the mixture being rapidly diluted to a 
measured volume. The mixtures were kept in darkness, in glass-stoppered vessels at 20—25°. 
Aliquot portions were removed from time to time for determinations. 

Oxidation of 2-Deoxy-p-glucose.—(a) 2-Deoxy-p-glucose (0-058 g.) (recrystallized from 
ethyl alcohol) was treated in water (2 ml.) with periodate solution (1 mol.). After 30 min. no 
periodate remained, and the iodate was precipitated (as the barium salt). Passage of carbon 
dioxide removed formaldehyde (0-02—0-05 mol.). One portion of solution was added to 
Brady’s reagent, and the bright red bis-2,4-dinitrophenylhydrazone was collected and re- 
crystallized from chloroform—methanol to constant, m. p. 212—214° (17 mg.) (Found: C, 41-6; 
H, 3-5. C,gH,,0,,N, requires C, 41-4; H, 3-5%). A second portion was warmed to 50° for 
5 min., cooled, and extracted with several portions of chloroform. The combined extracts, 
a portion of which gave a bright red colour with ferric chloride solution, were treated with 
aniline to yield malondialdehyde dianil (2 mg.), m. p. 113—116° (Claissen *° reports m. p. 115°). 
The extracted aqueous solution was treated with 2,4-dinitrophenylhydrazine solution. p- 
Glyceraldehyde 2,4-dinitrophenylhydrazone was obtained, having m. p. 158—159° (from 
ethanol) (lit., m. p. 155—156°). A third portion of solution was added to cupric acetate 
solution, giving slowly the copper derivative of malondialdehyde (Found: Cu, 30-6. Calc. for 
C,H,O,Cu: Cu, 30-9%). Preheating of the solution hastened formation of the precipitate. 

(b) 2-Deoxy-p-glucose (14 mg., 1 mol.) in water (3 ml.) was treated with 0-035n-periodate 
solution (2 mol). Negligible formation of formaldehyde occurred in the first 30 min.; thereafter 
slow liberation occurred (0-4 mol.). A slight amount of titratable acid was formed. Some 
malondialdehyde was detectable after complete oxidation. Attempts to isolate glyoxal were 
unsuccessful, o 

(c) 2-Deoxy-p-glucose (28-5 mg., 1 mol.) completely reduced 0-035N-periodate (6 mols.) 
in 5 days. Production of formaldehyde (0-4—0-5 mol.) and formic acid (4-3—4-8 mols.) was 
measured. 

(d) Portions of 2-deoxy-p-glucose were treated with excess of periodate. The rates of 
production of formaldehyde and formic acid, and of disappearance of oxidant, are summarized 
graphically. 

Oxidation of 2-Deoxy-pv-galactose.—(a) 2-Deoxy-p-galactose *! (0-063 g.) (recrystallized from 
methanol; m. p. 109°) was treated in water (2 ml.) with 0-035N-sodium periodate (1 mol.). 
When reaction was complete (30 min.) the iodate was removed, also the small proportion of 
formaldehyde. One portion of solution was treated with Brady’s reagent. The bright red 
precipitate had m. p. 210—214°, undepressed on admixture with that from 2-deoxy-p-glucose. 
The remaining solution, after filtration, was held at 50° for 10 min., cooled, and treated with 
a second portion of periodate solution (1-5 mols.). Rapid formation of formaldehyde (0-6 mol.) 
was observed; attempts to isolate malondialdehyde from the solution were not successful. 

(b) 2-Deoxy-p-galactose (0-037 g.) was treated with a solution of 0-035N-sodium periodate 
(1 mol.) and set aside for 1 hr. lIodate was removed and the solution was added to warm 
cupric acetate solution. This gave the copper derivative of malondialdehyde (Found: Cu, 
29-9%). 

(c) Rate measurements on periodate—2-deoxy-pD-galactose mixtures are recorded graphically. 

Oxidation of 2-Deoxy-b-altrose.—(a) 2-Deoxy-D-altrose (0-013 g.) was treated in water (2 ml.) 
with 0-035Nn-aqueous periodate (1 mol.). No periodate remained after 1 hr. Then ions were 


18 Foster and Overend, J., 1951, 980. 

16 Karrer and Pfeiler, Helv. Chim. Acta, 1934, 17, 766; 1937, 20, 79; Caldwell and Hixon, J. Biol. 
Chem., 1938, 1238, 595; Nicolet and Shinn, ibid., 1941, 188, 91. 

17 Jorpes, Werner, and Aberg, J. Biol. Chem., 1948, 176, 277; Myrback and Jornestrém, Arkiv Kemi, 
1941, 1, 129; Rankin and Jeanes, J]. Amer. Chem. Soc., 1954, 76, 4435. 

18 Cf. Baddiley, Chem. Soc. Special Publ., No. 8, 1957, p. 153. 

1® Overend, Stacey, and Stanek, J., 1949, 2481. 

2 Claissen, Ber., 1903, 36, 3668. 

*1 Overend, Shafizadeh, and Stacey, J., 1950, 671. 
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removed with bio-deminrolite, and the solution was divided into two portions. To one was 
added Brady’s reagent, giving the same precipitate as above. The remaining portion of 
solution was warmed at 50° for 20 min., cooled, and added to a solution of cupric acetate, 
giving the copper derivative of malondialdehyde. 

(b) 2-Deoxy-p-altrose was treated with an excess of aqueous sodium periodate. The 
results are presented graphically. 

Oxidation of 2-Deoxy-p-glucose 6-Phosphate.—(a) Aqueous sodium periodate (0-237 g.) was 
added to 2-deoxy-p-glucose 6-phosphate in water (0-018 g. in 2 ml.). The solution was set 
aside for 10 days, iodate and excess of periodate were removed with sodium hydrogen sulphite, 
and the solution was chromatographed on paper by the ascending method. Spraying ™ 
revealed the presence of free orthophosphate and glycollaldehyde phosphate. Attempts to 
isolate derivatives of the latter were unsuccessful. 

(b) 2-Deoxy-p-glucose 6-phosphate (0-008 g.) and 0-029m-sodium periodate (1 mol.) were 
mixed and set aside for 1 hr. Iodate was removed and the solution divided into two parts. 
Addition to one part of cupric acetate yielded a small portion of blue precipitate, soluble in 
dilute acid and giving only a very faint phosphate reaction. D-Glyceraldehyde 3-phosphate was 
detected in the remaining portion by paper-chromatographic comparison with an authentic 
sample. 

(c) Periodate uptake and formic acid production are recorded in Fig. 1. Difficulty was 
encountered in obtaining consistent results in acid titrations, owing to the buffering effect of 
the phosphate present. 

Oxidation of D-Galactal—Comparison of the oxidation of this compound under identical 
conditions with 2-deoxy-p-galactose is given graphically. p-Glucal and 2-deoxy-p-glucose are 
similarly compared. 

Oxidation of 2-Deoxy-pD-sorbitol.—2-Deoxy-p-sorbitol (0-0087 g.) in water (2 ml.) and sodium 
periodate (0-036 g.) in water (3 ml.) were mixed and the volume made up to 10 ml. After 30 
min. no further oxidation was occurring (3-05 mols. reacted). Further uptake was negligible 
(3-10 mol. after 78 hr.). 

Oxidation of 3-Deoxy-b-xylose.—This is recorded graphically (see text). 

Reaction of Dialdehyde (1; R = H) and of Malondialdehyde with Sodium Iodate.—A solution 
of the dialdehyde was prepared by the interaction of 2-deoxy-D-glucose with sodium periodate 
(1 mol), and an excess of sodium iodate was added. Approximately 0-16 mol. of iodine was 
released in 80 hr. at room temperature. A similarly treated solution of malondialdehyde also 
yielded iodine. 

Reaction of the Dialdehyde (1; R =H) and Malondialdehyde with Iodine.—Solutions of 
dialdehyde were prepared by oxidation of 2-deoxy-p-glucose followed by removal of iodate. 
Malondialdehyde was prepared by shaking the copper derivative with water and ion-exchange 
resin. (a) Portions of these solutions were buffered with sodium hydrogen carbonate and titrated 
with standard iodine solution. In each case about 1-5 mols. of iodine were rapidly removed, 
further reaction being slow. (b) Portions were titrated directly; in each case about 0-05 mol. 
of iodine reacted. (c) Portions were acidified with dilute sulphuric acid. Negligible reaction 
occurred with iodine. 


The author thanks Professor W. Cocker for his interest in this work. 


Trinity COLLEGE, DuBLIN, EIRE. [Received, August 5th, 1959.) 
22 Hanes and Isherwood, Nature, 1949, 164, 1107. 
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297. Aromatic Reactivity. Part IX.* Sulphonation of Toluene by 
Water-Sulphuric Acid and by Trifluoroacetic Acid—Water—Sulphuric 
Acid, 

By C. Easorn and R. TAYLOR. 


Using isotopic dilution analysis, we have measured the rate of sulphon- 
ation of toluene in 75—84 wt.-% sulphuric acid and in trifluoroacetic acid 
containing aqueous sulphuric acid. In the aqueous medium, sulphonation 
of toluene shows the same dependence on the concentration of acid as does 
that of benzene, but is 31 + 1-5 times as fast. This ratio, combined with 
available figures for the isomeric composition of the product, corresponds 
with partial rate factors of 34, 4-2, and 112, respectively, for ortho-, meta-, 
and para-positions of toluene. 


In connexion with studies of acid-catalysed aromatic detritiation we have measured the 
rate of sulphonation of toluene in homogeneous solution in 75-3—84-1 wt.-°, aqueous 
sulphuric acid at 25-0°. To do this we measured the rate of disappearance of «-tritiated 
toluene by extracting the toluenesulphonic acids with aqueous alkali and determining the 
activity of the residual toluene.t (Hydrogen exchange at the «-position is negligible 
under the reaction conditions; cf. ref. 1.) 


[H,SO,] (wt.-%) ......ceceeeee 75-30 77-67 79-80 81-14 84-14 
10% (S€C.-2) ...cceceeeeeeeeeeees 1-76 8-68 35-9 97-6 923 


The first-order rate constants, k, are shown in the Table. The variation of the rate 
of sulphonation with the sulphuric acid concentration is the same as that ? for benzene. 
A plot of log & against the wt.-°, of sulphuric acid is an excellent straight line,t parallel to 
that for benzene, and from the plots it is found that toluene reacts 31 + 1-5 times as fast 
as benzene at any particular acid concentration in the range studied. This factor (the 
uncertainty in which arises from the scatter of the points in the plot for benzene §) is 
considerably larger than that (5-1) which was observed for sulphonation in nitrobenzene 
at 40° ? and, in absence of any direct measure, was previously assumed to apply approxim- 
ately to reactions in aqueous sulphuric acid." 

Holleman and Caland * measured the isomer distribution for sulphonation of toluene in 
96 and 100 wt.-% sulphuric acid (but with a sulphuric acid : toluene ratio of 4-4, much lower 
than we used) at several temperatures, and figures for 25° may be obtained by interpolation. 
Since the proportion of meta-product is somewhat different for 96 and 100% acid (viz., 4-5 
and 5-5%) it would be desirable to have the isomer distribution measured for 84% acid, 
the strongest we used. But the properties of sulphuric acid change more in the 100—96 % 
region than in 96—84°%, region, and furthermore the log kR-[H,SO,] plots for benzene and 
toluene show no sign of departing from parallelism, so that the factor of 31-5 could 
reasonably be assumed to apply at somewhat higher acid concentrations than those 
studied. Thus the uncertainty in applying the isomer distributions in 96% acid to rate 

* Part VIII, J., 1960, 179. 

t In principle a small difference in reactivity between toluene and [a-*H]toluene might exist, but 
it is most unlikely that this would exceed our experimental error. 

A plot of log k against the H, acidity function (Paul and Long, Chem. Rev., 1957, 57, 1) is also 
an excellent straight line, with a slope of — 2-3, but it is unlikely that this has any fundamental signi- 
ficance. 


§ If allowance is made for the possible error of +20% in each of the rates for benzene,? the 
uncertainty is +7, but the errors may largely cancel in the log k-[H,SO,] plot. 


1 Ollson and Melander, Acta Chem. Scand., 1954, 8, 523. 
2 Gold and Satchell, /., 1956, 1635. 

3 Stubbs, Williams, and Hinshelwood, /J., 1948, 1065. 

* Gold and Satchell, J., 1956, 2743. 

® Brown and Nelson, J. Amer. Chem. " i 75, 6292. 
* Holleman and Caland, Ber., 1911, 44, 2 
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measurements in 75—84% acid is probably no larger than that inherent in the original 
determinations of the isomer proportions. Using isomer distributions for 96% acid at 25° 
obtained from Holleman and Caland’s data (viz.: ortho, 36; meta, 4-5; para, 59%), we 
arrive at the following partial rate factors: f,M°, 34; f,M*,4-2; f,M*,112. The figures for the 
ortho- and the para-position are probably fairly accurate, but that for the meta-position 
may be distinctly less so. 

For a large number of electrophilic aromatic substitutions for which accurate results 
are available, Stock and Brown ” have recently shown that the ratio (log /,™*)/log f,M*) has 
values of 3-18 to 4-72. Our figures lead to a value of 3-3 for this ratio, and thus (in marked 
contrast to the figures calculated ® by using the toluene : benzene rate-ratio for sulphonation 
in nitrobenzene) are in reasonable agreement with generalizations advanced by Brown 
and his co-workers.®? 

We have also measured the rate of sulphonation of toluene in trifluoroacetic acid 
containing aqueous sulphuric acid. The results are as follows (the figures in parentheses 
denoting mole-percentages) : 


Medium ... CF,CO,H(82-36)—H,SO,(14-47)-H,0(3-17) CF,-CO,H(93-60)-H,SO, (2:45)-H,O(3-95) 
10° (sec.-}) 955 2-58 

Medium ... CF,*CO,H(85-94)-H,SO,(7-84)-H,O(6-22) 

10% (sec.~1) 18-8 


For a given concentration of sulphuric acid, sulphonation is much faster in such media 
than in aqueous acid. Semiquantitative experiments, not here described, indicated that 
for a fixed concentration of sulphuric acid in trifluoroacetic acid the rate of sulphonation 
falls very sharply as water is added up to a few moles-%. 


EXPERIMENTAL 

[a-8H]T oluene.—Tritiated water (2 ml.), of 50 mc/ml. activity, was added to the Grignard 
reagent from benzyl bromide (19 g.) and magnesium (2-8 g.) in ether (80 ml.). Excess of water 
was then added and the ether layer was separated, washed, dried (Na,SO,), and fractionally 
distilled to give [«-*H]toluene (6-7 g.), b. p. 110°, »,* 1-4947. 

Rate Measurements.—[a-*H]Toluene (ca. 0-05 ml.) was shaken for 10 min. with sulphuric 
acid (ca. 260 ml.) of known strength in a stoppered 11. flask. Five 50 ml. portions were trans- 
ferred by automatic pipette into tubes of 51—53 ml. capacity. (A drainage time of 1} min. was 
allowed, this having been found to give accurately reproducible quantities.) The tubes were 
sealed with Teflon-sleeved stoppers and placed in a bath at 25-0° (kept constant within + 0-02°). 
The first tube was withdrawn after 20—30 min. and the others at known times,#. The contents 
of each tube were transferred, with washing, to a 250 ml. flask containing toluene (10 ml.) and 
ice-water (ca. 130 ml.), and the flask was sealed with a Teflon-sleeved stopper and shaken 
mechanically for 15 min. The toluene layer was separated, and washed successively with 
water, 10% aqueous sodium hydroxide, and water, and then dried (Na,SO,). Any yellow 
colour was removed with activated charcoal. The relative activities of the extracts were 
measured by using weighed amounts in a simple liquid-scintillation method in which a galvano- 
meter deflection proportional to the activity is measured.* (Full details of the method will be 
given in a future paper of this series.) Two activity measurements were made on each extract. 
Rate constants were calculated from the formula kt = 2-303 log [Do/(D, — D,)] where D, and 
D, are the deflections (for 4 g. of the toluene extract) at times ¢ = O and? = #; they did not vary 
from the mean by more than + 2% for 80% or more of reaction. Mean rate constants, normally 
determined graphically, could be duplicated within 2%. The following represents a typical 
run: 


oy IE lt ORS 0 21,600 86,400 115,200 169,200 
SRLS EG OFF 44-2 36-7 21-0 16-4 10-4 
LOR (800.72) ....ccsececeesseeseeeees em 8-64 8-62 8-61 8°55 


For reactions in trifluoroacetic’ acid—water-sulphuric acid, ca. 0-05 ml. of [a-*H]toluene was 
dissolved in ca. 5-5 ml. of the medium; 1 ml. portions were pipetted into drawn-off glass tubes 
? Stock and Brown, J. Amer. Chem. Soc., 1959, 81, 3323. 


. § Matsukawa and Eaborn, Research, 1956, 9, S 37; Eaborn, Matsukawa, and Taylor, Rev. Sci. Instr., 
957, 28, 725. 
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which were then sealed and placed in the thermostat, the solutions being kept ice-cold through- 
out the mixing, dividing, and sealing. On removal, each tube was broken under a mixture of 
2% aqueous sodium hydroxide (100 ml.) and toluene (10 ml.) in a flask which was then sealed 
with a Teflon-sleeved stopper and shaken for 15 min. The toluene layer was separated, washed 
with water, and dried, and its activity was determined as before. Because a significant amount 
of the sulphuric acid is used up and a significant amount of water is formed in these media, the 
first-order rate constants fall off as reaction proceeds (the more so the higher the CH,°C,H, : H,SO, 
ratio), and the constants given are those obtained by extrapolation to zero time. They are 
believed to be accurate to within +5%. 


We thank the Royal Society for a loan of apparatus from the Government Grant-in-Aid, and 
the Chemical Society for a grant from the Research Fund. 
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298. Di-N-substituted 2-Halogenoethylamines. Part I1I.»? N-2(or 3 
or 4)-Chlorobenzyl-N-ethyl Derivatives: Synthesis, Reactivity, and 
Pharmacology. 


By J. F. ALLEN and N. B. CHAPMAN. 


The preparation of the group of compounds mentioned in the title, o-, m-, 
or p-Cl-C,H,’CH,*NEt’CH,°CH,X,HX, with X = Cl, Br, or I, is described. 
The free amines in acetone—water (2:1) at 30° decompose by way of an 
ethyleneiminium ion, which is then mainly hydrolysed but may also react with 
the parent amine to some extent to yield piperazinium salts. By utilising 
chemically determined curves of the variation of ethyleneiminium ion con- 
centration with time, and bioassays, anti-adrenaline and anti-noradrenaline 
activity are again (cf. Part II *) strongly correlated with ethyleneiminium ion 
concentration. The preparation of the picrylsulphonates of the derived 
ethyleneiminium ions is also described and measurements of their solvolysis in 
aqueous acetone at 30-0° are reported. The pharmacological properties of 
the halogeno-amines and of the ethyleneiminium ions are briefly reported. 
It is concluded that pharmacological differences between the 2-chloroethyl- 
amines studied probably depend as much on the efficiency of utilisation of 
ethyleneiminium ion in vivo as on the amount produced. The bromo- and 
iodo-compounds conform closely to the pattern of pharmacological properties 
established for the ethyleneiminium ion picrylsulphonates. 


THE object of the present paper is to extend the work previously reported by Chapman 
and James }? to a series of compounds (I) in which the 1- or 2-naphthylmethyl radical, the 
persistent feature of the compounds studied by Chapman and James, is replaced by a 


(I) o-, m-, or p-ClheCgHgrCH,*NEt*CHy°CH,X,HX 


2-, 3-, or 4-chlorobenzyl group, with X = Cl, Br, I. Striking differences in pharmacological 
properties in this series, with X = Cl, consequent on the very slight change of structure 
resulting from a shift of position of nuclear chlorine, have been reported by Nickerson and 
Gump. Thus 3-chloro-N-2-chloroethyl-N-ethylbenzylamine hydrochloride was more 
active than dibenamine [N(CH,Ph),°CH,°CH,C1,HCl] in the blockade of adrenaline, 
whereas the 4-isomer was less active. This has been confirmed by Graham,‘ who is again 
responsible for the pharmacological testing. In view of our previous findings on the 
dependence of anti-adrenaline activity on the power of ethyleneiminium ion formation, it 


1 The paper by Chapman and James, J., 1953, 1865, is regarded as Part I. 
* Part II, Chapman and James, J., 1954, 2103. 

* Nickerson and Gump, J. Pharmacol., 1949, 97, 25. 

* Graham, Brit. ]. Pharmacol., in the press. 
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seemed to us of interest to study these compounds to see whether the structural changes 
were reflected in changes of reactivity, and hence, possibly, of anti-adrenaline activity. 

The synthesis of the required materials, which does not appear to have been described, 
involved the interaction of a chlorobenzyl bromide with N-ethylaminoethanol to yield the 
corresponding di-N-substituted aminoethanol, which on treatment with phosphorus 
pentachloride, phosphorus tribromide, or phosphorus tri-iodide in chloroform gave the 
required halogeno-amines as salts (I) with halogen hydracid (cf. ref. 1). The picryl- 
sulphonates of the derived ethyleneiminium ions were also isolated in an analytically pure 
state. A piperazinium salt, related to the piperazinium salts which would result from 
dimerisation of compounds of type (I), was prepared by a method given on p. 1484. 

In an attempt to develop a satisfactory and specific colorimetric method of determining 
ethyleneiminium ions in dilute solution in water containing a little acetone, the interaction 
of 4-4’-nitrobenzylpyridine with halogenoethylamines was studied with a view to obtain- 
ing, by basification of the first formed quaternary salt, analytically pure compounds 

shi jai 
RN >=cH—< Sno, an) 
of type (II), which show an intense blue colour (cf. Geissman, Hochman, and Fukuto 5). 
Although the necessary quaternisation occurred readily in boiling ethanol it was too 
sluggish in aqueous acetone to provide a basis for colorimetric analysis. 


EXPERIMENTAL 

Preparation of Materials.—2-(N-Chlorobenzyl-N-ethylamino)ethanols. 4-Chlorobenzyl 
bromide * (51 g., 0-25 mole) was added during 1 hr. with stirring to 2-N-ethylaminoethanol 
(45 g., 0-50 mole) at 0°, and the reaction was completed by refluxing for 6 hr. The product was 
acidified with 6N-hydrochloric acid, unchanged 4-chlorobenzyl bromide was extracted with 
ether, and the aqueous layer was basified with 4N-sodium hydroxide. The colourless oil which 
separated was extracted with ether, dried (K,CO,), and after removal of ether gave 2-(N-4- 
chlorobenzyl-N-ethylamino)ethanol (89%), b. p. 88—92°/0-0006 mm., 142°/1 mm., »,* 1-5360 
(Found: Cl, 16-8. C,,H,,CINO requires Cl, 16-6%) [picrate (from aqueous acetic acid), m. p. 
118—119° (Found: C, 46-0; H, 4:2. (C,,H,,CIN,O, requires C, 46-1; H, 4:3; N, 12-7%); 
picrylsulphonate (from chloroform), m. p. 151-5—153° (Found: C, 39-9; H, 3-5; N, 10-8; S, 6-0. 
Cy7Hy,CIN,O,9S requires C, 40-3; H, 3-8; N, 11-1; S, 6-3%)]. 

Equimolar proportions of the bromide and aminoethanol in the presence of aqueous sodium 
hydrogen carbonate gave only a 56% yield of the required product. 

2-(N-3-Chlorobenzyl-N-ethylamino)ethanol, b. p. 96°/0-:005 mm., m,*° 1-5333 (76%) (Found: 
Cl, 16-8%) [picrate (from aqueous acetic acid), m. p. 112-5—113-5° (Found: C, 45-6; H, 4-5; 
N, 123%); picrylsulphonate (from ethanol), m. p. 122—122-5° (Found: C, 40-6; H, 3-9; N, 11-0; 
S, 6-3%)], and the 2-chloro-isomer (85%), b. p. 86°/0-004 mm., m,?’ 1-5346 (Found: Cl, 16-3%) 
[picrate, m. p. 77—78° (Found: C, 45-8; H, 4:3%); picrylsulphonate, m. p. 126-5° (Found: 
C, 40-6; H, 3-8%)], were similarly prepared. 

Chloro-compounds. A solution of the 4-chlorobenzylamine (20 g., 0-094 mole) in dry chloro- 
form was added with stirring during 1 hr. to a suspension of phosphorus pentachloride (22 g., 
0-10 mole) in chloroform at 0°. The mixture was kept at room temperature for 2 hr., chloro- 
form was then removed at 25 mm., and the required 2-(N-4-chlorobenzyl-N-ethylamino)ethyl 
chloride hydrochloride (96%) was extracted from the residue with hot dry ethanol and precipitated 
by addition of the solution to dry ether; it had m. p. 145-5—146°, after recrystallisation from 
ethyl acetate (Found: C, 49-0; H, 5-9; N, 5-7; Cl, 39-6. C,,H,,Cl,N,HCl requires C, 49-2; 
H, 6-0; N, 5-2; Cl, 39-6%). The 3-chlorobenzyl (from dry ethanol-ether; 98%), m. p. 145— 
146° (Found: C, 49-3; H, 6-4; N, 5-1; Cl, 39-4%), and 2-chlorobenzyl isomer (from ethanol— 
ether; 98%), m. p. 144—144-5° (Found: C, 48-9; H, 5-8; N, 5-0; mobile Cl, 26-4%), were 
similarly prepared. ‘ 

Bromo-compounds. Adding the 4-chlorobenzylamine (15 g., 0-07 mole) in dry chloroform to 
phosphorus tribromide (26 g., 0-1 mole) in chloroform at 0°, followed by boiling the mixture for 


5 Geissman, Hochman, and Fukuto, J. Amer. Chem. Soc., 1951, 78, 3313. 
* Weizmann and Patai, J. Amer. Chem. Soc., 1946, 68, 150. 
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24 hr. and removal of chloroform, gave a product from which 2-(N-4-chlorobenzyl-N-ethylamino). 
ethyl bromide hydrobromide (86%) was extracted with dry ethanol, and had m. p. 155—156° (from 
ethanol) (Found: C, 37-4; H, 4-5; N, 4-1; Br, 45-0. C,,H,,BrCIN,HBr requires C, 36-9; H, 
4-5; N, 3-9; Br, 44-7%). The 3-chlorobenzyl (80%), m. p. 161-5—162-5° (Found: C, 37-0; H, 
46; N, 3-8; Br, 45-0%), and 2-chlorobenzyl isomer (98%), m. p. 155° (Found: C, 37-3; H, 4-5; 
N, 4:0; Br, 44:7%), were similarly prepared. 

Iodo-compounds. ‘These were prepared as for the bromo-compounds, by using phosphorus 
tri-iodide in equimolar proportion with the alcohol. 2-(N-4-Chlorobenzyl-N-ethylamino)ethyl 
iodide hydviodide (75%), m. p. 128-5—130° (Found: C, 29-7; H, 3-3; N, 3-2; I, 56-7. 
C,,H,,CIN,HI requires C, 29-3; H, 3-6; N, 3-1; I, 56-3%), and its 3-chlorobenzyl (60%), m. p. 
179-5—180° (Found: C, 29-7; H, 3-6; total halogen, 64-6. C,,H,,CIIN,HI requires total 
halogen 64-1%), and 2-chlorobenzyl isomer (40%), m. p. 168—170° (decomp.) (Found: C, 29-2; 
H, 3-3; N, 3-0; I, 55-9%), were thus obtained. 

Picrylsulphonates of ethyleneiminium ions. These were prepared by keeping solutions of the 
free bromoethylamines in acetone—water (2:1) at 30° for a time which gave the maximum 
ethyleneiminium ion concentration (previously determined by thiosulphate titration, see 
Fig. 5), extracting unchanged bromoethylamine with ether, and adding the aqueous layer 
to an excess of aqueous sodium picrylsulphonate at 0°. N-4-Chlorobenzyl-, m. p. 166—167° 
(Found: C, 41-5; H, 3-3; N, 11-5; Cl, 7-4; S, 6-7. C,,H,,CIN,O,S requires C, 41-8; H, 3-5; 
N, 11-5; Cl, 7-3; S, 66%), N-3-chlorobenzyl-, m. p. 167—168° (Found: C, 41-7; H, 3-6; N, 
11-3; S, 6-8%), and N-2-chlorobenzyl-N-ethylethyleneiminium picrylsulphonate, m. p. 154—155° 
(Found: C, 41-9; H, 3-1; N, 11-7; S, 6-7%), were crystallised from acetone-ether. 

Recrystallisation of the 3-chloro-salt from chloroform gave crystals, of m. p. 134—135°, 
which contained chloroform (isocyanide test) (Found: C, 35-8; H, 3-2. C,,H,,CIN,O,S,CHCI, 
requires C, 35-6; H, 30%). The 4- and the 3-chloro-salts gave a mixture of m. p. 144—145°, 
thus confirming their individualities. The former had a molecular weight of 262 (cryoscopic in 
acetic acid) corresponding approximately to two particles per formula weight, thus confirming 
its salt-like character. All the picrylsulphonates consumed 0-96 mole of thiosulphate per mole 
at ~— 80°, and about 0-93 mole at room temperature. ri 

Piperazinium salts. 1,4-Diethyl-1,4-dimethylpiperazinium di-iodide was obtained by inter- 
action of 1,4-diethylpiperazine and methyl iodide and had m. p. 240° after crystallisation from 
methanol. Smith ef al.’ give m.p.240°. 1,4-Di-2-chlorobenzylpiperazine, obtained by interaction 
of 2-chlorobenzyl chloride and piperazine hydrate in ethanol at the b. p. for 2 hr., followed by 
basification, had m. p. 101—102° (from ethanol) (Found: C, 64-4; H, 5-9. C,,H,.Cl,N, requires 
C, 64-5; H, 6-0%) (dihydrochloride, m. p. 260—262° (Found: ionic Cl, 17-0. C,,HCl,N,,2HCI 
requires ionic Cl, 17-4%)]. 

Miscellaneous compounds. Heating an ethanolic solution of N-ethyl-N-2’-iodoethy]l-1- 
naphthylmethylamine hydriodide and 4-4’-nitrobenzylpyridine at the b. p. gave first 4-4’-nitro- 
benzylpyridinium iodide which was filtered off, and on addition of ether to the filtrate 1-2’-(N- 
ethyl-N-1"’-naphthylmethylamino)ethyl-4-4’-nitrobenzylpyridinium iodide, m. p. 199—200° 
(Found: C, 59-1; H, 4-9; N, 7-3; I, 22-9. C,,H,,IN,O, requires C, 58-6; H, 5-1; N, 7-6; I, 
22-9%). Treating this compound with alkali gave a blue substance of type (II), but this 
could not be obtained analytically pure. However, a similar procedure using 2-chloro-N-ethy]l- 
N-2’-iodoethylbenzylamine hydriodide gave, without isolation of the quaternary salt, a 
compound, C,,H,,CIN,O,, of type (II) [from chloroform-light petroleum (b. p. 40—60°)], m. p. 
65° (Found: C, 67-2; H, 5-6; N, 10-1. C,,H,,CIN,O, requires C, 67-4; H, 5-9; N, 10-3%). 

Procedure.—This was as described in Part II,? save that determinations of acid were done by 
direct titration with sodium hydroxide. The efficiency of the ether-extraction used to remove 
unchanged halogeno-amine was tested by shaking an aqueous acetone (1: 2) solution of the 
halogeno-amine with ether in the usual way, immediately after the amine had been liberated 
from its salt. Halide ion in the aqueous layer was then determined by the Volhard method and, 
within experimental error, corresponded to the combined hydrohalide only of the original salt. 
It was also shown that 1,4-diethyl-1,4-dimethylpiperazinium di-iodide did not consume thio- 
sulphate. It is therefore very unlikely that thiosulphate would be consumed by any of the 
possible dimerisation products of the halogeno-amines being studied. Moreover, blank 
experiments showed that acid formed by hydrolysis of the ethyleneiminium ions produced 
did not affect the thiosulphate titres. 


7 Smith, Curry, and Eifert, J. Amer. Chem. Soc., 1950, 72, 2969. 
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Solvolysis of ethyleneiminium picrylsulphonates. Aliquot parts of a solution of the picryl- 
sulphonate in acetone—water (2: 1), maintained at 30-0° in a thermostat bath, were withdrawn 
at intervals and run into an excess of standard aqueous sodium thiosulphate. After 10 min., 
the residual thiosulphate was titrated with standard iodine. Appropriate blank determinations 
were made to allow for any interference by acetone with the titration. First-order plots gave 
satisfactory straight lines. The rate coefficients obtained from the slopes of these lines are 
included in Table 2. 


DIscUSSION 
Figs. 1, 3, and 4 show the behaviour of the 4-, 3-, and 2-chloro-N-2-chloroethyl-N- 
ethylbenzylamine respectively. The curves are of the same general form as those previously 


Fic. 2. 2-(N-3-Chlorobenzyl-N-ethylamino)ethyl 


Fic. 1. Decomposition of 2-(N-4-chloro- chloride. The curve shows concentration of 
benzyl-N-ethylamino)ethyl chloride at 30° ethyleneiminium ion as a percentage of the 
in aqueous acetone. maximum. Points represent bio-assays; open 


circles: against noradrenaline, full circles: 
against adrenaline. Both refer to aqueous 
acetone solutions at 30°. 
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established for the 2-chloroethylamines studied by Chapman and James.2 We interpret 


them, together with Fig. 5, as indicating that the essential step in decomposition is 
formation of the ethyleneiminium ion thus: 


Et 
, \ Hy 
ArCHyNEt-CHy'CH,X seem ArCHy—N i x 
2 
and that this is followed by decomposition of the ion, mainly but not exclusively by 
hydrolysis. Since the solvolysis of pure ethyleneiminium ions in 2:1 acetone-water at 
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30° shows regular first-order kinetics, it is unlikely that the hydrolysis products cause 
important side-reactions in these cases, and dimerisation of the halogenoethylamine seems 
therefore to be the most likely side-reaction (cf. Chapman and James?). It is clear that 
the time necessary for the attainment of maximal ethyleneiminium-ion concentration 
differs little for the three compounds, but the maximum value is in the order para > meta > 
ortho whereas the anti-adrenaline and anti-noradrenaline activities of the salts are in the 
order meta > ortho> para. In Fig. 2 the close agreement between chemical and 
biological assays of preformed ethyleniminium ion is exemplified for the pava-compound 


Fic.5. Decomposition of 2-(N-4-chlorobenzyl- 
N-ethylamino)ethyl bromide and iodide at 
30° in aqueous acetone. 


A, B, C, refer to the bromide, and A’, B’, and 
C’ to the iodide. 
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and similar observations have been made by Graham ‘ for the other two compounds. We 
conclude that the relatively small structural change involved in shifting the position of the 
chlorine atom causes significant differences in reactivity as measured by the maximal 
ethyleneiminium-ion concentration (Table 1) but that, the pharmacological differences 


TABLE 1. Reactions and properties of Ar-CH,*NEt-CH,°CH,X,HX. 


Max. propn.* of X Max. propn.* of Anti-adrenaline Anti-noradrenaline 
liberated (%) ethyleneiminium activity t¢ activity t¢ 
x (after 500 min.) ion formed (%) (micromole/kg.) (micromole/kg.) 

4-Chlorobenzyl 

GO cevensanr 71 36 36-6 39-6 

ar 98 81 3-5 5:3 

Ih ieentioneign 95 60 4-1 4:9 
3-Chlorobenzyl 

cn sarees 61 26 49 5-0 

95 75 2-1 2-2 

E sdsceness 90 52 1-6 1-4 
2-Chlorobenzyl 

ae 70 23 23-9 22-1 

el Gvsess 98 75 2-1 2-6 

BD iwitieccees 93 52 15 2-1 


* G.-ion/mole. f E.D.,, in spinal rats. 


TABLE 2. Properties of N-benzyl-N-ethylethyleneiminium picrylsulphonates. 


Anti-adrenaline Anti-noradrenaline 


activity * activity * 
(micromole/kg.) (micromole/kg.) 1072 ¢ 
4-Chlorobenzyl 1-22 1-71 43 
3-Chlorobenzyl i. 0-85 1-16 3-9 
2-Chlorobenzyl os 0-66 0-98 7:7 





* E.D.,, in spinal rats. f & is the rate coefficient for first-order solvolysis in aqueous acetone at 

30° in min.“. 
observed when the compounds are tested as salts are not correlated with the extent of 
ethyleneiminium-ion formation from the free bases in aqueous acetone. Moreover, the 
pharmacological activities of the three ethyleneiminium ions when administered as picryl- 
sulphonates run in the order ortho > meta > para (Table 2). The salt-like character 
of these picrylsulphonates has been confirmed by molecular-weight determination in one 
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case (cf. p. 1484) and this together with their m. p.s and chemical properties make it safe to 
assume that their aqueous-acetone solutions contain free ethyleneiminium ions and 
picrylsulphonate ions, the latter having no significant pharmacological action in the 
amounts used (Graham *). We may therefore ascribe the differences in pharmacological 
activity observed with the 2-chloroethylamines, when administered as their hydrochlorides, 
in part at least to differing efficiencies of conversion into the relevant ethyleneiminium 
ion in vivo. This view is confirmed by measurements of the rates of solvolysis in 2:1 
acetone—water at 30° of the ethyleneiminium ions under discussion, for which an order 
ortho > meta ~ para is observed (Table 2). If these relative rates may be taken as a 
measure of the relative intrinsic alkylating powers of the ions im vivo, then the observed 
anti-adrenaline activities of the ethyleneiminium ion picrylsulphonates of the ortho- and 
para-compounds would be expected to show roughly the observed pattern if it is assumed 
that the essential biochemical feature of the anti-adrenaline activity is alkylation of 
appropriate groups. Harvey and Nickerson ® have provided experimental evidence that 
the groups undergoing alkylation are thiol groups, but a more recent examination of the 
problem by Belleau ® leads to the view that it is more likely that carboxylate or phosphate 
anionic groups are involved. 

As a consequence of his interesting theory of the anti-adrenaline activity of 2-halogeno- 
ethylamines, Belleau® concluded that the para-chloro-compound should be inactive, 
whereas the ortho- and the meta-compound should be active. The results assembled in 
Tables 1 and 2 support this view to the extent that on any showing the p-compound is 
always the least active of the three, but the differences are quantitative rather than 
qualitative; and, if the activities of the ethyleneiminium picrylsulphonates are considered, 
then the maximum activity ratio is ~2:1. In our view the pharmacological properties 
of the pure ethyleneiminium ions are more suitable for correlation with structure than 
those of the N-substituted 2-chloroethylamine salts for reasons already given. 

The behaviour of the bromo- and iodo-compounds containing the 4-chlorobenzyl 
residue, which are typical of this group of compound, is displayed in Fig. 5. The pattern 
is broadly similar to that previously observed apart from some depression of the reactivity 
of the iodo-compounds. The differences in pharmacological activity of bromo- and iodo- 
compounds are very slight, and, except for the meta-compounds, the chloro-compounds 
are, as is often the case, some ten times less active than the bromo- and iodo-compounds 
(cf. Table 1). The activity ratios for bromo- and iodo-compounds, when the less active 
p-compounds are compared with the almost equi-active o- and m-compounds, are very 
similar to those for the ethyleneiminium ion picrylsulphonates. This is understandable 
in terms of the rapid and almost complete conversion of the bromo-compounds into 
ethyleneiminium ion in vitro (see Fig. 5 for an example), and to a smaller degree for the 
iodo-compounds. 

In this work further evidence is provided, from the results of direct administration and 
assay of solutions containing known amounts of ethyleneiminium ion, that this ion is the 
pharmacologically active species formed from each of a group of 2-halogenoethylamines 
showing anti-adrenaline and anti-noradrenaline activity. Moreover, apparent differences 
of pharmacological activity caused by small structural changes are shown to be due partly 
to the intrinsic properties of the relevant ions, but also, it seems probable, to differences in 
the efficiency of conversion of the 2-chloroethylamine salts into ethyleneiminium ions and 
of utilisation of the ions im vivo. 
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299. The Synthesis of Polycyclic Aromatic Compounds. Part III} 
The Production of Fluorene Derivatives in the Zinc-dust Distillation 
of Polycyclic o-Quinones related to Phenanthra-9,10-quinone. 

By W. Davigs and B, C. ENNIs. 


Zinc oxide with phenanthra-9,10-quinone at 300—320° gives fluorenone, 
and with chrysene-1,2- and picene-5,6-quinone gives the corresponding 
fluorenones, all in moderate yields, Zinc-dust distillation of the above and 
similar quinones shows that such ring contraction followed by reduction to 
the corresponding fluorene is a general reaction. 


Dre_s—ALDER condensation of 1-vinylnaphthalene and 3-bromo-1,2-naphthaquinone gives ! 
picene-5,6-quinone (I). However, following this by a zinc-dust distillation we were un- 
able to obtain pure picene despite its reported isolation? in this way from “ picene- 
quinone ”—formed by oxidation—which contains! the quinone (I) and picene-13,14- 
quinone, both of which might be expected to yield picene. The quinone (I) is now found 
to yield, not picene, but naphtho(2’,1’:1,2)fluorenone (II) mixed with the corresponding 
fluorene which has been identified by its ultraviolet absorption. Picene, m. p. 365°, does 
not depress * the m. p. 338° of this fluorene derivative, and moreover the analytical 
differences are only C 0-23 and H 0-23%: hence the previously unsuspected confusion 
between the two hydrocarbons. This was possibly accentuated by the presence of a little 
residual picene shown to be present! (by a chromatographic method not available to 
Bamberger and Chattaway) in their “‘ picene quinone.” * Since the structure of the 
present authors’ synthetic quinone was not determined by converting it into picene, the 
quinone was also prepared by oxidising picene, thus removing the possibility that the 
synthetic quinone was a derivative of 5,6-benzochrysene._ 


pons 
hy Ue 


(I) re) (II) 


It is known that hot solutions of strong bases convert phenanthra-9,10-quinone into 
fluorenone by a benzilic acid type of rearrangement, and the weak base litharge is a 
favoured reagent in the dry way for this kind of change,‘ especially with large o-quinones 
sparingly soluble in alcoholic solutions of alkali. It is now found that litharge can be 
replaced by the slower-acting zinc oxide, for from a mixture of this and the above- 
mentioned quinones of phenanthrene, chrysene, and picene at 300—320° the corresponding 
fluorenones sublime or distil at atmospheric pressure in yields varying from 40 to 50%. 
A smaller yield is obtained from picene-13,14-quinone, but none from retene-9,10-quinone. 
Here no volatile material is formed, presumably owing to condensation of alkyl and 
carbonyl groups under the influence of the basic zinc oxide. 

Commercial, freshly prepared zinc dust always contains zinc oxide which moreover is 
always formed by the removal of oxygen in organic compounds as the zinc-dust distillation 
proceeds. This explains the formation of the fluorenone in all instances when zinc dust 
is heated with o-quinones of phenanthrene, retene, chrysene, and picene, but with the 4 
and 5-ring quinones the fluorene was also observed. These conditions afford little or none 

1 Part II, Davies and Ennis, J., 1959, 915. 

* Bamberger and Chattaway, Annalen, 1895, 284, 52. 


* Cook, J., 1941, 685. 
* “ Beilsteins Handbuch der Organischen Chemie,” 4th edn., Vol. VII, pp. 797, 819, 827, 839. 
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of the formerly expected hydrocarbon consisting of six-membered rings only. However, 
chrysene, as well as the related fluorene and fluorenone derivatives, are formed from 
chrysenequinone and hot zinc dust in a stream of hydrogen. These three are also formed 
when the zinc oxide in the zinc dust has previously been converted into metallic zinc 
in situ by a stream of hydrogen. In this case the zinc dust was initially supported on 
pumice, and afforded the best yield (9%) of chrysene obtained in our work. 

In general the presence of zinc oxide in zinc dust seems advantageous in zinc-dust 
distillations without the use of externally supplied hydrogen. For example, when 
ordinary zinc dust is heated in a tube the infusible zinc oxide hinders the coalescing of the 
minute droplets of molten zinc. In this way a large surface of molten zinc on the 
“carrier” zinc oxide is exposed to the action of the hot steam formed by the high- 
temperature decomposition of part of the organic compound to be reduced. It seems 
likely that it is the hot hydrogen thus produced which effects reduction to the hydro- 
carbon, since we found that when the zinc-dust distillation of phenanthrene- and chrysene- 
quinone is effected in the presence of starch, which readily forms much steam, the only 
pure compounds isolated are the hydrocarbons fluorene and “ chrysenofluorene.”’ 

In the present work four compounds with a 1,2-quinone group in the “‘ K region ”’ of 
phenanthrene have been distilled with zinc dust, and in all cases ring contraction has taken 
place. Since this seems to be the rule its occurrence need no longer be a source of confusion 
but may actually be evidence for the structure of the quinone and its parent, completely 
aromatic, hydrocarbon. The ready formation of the fluorenone from picene-13,14-quinone 
(which reacts with o-phenylenediamine with difficulty +) suggests that this reaction may 
find use in the recognition of o-quinones subject to even greater steric hindrance. 


EXPERIMENTAL 


Reactions of o-Quinones with Zinc Oxide.—A mixture of the quinone with three parts of zinc 
oxide was heated at 300—320° until there was no further sublimation, usually for about 1 hr. 

Phenanthra-9,10-quinone (0-50 g.) yielded fluorenone (0-17 g., 40%), yellow needles (from 
aqueous ethanol), m. p. and mixed m. p. 84°. The oxide residue was extracted with benzene, 
and the extract chromatographed on alumina, to yield colourless needles, m. p. 314° 
(presumably diphenanthrofuran, m. p. 310°,5 306° *) as the only discrete material (Found: C, 
91-2; H, 4:5. Calc. for C,,H,,0: C, 91-3; H, 435%). 

Chrysene-1,2-quinone (0-50 g.) produced a sublimate of yellow-orange needles of 1,2-benzo- 
fluorenone (0-25 g., 52%), m. p. 132° (from ethanol). There was no depression when admixed 
with a sample prepared from chrysene-1,2-quinone.’ 

Picene-5,6-quinone (0-20 g.) gave plates which after chromatography on alumina in benzene 
solution yielded naphtho(2’,1’:1,2)flucrenone, golden-yellow plates (from ethanol), m. p. 210° 
(lit. m. p. 210°) (Found: O, 6-0. Calc. for C,,H,,O: O, 5:7%). Picene-13,14-quinone 
similarly yielded 1,2:7,8-dibenzofluorenone (0-05 g., 27%), brown-orange plates, m. p. 270— 
270-5° (lit., m. p. 272°,§ 265—266° ®) (Found: C, 90-4; H, 4-3. Calc. for C,,H,,O: C, 90-0; 
H, 4-3%). 

Retenequinone gave no sublimate and no discrete compound could be isolated from the 
oxide residue. Benzil (b. p. 347°) distilled unchanged from zinc oxide. 

Reaction of Picene-5,6-quinone with Litharge.—Picene-5,6-quinone (0-10 g.) was heated with 
lead oxide (0-8 g.) at 280° for 2 min. Vacuum was then applied. Naphtho(2’,1’:1,2)fluorenone, 
m. p. 210° (0-06 g.), sublimed. Vacuum-methods are not so suitable to reactions with zinc 
oxide since a considerable amount of the quinone sublimed with the fluorenone. 

Zinc-dust Distillation of o-Quinones.—Unless otherwise indicated an intimate mixture of the 
quinone with five parts of zinc dust was lightly packed in a horizontal test tube and covered 
with the same amount of zinc dust. The zinc dust was commercial material containing 


5 Dutt and Sen, J., 1923, 128, 3420. 

* Japp and Findlay, J., 1897, 71, 1115. 

7 Bamberger and Kranzfeld, Ber., 1885, 18, 1931. 
® Wanscheidt, Ber., 1926, 59, 2092. 

* Swain and Todd, J., 1941, 674. 
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approximately 86% of metallic zinc and 14% of zinc oxide. The mixture was then heated to 
dull red heat for 5—10 min. and the resultant sublimate extracted with a suitable solvent and 
chromatographed on alumina. 

Phenanthraquinone. (i) The sublimate was extracted with light petroleum (b. p. 56°) and 
chromatographed on alumina. The first band, fluorescing pale blue under ultraviolet light, 
yielded on concentration a small amount of phenanthrene, m. p. and mixed m. p. 99°. The 
second band, pale yellow and non-fluorescent, gave a small amount of fluorenone, m. p. and 
mixed m. p. 84°. 

(ii) The distillation was repeated but with an equal weight of quinone and starch in the 
first layer of zinc dust. The distillation took about twice the time required in the absence of 
starch. The sublimate was chromatographed as before and the first band, weakly fluorescent 
under ultraviolet light, yielded on concentration fluorene, m. p. and mixed m. p. 113°, in very 
low yield. No other product was isolated. 

Retenequinone. The yellow sublimate was chromatographed in light petroleum (b. p. 56°) 
on alumina. The first band eluted fluoresced blue under ultraviolet light and its colourless 
solution on concentration yielded a very small amount of non-crystalline material. This 
formed an orange 2,4,7-trinitrofluorenone complex, needles (from benzene), m. p. 167° un- 
depressed when admixed with retene—2,4,7-trinitrofluorenone complex (m. p. 167°). The 
second band, pale yellow and non-fluorescent, yielded on concentration yellow crystals, m. p. 
88—89° alone or mixed with retenequinone.” 

Chrysenequinone. (i) The orange sublimate from the zinc-dust distillation of the quinone 
(1-0 g.) was dissolved in benzene, and this solution was diluted with two volumes of 
light petroleum (b. p. 56°) and chromatographed on alumina. The first band, fluorescing 
blue under ultraviolet light, yielded on concentration a small amount of 1,2-benzofluorene, 
white plates, m. p. 185—187° (lit.,44 m. p. 188°) [complex with 2,4,7-trinitrofluorenone, m. p. 
215° (lit.,1% m. p. 215°) (Found: C, 67-7; H, 3-3. Calc. for Cs9H,,N,O,: C, 67-8; H, 3-4%]. 
The second, yellow, band yielded 1,2-benzofluorenone, m. p. 132°. 

(ii) When starch was mixed with the quinone and zinc dust the only pure material obtained 
was 1,2-benzofluorene, in very low yield. ba 

(iii) The quinone (1-0 g.) was distilled with zinc dust in a stream of hydrogen. The product 
was purified as before. The first band contained a mixture of chrysene and 1,2-benzofluorene. 
The mixture in benzene was treated with 2,4,7-trinitrofluorenone in benzene and the first crop of 
crystals (orange needles) recrystallised from benzene to give the chrysene—2,4,7-trinitrofluorenone 
complex, m. p. 249° (lit.,43 m. p. 249°). The filtrate from the first crop was concentrated and 
diluted with ethanol, to yield red-orange needles of the 1,2-benzofluorene—2,4,7-trinitro- 
fluorenone complex, m. p. 215°. The complexes in benzene solution were decomposed by 
passage through an alumina column, yielding chrysene (0-03 g.) and 1,2-benzofluorene (0-03 g.). 
The second band yielded 1,2-benzofluorenone (0-12 g.). 

(iv) Zinc dust was mixed with powdered pumice and heated in a stream of hydrogen at 
550° for 2 hr. The quinone (1-0 g.), also suspended on pumice, was then heated to drive it 
through the zinc dust in a stream of hydrogen. From this, chrysene (0-09 g.), 1,2-benzofluorene 
(0-03 g.), and 1,2-benzfluorenone (0-02 g.) were isolated as in (iii). 

Picene-5,6-quinone. The sublimate and the residue from the distillation of the quinone 
(0-50 g.) were extracted with boiling xylene, and the extract was concentrated to 5 ml. Sublim- 
ation of the yellow crystals gave a mixture of white needles and yellow plates which could not 
be separated by chromatography on either silica or alumina. The material was extracted with 
boiling ethanol, and the residue recrystallised repeatedly from chloroform and from toluene, to 
yield colourless needles of naphtho(2’,1’:1,2)fluorene, m. p. 333—334° (lit., m. p. 338°, 327— 
328° 14), undepressed when admixed with picene (Found: C, 94-4; H, 5-1. Calc. for C,,H,,: 
C, 94:7; H, 5-3. Calc. for C,H: C, 94:9; H, 5-1%). The ultraviolet spectrum of this 
material agrees well with that of naphtho(2’,1’:1,2)fluorene but differs markedly from that 
of picene.** No 2,4,7-trinitrofluorenone complex could be prepared under conditions where 
picene readily gave such a derivative.'* The filtrate from the original xylene extraction and 


10 Bamberger and Hooker, Annalen, 1885, 229, 102. 
11 Graebe, Ber., 1894, 27, 952. 

12 Woolfolk and Friedel, J. Amer. Chem. Soc., 1949, 71, 3002. 
18 Woolfolk and Orchin, J. Amer. Chem. Soc., 1946, 68, 1727. 
44 Cook, Hewett, Mayneord, and Roe, J., 1934, 1727. 
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the above alcohol washings, when combined and evaporated to dryness, gave a very small 
yield of yellow plates (from ethanol), m. p. 204—206°, not depressed when admixed 
with naphtho(2’,1’:1,2)fluorenone, m. p. 210°. 


The microanalyses were carried out by Dr. W. Zimmermann and his staff. One of us 
(B. C. E.) thanks the Vacuum Oil Co. Pty. Ltd. for a scholarship. Some equipment was 
provided from the Anti-Cancer Council of Victoria. 


UNIVERSITY OF MELBOURNE, AUSTRALIA. (Received, October 6th, 1959.) 





300. The Constitution and Synthesis of Afromosin. 
By T. B. H. McMurry and C. Y. THENG. 


Afromosin, an extractive from Afromosia elata Harms., is shown to be 
the isoflavone (I), and its synthesis is described. 


No work has yet been recorded on the extractives of Afromosia elata Harms.,' a West 
African hardwood which has become popular as a teak substitute. We have examined 
both light petroleum and acetone extracts. 

Extraction with light petroleum affords a red oil, which on saponification gives a mono- 
alcohol. This may be either a triterpene alcohol or a sterol, but it has not yet been examined 
further since it is obtained in low yield. 

The extraction with acetone affords a colourless compound, which we have called 
afromosin,in 0-11% yield. Afromosin, which we show below to be the isoflavone (I), contains 
two methoxyl groups, and a phenolic hydroxyl group. It gives a monomethyl ether (II) on 
methylation with diazomethane or, better, dimethyl sulphate and potassium carbonate 
in dry acetone. Treatment of afromosin (I) with methyl iodide and potassium carbonate 
in acetone affords a compound which may be an O-methyl-C-methyl derivative; presum- 
ably substitution takes place in the 8-position * to give compound (III). Afromosin also 
affords O-ethyl (IV; R = Et) and O-acetyl (IV; R = Ac) derivatives. 


Me ¥ a. 


(II) (III) 


AR 
% O. 
HO AcO 
{Some HO Ve OH AcO a. OAc 
O° 
(IV) (VI) 
Reagents: |, MegSO,-K,CO,;-COMe,. 2, Mel-KgCO,;-COMeg. 3, HF-PHOH. 4, AcgO-C,H,N. 





Demethylation of afromosin gives the trinydroxy-compound, C,,H,,0, (V), characterised 
as its triacetate (VI). Methylation of this phenol (V) affords tri-O-methylafromosin (II), 
showing that no molecular rearrangement occurs during the demethylation.* 

These reactions suggest a flavonoid structure for afromosin, and this is supported by 
its bands (in Nujol) at 3200w (OH), 1635 (pyrone C=O), 1580 and 1528 (aromatic (C=C), 
1255 (aromatic C—O), and 1030 cm. (OMe), and ultraviolet maxima at 2580 and 3200 A 

1 Cf. Castagne, Adriaens, and Istas, Pubs. inst. nat. étude agron. Congo Belg., Sci. Series, 1946, No. 3 
(Chem. Abs., 1948, 42, 8467). 

2 Jain and Seshadri, Quart. Rev., 1956, 10, 169. 


3 Cf. Seshadri, Tetrahedron, 1959, 6, 169. 
* Stamm, Schmid, and Buchi, Helv. Chim. Acta, 1958, 41, 2006, 
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(log « 4-37 and 4-0 respectively). The relative intensities of the two peaks indicate an 
isoflavone rather than a flavone nucleus,5* and we have confirmed this by alkaline 
degradation of O-methylafromosin (II) and of afromosin itself. 

When O-methylafromosin is refluxed with potassium hydroxide in ethanol under 
nitrogen it affords the deoxybenzoin (VII), vmax. 1628 (C=O), 1614, 1592, and 1514 (aromatic 
C=C), 1250 (aromatic C-O), and 1037 cm.* (OMe)*® and Amsx 2780 and 3430 A 
(log « 4:19 and 4-02 respectively).6 This was converted into O-methylafromosin when 
heated with formanilide,’ confirming the isoflavone skeleton. If the alkaline degradation 
is carried out in air, a second compound is sometimes obtained. This proved to be the 
benzil (VIII): it showed infrared peaks at 1677 and 1630 (C=O),® 1600, 1588, and 1520 
(aromatic C=C), 1255 (aromatic C-O) and 1035 cm. (OMe) and has ultraviolet maxima at 
2780 and 3530 A (log e 4-33 and 3-91 respectively).® It is formed by the autoxidation of 
the deoxybenzoin (VII) in alkaline solution, for when oxygen is passed through an alkaline 
solution of either O-methylafromosin (II) or the deoxybenzoin (VII) the benzil is formed in 
good yield. While a benzil has never been isolated from the alkaline degradation of an 
isoflavone, the autoxidation of ketones in alkali is well-known; ™®"™ and, indeed, when 
oxygen is passed through a solution of deoxybenzoin itself and potassium t-butoxide in 
t-butyl alcohol, benzilic acid is formed. Benzil is presumably an intermediate which 
rearranges in the strongly alkaline medium. The autoxidation probably involves the 
attack of molecular oxygen on the enolate ion (IX). Methylation of the deoxybenzoin 
(VII) affords the tetramethyl ether (X), which on oxidation with potassium permanganate 
in acetone ® affords the tetramethoxybenzil (XI) also obtained by the methylation of 
(VIII). Both benzils, (VIII) and (XI), were characterised as quinoxaline derivatives. 


(ty cis MeOP7 QOH pen ni 
2 MeO CO-CH,+C,H,* OMe MeO CO-CO-C,H,: OMe 


/ 
bate (VII) (VIII) 
4 4 
op MeO OMe Ra eo 
ee GO CeM, OMe MeO CO-CH2°C,H,OMe MeO CO-CO-C,H,:OMe 
5 

IX ° X) XI 
(IX) ( ts (XI) 

i. HOA OH > Xt. 

MeO CO-CH,-C,H,-OMe MeO CO-CO-C,H,-OMe 


(XII) (XIII) 


Reagents: 1, KOH-EtOH-N,. 2, NHPh*CHO at 250°. 3, KOH-EtOH-O,. 4, Me,SO,-K,CO,-COMeg. 
5, KMnO,-COMe,. 


The conversion of afromosin (I) into the deoxybenzoin (XII) requires more vigorous 
conditions than those required for the conversion of O-methylafromosin (II) into the 
deoxybenzoin (VII). The ionisation of the 7-hydroxy-group inhibits attack of a hydroxyl 
ion on the pyrone ring."* The only product obtained when the alkaline degradation was 


5 Warburton, Quart. Rev., 1954, 8, 67. 

* Crabbé, Leeming, and Djerassi, J. Amer. Chem. Soc., 1958, 80, 5258. 

7 Gowan, Lynch, O’Connor, Philbin, and Wheeler, J., 1958, 2495. 

* Rasmussen, Tunnicliff, and Brattain, J]. Amer. C - Soc., 1949, 71, 1068; Dallwigk, Paillard, 
and Briner, Helv. Chim. Acta, 1952, 35, 1377. 

* Leonard, Rapala, Herzog, and Blout, J. Amer. Chem. Soc., 1949, 71, 2997; Leonard and Blout, 
ibid., 1950, 72, 484. 

10 Kohler and Thompson, J. Amer. Chem. Soc., 1937, 59, 887. 

11 Doering and Haines, ]. Amer. Chem. Soc., 1954, 76, 482. 

## Badcock, Cavill, Robertson, and Whalley, J., 1950, 2961; Mee, Robertson, and Whalley, /., 
1957, 3093; Suginome, J. Org. Chem., 1958, 23, 1044. 
13 Cf. Baker and Dutt, /., 1949, 2142. 
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carried out in a stream of oxygen was an uncharacterised oil, but the benzil (XIII) was 
isolated when the alkaline solution from the reaction was set aside overnight with free 
access to the air. Methylation of the deoxybenzoin (XII) gave its tetramethyl ether (X). 

Having identified the carbon skeleton of afromosin, we turned our attention to the 
location of the oxygen functions. Oxidation of afromosin (I) or O-methylafromosin (IT) 
with permanganate affords f-anisic acid, thus placing one methoxyl group in the 4’- 
position. The other two oxygen functions must be in ring A. However, oxidation of 
0-methylafromosin under even the mildest conditions * gave no fragment corresponding 
to ring A, but only -anisic acid. However, we were able to limit the possible structures 
for afromosin as follows. Neither of the oxygen functions can be in the 5-position, because 
the positions of the short wavelength bands in the ultraviolet spectra of both afromosin (I) 
and the trihydroxyisoflavone (V) are unaffected by the addition of aluminium chloride: 
the presence of a 5-hydroxyl group causes a bathochromic shift of this peak. Further, 
O-methylafromosin (II) is unaffected by aluminium chloride in anhydrous ether: a 5- 
methoxyl group would be demethylated; ®!5 and the trihydroxyisoflavone (V) forms a 
triacetate with acetic anhydride and pyridine at room temperature, whereas a 5-hydroxyl 
group is unaffected under these conditions.’® The presence of an o-dihydroxy-system in 
the trihydroxyisoflavone (V) is demonstrated by the bathochromic shift of the long-wave- 
length band in the ultraviolet spectrum of this compound from 3260 A (log « 4-03) in 
ethanol to 3400 A (log « 3-97) in ethanol—boric acid—sodium acetate.!? 

The structure of O-methylafromosin is thus limited to (II) or (XIV), and that of the 
derived deoxybenzoin to (VII) or (XV). We have synthesised (VII) by the Hoesch 
condensation between 3,4-dimethoxyphenol (XVI) and 4-methoxybenzyl cyanide, and 
shown that this is identical with the degradation product from O-methylafromosin. The 
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° 
HO OH ; HO OH 2 HO 
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Reagents: 1, 44MeO*C,HyCHy*CN-ZnCl,-Et,O-HCl. 2, Zn(CN),-Et,O-HCl. 


position taken up by the entering group in the Hoesch reaction follows by analogy from 
the condensation of the phenol (XVI) and acetonitrile to give 2-hydroxy-3,4-dimethoxy- 
acetophenone.® 

Afromosin can then be either (I) or (XVII), and the derived deoxybenzoin (XII) or 


14 Harborne, Chem. and Ind., 1954, 1142; Swain, ibid., p. 1480. 

18 Baker and Simmonds, J., 1940, 1370; Briggs and Locker, J., 1950, 2379. 

16 Simonokoriyama, Bull. Chem. Soc. Japan, 1941, 16, 284. 

17 Jurd, Arch. Biochem. Biophys., 1956, 68, 376; Ja Amer. Chem. Soc., 1958, 80, 5531; Jurd and 
Rolle, ibid., p. 5527. 
” Jones, Mackenzie, Robertson, and Whalley, J., 1949, 562. 
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(XVIII). Condensation of 4-methoxybenzyl cyanide with methoxyquinol (XIX) and 
4-methoxyresorcinol (XX) affords (XVIII) and (XII) respectively. The former deoxy- 
benzoin (XVIII) was not identical with the degradation product from afromosin, but 
methylation afforded the tetramethoxydeoxybenzoin (X), confirming its structure. The 
product from 4-methoxyresorcinol proved to be identical with the deoxybenzoin from 
afromosin. Reaction of the deoxybenzoin (XII) with zinc cyanide and hydrochloric acid 
in dry ether ® afforded afromosin (I), thus completing the synthesis of this compound. 

We have also synthesised 3-benzyloxy-4-methoxyphenol (XXI) and 4-benzyloxy-3- 
methoxyphenol (XXII) by oxidation of O-benzylisovanillin and O-benzylvanillin 
respectively with peracetic acid. Hoesch condensation of the former with 4-methoxy- 
benzyl cyanide affords the deoxybenzoin (XII). 

Afromosin is one of a rare group of flavonoids lacking a 5-oxygen function.*# 
According to biogenetic theory, the formation of afromosin in Nature must involve 
reductive loss of a 5-oxygen function and oxidative addition of an oxygen function at the 
6-position. 

EXPERIMENTAL 


Ultraviolet spectra were measured in ethanol solution with a Beckman D.U. instrument, and 
the infrared spectra, in Nujol (unless otherwise stated), with a Hilger 800 double-beam 
instrument. 

Extraction of Afromosia elata Harms.—(a) With light petroleum. The powdered wood (9 kg.) 
was extracted with boiling light petroleum (b. p. 60—80°) for 24 hr. The deposited solid was 
collected at the pump, and the solvent removed from the filtrate. The residual red oil was 
redissolved in light petroleum, and set aside at 0° for 15 hr. The solid was collected, and the 
filtrate evaporated. The oily residue (17 g.) was saponified with potassium hydroxide (15 g.) 
in ethanol (150 c.c.) for 5 hr. The ethanol was removed and the solution extracted with ether 
(3 x 100 c.c.). The ethereal solution was washed with water and dried (Na,SO,). Removal 
of the ether gave an orange residue which on addition of light-petroleum (b. p. 60—80°) afforded 
an alcohol (1-3 g.) as needles (from light petroleum), m. p. 135°, [aJ,,"* —40-5° (c 1-0 in CHCI,), 
giving a negative Liebermann—Buchard test (Found: C, 85-0; H, 11-7. C,,H,,O requires 
C, 84:3; H, 11-5%). It formed an acetate (by use of acetic anhydride—pyridine), which 
crystallised as needles (from ethanol), m. p. 133°, [a],,!® —44-6° (c 1-0 in CHCI,) (Found: C, 81-4; 
H, 10-9. C,9H,,O, requires C, 81-7; H, 10-8%). 

(b) With acetone. The residual wood was then extracted with acetone for 48 hr. Removal 
of the acetone afforded a brown residue, which on addition of acetone (150 c.c.) deposited a 
brown solid which was collected. More brown solid was deposited when the filtrate was concen- 
trated. The combined solids were crystallised from ethanol, to give afromosin (9-5 g.) as 
colourless needles, m. p. 228—229° [Found: C, 68-2; H, 5-0; OMe, 20-3. C,,;H,O,(OMe), 
requires C, 68-4; H, 4-7; OMe, 20-8%]. 

O-Methylafromosin (II).—Afromosin (500 mg.), dimethyl sulphate (2-5 c.c.), anhydrous 
potassium carbonate (5-0 g.), and dry acetone (70 c.c.) were refluxed for 24 hr. The inorganic 
salts were collected, and the acetone was removed from the filtrate. The residue was heated 
with sodium hydroxide solution for 10 min., and the solid collected and crystallised from 
ethanol, to give O-methylafromosin (520 mg.) as plates, m. p. 174—175°, Amax, 2610 and 3200 A 
(log «, 4-7 and 4-3), vinax, (in CHCI,), 1635 (pyrone C=O), 1608, 1594, and 1518 (aromatic C=C), 
1252 (aromatic C-O) and 1037 cm.! (OMe) [Found: C, 68-9; H, 5-1; OMe, 29-8. 
C,;H,O,(OMe), requires C, 69-2; H, 5-2; OMe, 29-8%]. 

Afromosin (600 mg.) was dissolved in acetone and treated with an excess of diazomethane 
in ether. After 60 hr. the solvents were removed. The product, crystallised several times 
from ethanol, gave O-methylafromosin (130 mg.), m. p. and mixed m. p. 172—174°. 

8,0-Dimethylafromosin (II1).—Afromosin (500 mg.) was refluxed with methyl iodide (10c.c.) 
and anhydrous potassium carbonate (4-0 g.) in dry acetone (50 c.c.) for 12 hr. The product 
was 8,0-dimethylafromosin (250 mg.), which crystallised from ethanol as plates, m. p. 141°, Amax. 


19 Farkas, Chem. Ber., 1957, 90, 2940. 
2© Meltzer and Doczi, J. Amer. Chem. Soc., 1950, 72, 4986. 

*1 Seshadri, Ann. Rev. Biochem., 1951, 20, 491; Geissmann and Hinreiner, Bot. Rev., 1952, 18, 120. 
%2 Birch, Fortschr. Chem. org. Naturstoffe, 1957, 14, 186. 
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2580 and 3160 A (log c, 4-40 and 4-11 respectively), vmax 1638 (pyrone C=O), 1629, 1620, 1604, 
1587, and 1508 (aromatic C=C), 1262 and 1248 (aromatic C—O) and 1031 cm.*! (OMe) (Found: 
C, 69:7; H, 5-4. C,,H,,O, requires C, 69-9; H, 5-6%). 

O-Ethylafromosin (IV; R = Et).—Afromosin (400 mg.), ethyl iodide (6-5 c.c.), potassium 
carbonate (3-0 g.), and acetone (50 c.c.) were refluxed for 24 hr. The product was O-ethyl- 
afromosin (320 mg.), which crystallised from ethanol as needles, m. p. 135—138°, Amex, 2610 and 
3120 A (loge 4-48 and 4-11), Vmax, 1624 (pyrone C=O), 1614, 1602, 1591, 1568, and 1508 (aromatic 
C=C), 1251 (aromatic C—O) and 1019 cm.“ (OMe) (Found: C, 70-0; H, 5-5. C,gH,,0, requires 
C, 69-9; H, 5-6%). 

O-Acetylafromosin (IV; R = Ac).—Afromosin (480 mg.), acetic anhydride (5 c.c.), and 
pyridine (5 c.c.) were heated at 100° for 2 hr. The mixture was poured into water, and the 
resulting solid collected and crystallised from ethanol to give O-acetylafromosin (320 mg.) as 
colourless needles, m. p. 165—167°, Amex, 2570 and 3250 A (loge 4-48 and 4-2), vmax (in CHCI,), 
1765 (Ac), 1640 (pyrone C=O), 1618 and 1510 (aromatic C=C), 1250 (aromatic C—O), 1182 
(acetyl), and 1034 cm.+ (OMe) [Found: C, 66-6; H, 4-8; OCHs, 18-3. C,,H,,O,(OMe), 
requires C, 67-1; H, 4-75; OMe, 18-2%]. 

6,7,4’-Trihydroxyisoflavone (V).—Afromosin (300 mg.), phenol (4-5 g.), and hydriodic acid 
(18 c.c.) were heated at 160° for 4 hr. The mixture was cooled and poured into water. The 
green precipitate was collected and washed well with potassium iodide solution, followed by 
water. Crystallisation from methanol afforded 6,7,4’-trihydroxyisofilavone (120 mg.) as needles, 
m. p. 322° (decomp.), Vmax, 3260 (OH), 1635 (pyrone C=O), 1580 and 1524 (aromatic C=C), and 
1253 cm.*1 (aromatic C—O). It gave a green ferric reaction (Found: C, 66-4; H, 3-9. C,,;H,,O, 
requires C, 66-7; H, 3-7%). 

6,7,4’-Triacetoxyisoflavone (V1).—6,7,4’-Trihydroxyisoflavone (100 mg.), acetic anhydride 
(0-5 c.c.), and pyridine (1-0 c.c.) were set aside at room temperature for 24 hr. The product 
crystallised from ethanol, to give the triacetate (100 mg.) as needles, m. p. 217°, Amax, 2520 and 
3180 A (loge 4-13 and 3-31), Vmax. 1765, 1752, 1742, and 1196 (acetate), 1614, 1569, 1541, 1535, 
and 1501 (aromatic C=C) and 1260 cm. (aromatic C—O) (Found: C, 63-6; H, 4-4. C,,H,,0, 
requires C, 63-6; H, 4:1%). 

O-Methylafromosin from 6,7,4’-Trihydroxyisoflavone.—The trihydroxyisoflavone (100 mg.), 
dimethyl sulphate (0-5 c.c.), potassium carbonate (1-0 g.), and dry acetone (20 c.c.) were refluxed 
for 24 hr. The product, isolated in the usual manner, was O-methylafromosin (80 mg.), m. p. 
and mixed m. p. 173°. ‘ 

2-Hydroxy-4,5-dimethoxyphenyl 4-Methoxybenzyl Ketone (V11).—O-Methylafromosin (100 mg.), 
potassium hydroxide (100 mg.), ethanol (40 c.c.), and water (10 c.c.) were refluxed for 40 min. 
under nitrogen. The ethanol was removed, and the residue acidified. Extraction with ether 
gave 2-hydroxy-4,5-dimethoxyphenyl 4-methoxybenzyl ketone (60 mg.), which crystallised from 
ethanol as plates, m. p. 99—100°, giving a green ferric reaction [Found: C, 67:7; H, 6-1; OMe, 
30-8. C,,H,O,(OMe), requires C, 67-5; H, 6-0; OMe, 30-8%]. Its oxime crystallises from 
ethanol as plates, m. p. 160—161° (Found: C, 63-9; H, 6-1; N, 3-8. C,,H,,O,;N requires 
C, 64-3; H, 6-0; N, 4-4%). 

O-Methylafromosin from 2-Hydroxy-4,5-dimethoxyphenyl 4-Methoxybenzyl Ketone.—The 
above ketone (280 mg.) and formanilide (400 mg.) were heated at 250° for lhr. Crystallisation 
from ethanol afforded a solid (70 mg.), m. p. 174—175°, undepressed on admixture with genuine 
O-methylafromosin. 

2-Hydroxy-4,5,4’-trimethoxybenzil (VIII).—(a) O-Methylafromosin (100 mg.), potassium 
hydroxide (1-0 g.), ethanol (40 c.c.), and water (10 c.c.) were refluxed in a stream of oxygen for 
2 hr. The ethanol was removed, and the residue acidified and extracted with ether. The 
ethereal extract was washed with sodium hydrogen carbonate solution, and water, and then 
dried (Na,SO,). Removal of the ether afforded 2-hydroxy-4,5,4’-trimethoxybenzil (50 mg.) 
which crystallised as yellow needles, m. p. 137°, from ethanol [Found: C, 64:4; H, 5-8; OMe, 
27-6. C,,H,O,(OMe), requires C, 64-6; H, 5-1; OMe, 29-4%]. 

(6) Similar treatment of 2-hydroxy-4,5-dimethoxyphenyl 4-methoxybenzyl ketone (VII) 
(100 mg.) gave the benzil (60 mg.), m. p. and mixed m. p. 136—137°. 

4-Methoxybenzyl 2,4,5-Trimethoxyphenyl Ketone (X).—2-Hydroxy-4,5-dimethoxypheny] 
4-methoxybenzyl ketone (300 mg.), dimethyl sulphate (1-5 c.c.), potassium carbonate (3-0 g.), 
and dry acetone (70 c.c.) were refluxed for 24 hr. The inorganic salts were collected, and the 
acetone was removed from the filtrate. The residue was heated for 15 min. with sodium 
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hydroxide solution, then extracted with ether. Removal of the ether gave 4-methoxybenzy] 
2,4,5-tvrimethoxyphenyl ketone (210 mg.) which crystallised from ether as rhombs, m. p. 87°, 
Amax. 2720 and 3280 A (log c 4-06 and 3-94), vmx 1655 (aromatic C=O), 1607, 1581, and 1514 
(aromatic C=C), 1249 (aromatic C—O) and 1028 cm.? (OMe) [Found: C, 68-3; H, 6-1; OMe, 
38-9. C,,H,O(OMe), requires C, 68-3; H, 6-4; OMe, 39-2%]. 

2,4,5,4’-Tetramethoxybenzil (XI).—(a) 4-Methoxybenzyl 2,4,5-trimethoxyphenyl ketone 
(80 mg.) in, acetone (15 c.c.) was treated with potassium permanganate (250 mg.) in water 
(12 c.c.) at room temperature. When the oxidation was complete, the acetone was removed, 
and sulphur dioxide was passed through the solution. The solution was extracted with benzene, 
and the extracts were washed with aqueous sodium hydrogen carbonate and water. Removal 
of the benzene gave 2,4,5,4’-tetramethoxybenzil (40 mg.) which crystallised from ethanol as 
yellow rhombs, m. p. 158°, Amex, 2820 and 3450 A (log « 4-41 and 4-00), vmx 1666 and 1635 
(C=O), 1595, 1579, and 1513 (aromatic C=C), 1257 (aromatic C—O) and 1022 cm.~* (OMe) [Found: 
C, 65-5; H, 5-5; OMe, 36-8. C,,H,O,(OMe), requires C, 65-4; H, 5-5; OMe, 37-6%]. 

(b) 2-Hydroxy-4,5,4’-trimethoxybenzil (50 mg.), dimethyl sulphate (0-25 c.c.), potassium 
carbonate (500 mg.), and dry acetone (15 c.c.) were refluxed for 24 hr. The product was the 
tetramethoxybenzil (40 mg.), m. p. and mixed m. p. 158°. 

2-(2-Hydroxy-4,5-dimethoxyphenyl) -3-p-methoxyphenylquinoxaline.—2 - Hydroxy -4,5,4’-tri- 
methoxybenzil (50 mg.) and freshly sublimed o-phenylenediamine (25 mg.) were heated at 100° 
for 45 min. The product crystallised from methanol to give the quinoxaline (40 mg.) as yellow 
needles, m. p. 154°, Amax, 2430, 2830, (3458), and (3850) A [log « 4-59, 4-40, (3-98), and (3-94) 
respectively] * (Found: C, 71-7; H, 5-2. C,,H,,O,N, requires C, 71-1; H, 5-2%) (spectral 
data in parentheses refer to inflexions here and below). 

2-p - Methoxyphenyl -3 - (2,4, 5- trimethoxyphenyl)quinoxaline. —2,4,5,4’ - Tetramethoxybenzil 
(70 mg.) and o-phenylenediamine (35 mg.) at 100° (30 min.) gave the quinoxaline as yellow 
needles (from methanol), m. p. 174—175°, Amax. 2440, (2800), and 3570 [log « 4-46, (4-23), and 
3-92),22 vnax 1619, 1603, 1570, 1554, 1528, and 1503 (aromatic C=C), 1240 (aromatic C—O) and 
1019 cm.* (OMe) [Found: C, 71-2; H, 5-7; N, 7:8; OMe, 31-4. C,. 9H, )N,(OMe), requires 
C, 71-6; H, 5-5; N, 7-0; OMe, 30-8%]. = 

2,4-Dihydroxy-5-methoxyphenyl 4-Methoxybenzyl Ketone (XII).—Afromosin (500 mg.), 
potassium hydroxide (4-0 g.), ethanol (40 c.c.), and water (10 c.c.) were refluxed for 40 min. 
under nitrogen. The product, isolated in the usual manner, was 2,4-dihydroxy-5-methoxy- 
phenyl 4-methoxybenzyl ketone (310 mg.) which was obtained in two forms (both as needles from 
ethanol), m. p. 118° and 128—129°, Am 2800 and 3480 A (loge 4-32 and 4-16), vmax 3400 (OH), 
1642 (C=O), 1605, 1583, and 1510 (aromatic C=C), 1240 (aromatic C—O), and 1033 and 1024 cm. 
(OMe), giving a green ferric reaction [Found: C, 66-2; H, 5-5; OMe, 21-1. C,,H,,O,(OMe), 
requires C, 66-7; H, 5-6; OMe, 21-5%]. 

Methylation of the above ketone (100 mg.) with dimethyl sulphate and potassium carbonate 
affords 4-methoxybenzy] 2,4,5-trimethoxyphenyl ketone (X) (60 mg.), m. p. and mixed m. p. 87°. 

2,4-Dihydroxy-5,4’-dimethoxybenzil (XIII).—When the alkaline solution from the alkaline 
degradation of afromosin (100 mg.) (see above) was set aside in an open beaker overnight, the 
product was 2,4-dihydroxy-5,4’-dimethoxybenzil (30 mg.) which crystallised from ethanol as 
yellow rhombs, m. p. 195°, Amax, 2850 and 3580 A (log ¢ 4-21 and 3-87), vmx 1667 and 1650 
(C=O), 1613, 1582, and 1513 (aromatic C=C), 1255 (aromatic C—O), and 1035 cm. (OMe), giving 
a green ferric reaction [Found: C, 63-7; H, 4:9; OMe, 20-0. C,,H,O,(OMe), requires C, 63-6; 
H, 4-7; OMe, 20-5%]. 

p-Anisic Acid from Afromosin Derivatives.—(a) From O-methylafromosin (II). Potassium 
permanganate was added in small portions to O-methylafromosin (400 mg.) in acetone (50 c.c.). 
The mixture was refluxed, and more permanganate was added until a slight excess was present. 
The mixture was refluxed for a further 30 min. The precipitated manganese dioxide was 
collected and washed with boiling water. The combined filtrate and washings were acidified 
with sulphuric acid, saturated with ammonium sulphate, and extracted with ether. Removal 
of the ether and crystallisation of the residue from ethyl acetate-light petroleum gave -anisic 
acid (60 mg.) as needles, m. p. and mixed m. p. 178°. The infrared spectrum of the anisic acid 
obtained as described above was identical with that of the genuine acid. 

(b) From afromosin. Similar treatment of afromosin (500 mg.) gave p-anisic acid (40 mg.), 
m. p. and mixed m. p. 178°. 

*3 Cf. Bohlmann, Chem. Ber., 1951, 84, 860. 
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Synthetic Experiments.—2-Hydroxy-4,5-dimethoxyphenyl 4-methoxybenzyl ketone (VII). 3,4- 
Dimethoxyphenol ® (1-0 g.), 4-methoxybenzyl cyanide (2 c.c.), anhydrous zinc chloride (500 
mg.), and dry ether (10 c.c.) were saturated at 0° with dry hydrogen chloride for 2 hr. The 
mixture was set aside at 0° for 24 hr. The ether was decanted from the resultant solid, which 
was washed with dry ether and then refluxed with water (30 c.c.) for 2 hr. The mixture was 
cooled and extracted with ether (3 x 10 c.c.). The combined ether extracts were washed 
with sodium hydrogen carbonate solution and then extracted with sodium hydroxide solution. 
The sodium hydroxide extracts were acidified with hydrochloric acid and extracted with ether. 
The ethereal solution was washed with water, dried (Na,SO,), and evaporated. The residue 
crystallised from ethanol, to give 2-hydroxy-4,5-dimethoxyphenyl 4-methoxybenzyl ketone (500 
mg.) as needles, m. p. 99—100°, undepressed on admixture with a sample obtained by the 
degradation of O-methylafromosin 

3-Benzyloxy-4-methoxyphenol (XXI1). O-Benzylisovanillin * (6-0 g.) in acetic acid (120 c.c.) 
was treated with peracetic acid (34 c.c. of a 0-75m-solution in acetic acid) with cooling, and set 
aside for 15 hr. The product after removal of the acetic acid was saponified with potassium 
hydroxide (4-0 g.) in methanol (100 c.c.) and water (25 c.c.) for 30 min. The mixture was 
poured into water (300 c.c.) and extracted with ether. The aqueous layer was acidified and 
extracted with ether (3 x 60c.c.). The latter extracts were combined and washed with 
water, and dried (Na,SO,), and the ether was removed. The residue crystallised to give 
3-benzyloxy-4-methoxyphenol (2-0 g.) as rhombs (from carbon tetrachloride), m. p. 86°, Vmax 
3600 (OH), 1605 and 1511 (aromatic C=C), 1238 (aromatic C—O), and 1022 cm.-! (OMe), giving 
a transient green ferric reaction, which rapidly became brown (Found: C, 72-0; H, 6-0. 
C,,H,,0; requires C, 73-0; H, 6-1%). 

4-Benzyloxy-3-methoxyphenol (XXII). O-Benzylvanillin * (12 g.) in acetic acid (240 c.c.) 
was treated with peracetic acid (67 c.c. of a 0-75m-solution in acetic acid) with cooling, and set 
aside overnight. The product, after saponification, was 4-benzyloxy-3-methoxyphenol (4-9 g.) 
which crystallised as needles, m. p. 87° (transient green ferric reaction) (Found: C, 72-3; 
H, 5-8%). 

2,4-Dihydroxy-5-methoxyphenyl 4-methoxybenzyl ketone (XII). (a) 4-Methoxyresorcinol ** 
(2-5 g.), 4-methoxybenzyl cyanide (5-0 c.c.), zinc chloride (500 mg.), and ether (25 c.c.) were 
kept saturated with hydrogen chloride at 0° for 2 hr., and the mixture was set aside at 0° 
for 24 hr. The product, isolated in the usual manner, was 2,4-dihydroxy-5-methoxyphenyl 
4-methoxybenzyl ketone (1-05 g.), m. p. 127—128°, undepressed by a specimen of m. p. 128— 
129° obtained by the degradation of afromosin. 

(b) 3-Benzyloxy-4-methoxyphenol (800 mg.), 4-methoxybenzyl cyanide (1-0 c.c.), anhydrous 
zinc chloride (500 mg.), and dry ether (25 c.c.) were cooled to 0° and saturated with dry hydrogen 
chloride for 2 hr., and set aside at 0° for 48 hr. The product was the ketone (XII) (150 mg.), 
m. p. and mixed m. p. 127—128°. 

2,5-Dihydroxy-4-methoxyphenyl 4-methoxybenzyl ketone (XVIII). Methoxyquinol *? (1-5 g.), 
4-methoxybenzyl cyanide (3 c.c.), zinc chloride (1-0 g.), and dry ether (20 c.c.) were saturated 
with hydrogen chloride for 2 hr., and set aside at 0° for 15 hr. The ketone, isolated (750 mg.) in 
the usual manner, crystallised as needles (from ethanol), m. p. 150°, Amax 2790 and 3530 A 
(log « 4-04 and 3-92), vmax 3400 (OH), 1646 (C=O), 1618 and 1509 (aromatic C=C), 1253 
(aromatic C—O) and 1030 cm.-! (OMe) (Found: C, 67-1; H, 5-8. C,,H,,O, requires C, 66-7; 
H, 5-6%). 

Methylation of this ketone (200 mg.) under the usual conditions affords 4-methoxybenzyl 
2,4,5-trimethoxyphenyl ketone (150 mg.), m. p. and mixed m. p. 86—87°. 

A fromosin (I).—2,4-Dihydroxy-5-methoxyphenyl 4-methoxybenzyl ketone (XII) (600 mg.), 
zinc cyanide (600 mg.), and anhydrous ether (10 c.c.) were saturated with dry hydrogen chloride 
at 0° for 1-5 hr. The mixture was set aside at 0° for 40 hr. The ether was decanted. The 
residual oil was washed with ether (2 x 4 c.c.), then heated with water (20 c.c.) on a water-bath 
for 45 min. The mixture was cooled, and the solid was collected at the pump and washed with 
ethanol. Recrystallisation from ethanol gave afromosin (120 mg.), m. p. and mixed m. p. 
227—229°. . 





* Robinson and Sugasawa, J., 1931, 3163. 

* Kobayashi, Sci. Papers Inst. Phys. Chem. Res. Tokyo, 1927, 6, 149. 
** Drake, Harris, and Jaeger, J. Amer. Chem. Soc., 1948, 70, 168. 

7 Jeffreys, J., 1959 2153. 
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301. Amine Compounds of the Transition Elements. Part V.1 
The Reaction of Zirconium(tv) Chloride with Some Aliphatic Amines. 


By J. E. DRAKE and G. W. A. FowLes. 


Zirconium(tv) chloride forms simple adducts with a number of secondary 
and tertiary aliphatic amines, but aminolysis takes place with primary amines. 
The following aminobasic zirconium(tv) chlorides have been isolated: 
ZrCl,(NHMe),,NH,Me, and ZrCl,(NHR),NH,R (R = Et, Pr®, and Bu’). 
The mechanism of the reactions and the probable structures of the products 
are discussed. 


REAcTIONS of halides of the transition elements in their higher valency states with ammonia 
and with aliphatic amines have been studied in some detail in recent years.-? Ammonia, 
and primary and secondary amines, normally solvolyse the halides, to an extent increasing 
in the order NHR, < NH,R < NH; with a particular amine (or with ammonia), the 
amount of solvolysis decreases as the halides become more ionic, ¢.g., solvolysis is in the 
order TiCl, > ZrCl, > ThCl,. Tertiary amines tend to form simple adducts with the 
halides, although in one or two instances they reduce the metal to a lower valency state. 
Considerable progress has been made with investigations of the solvolytic reactions of the 
Group VA halides,?> but less has been reported on the analogous reactions of the Group IVA 
halides. Thus although the ammonolysis of the chlorides of titanium(rv),* zirconium(rv),’ 
and thorium(rv) 7 has been studied in some detail, very little is known of the corresponding 
reactions of these halides with aliphatic amines. With zirconium(Iv) chloride, for instance, 
nothing has been reported * since the work of Matthews in 1898,9 who observed that 
compounds of overall composition ZrCl,,4NH,R (R = Me, Et, and Pr®) were formed when 
amine vapour was passed through solutions of the halide in diethyl ether. We have now 
examined the reactions of zirconium(Iv) chloride with a number of anhydrous primary, 
secondary, and tertiary aliphatic amines. We have been particularly interested in finding 
out whether the products are simple adducts or mixtures of aminolytic products. 


EXPERIMENTAL 


Materials.—Zirconium(tv) chloride was prepared by passing chlorine over pure zirconium 
metal strip at 400°, and was purified by sublimation. Methylamine was obtained from a 30 
w/w aqueous solution by the action of potassium hydroxide pellets; it was dried over freshly 
crushed barium oxide and finally distilled several times from potassium metal. Other primary 
and secondary amines, of the purest anhydrous grades commercially available, were repeatedly 


* A detailed discussion of many of our results and others concerned with the aminolysis of halides 
of titanium, tantalum, molybdenum, and tungsten was given at a seminar held at Birkbeck College on 
October 9th, 1958. Since then some work has been done on the reactions of titanium(Iv), zirconium(tv), 
and tantalum(v) chloride with lithium dimethylamide and a preliminary report has been published.*® 
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distilled in vacuo from barium oxide. After reaction with the zirconium(tv) chloride, the amine 
was uSually distilled from the product on to the next sample of halide, thus restricting any 
hydrolysis (arising from residual traces of moisture) to the first reaction mixture. Tertiary 
amines were dried in vacuo over phosphoric oxide. 

Analysis.—Weighed samples of the products were taken for analysis wherever possible, but 
in a few instances the products adhered very firmly to the sides of the reaction vessel, and they 
were then hydrolysed in situ, so that only analytical ratios were obtained. All products were 
dissolved in dilute sulphuric acid and aliquot parts taken for analysis. Zirconium was estimated 
gravimetrically as the oxide, after precipitation as the hydroxide. Chloride was estimated 
by potentiometric titration with silver nitrate solution. Nitrogen was determined by the 
Kjeldahl procedure (B.D.H. 4-5 indicator). 

Magnetic Susceptibility Measurements.—These were made on a Gouy-type balance at room 
temperature. 

Reactions.—These were carried out in the usual type of all-glass vacuum system. Two 
experimental procedures were adopted. First, preliminary studies were usually made by 
condensing a small excess of amine on to a known weight of zirconium(tv) chloride in a detach- 
able jointed tube (complete with stopcock), and removing the excess of amine after a few hours’ 
reaction; the amount of amine remaining in association with the halide was then determined 
by simple weighing. In a few instances the products were heated at various temperatures 
for several hours ‘* and any liberated amine was estimated. More thorough investigations 
were then made in which the reactants (a large excess of amine) were sealed in ampoules and 
allowed to react for quite long periods, ranging from a few weeks to several months. The 
ampoules were then opened,’ excess of amine was removed in vacuo, and the product remaining 
analysed to determine its overall: composition. Wherever it seemed possible for the product 
to be an aminolytic mixture, it was extracted with various organic solvents in an attempt to 
isolate the pure components. 

(a) Reaction of zirconium(tv) chloride with tertiary aliphatic amines. Zirconium(tv) chloride 
with trimethylamine gave a white solid of overall composition ZrCl,,2NMe, (Found : 
ZrCl,,2-01NMe,; ZrCl,,2-00NMe,), which was stable in vacuo to 40°. Above this temperature 
trimethylamine was slowly lost, and at 100° one mol. of amine was evolved, leaving a brown 
substance, ZrCl,,NMe, (Found: ZrCl,,1-02NMe,); this was stable in vacuo up to 200°. Both 
the di- and the mono-amine complex were diamagnetic. The product of the prolonged reaction 
in ampoules was also the diamine complex (Found: Zr, 26-5; Cl, 40-6; N, 8-1. ZrCl,,2NMe, 
requires Zr, 26-0; Cl, 40-3; N, 8-0%). The complex was insoluble in trimethylamine. 

Even after reaction for several months in ampoules, the only product of the reaction of 
zirconium(Iv) chloride with triethylamine was a brown powder of composition ZrCl,,NEt,, 
which was insoluble in benzene (Found: Zr, 27-8; Cl, 42-7; N, 4:2. ZrCl,,NEt, requires 
Zr, 27-4; Cl, 42-3; N, 4:2%). 

(b) Reaction of zirconium(iIv) chloride with secondary aliphatic amines. The removal in 
vacuo (several days) of excess of dimethylamine from the product of its reaction with 
zirconium(Iv) chloride left an off-white solid with the composition ZrCl,,2NHMe, (Found: 
ZrCl,,1-98NHMe,; ZrCl,,2-0O3NHMe,). Even after some days in vacuo to 100° the product 
was unchanged (Found, in a different experiment from those quoted above: Zr, 27-7; Cl, 44:1; 
N, 8-7. ZrCl,,2NHMe, requires Zr, 28-2; Cl, 43-9; N, 87%). Even when the reactants were 
allowed to remain together in ampoules for several weeks, the product was still the diamine 
complex (Found: Zr, 27-8; Cl, 43-1; N, 90%). This compound dissolved in dimethylamine 
but not in benzene. 

In the analogous reaction between zirconium(Iv) chloride and diethylamine, the weighed- 
bulb experiments again indicated the formation of a diamine complex (Found: 
ZrCl,,2-03NHEt,), which lost ethylamine fairly readily when heated in vacuo. Thus after 
some 9 hr. at 100° between 0-5 and 1 mol. of ethylamine was lost (Found: ZrCl,,1-40NHEt,; 
ZrCl,,1-25NHEt,), and the reddish oily solid changed to a dark red oil. Reaction in ampoules 
gave yellow crystals and a pale green solution; removal of excess of amine left a brown powder 
of composition Zr: Cl: N = 1-00: 3-99: 2-01. The product was soluble in benzene, showing 
the absence of diethylamine hydrochloride [Found (for the solid left on evaporation of benzene 
from the solution): Zr, 24-9, 25-0; Cl, 37-8, 37-4; N, 7-3, 7-4. ZrCl,,2NHEt, requires Zr, 24-1; 
Cl, 37-4; N, 7-4%). 

Reaction of zirconium(tv) chloride with di-n-propylamine closely resembled that with 
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diethylamine, and the overall composition of the product again corresponded to a diamine 
complex (Found: Zr:Cl: N = 1-00: 3-90: 2-15). The complex was partly soluble in the di- 
propylamine since filtration of the ampoule contents gave two products, one soluble, one 
insoluble, of similar composition [Found: Zr: Cl: N = 1-00: 3-90: 2-10 (soluble), and 1-00: 
3-91: 1-98 (insoluble)]. The product dissolved completely in benzene and in chlorobenzene, 
showing the absence of di-n-propylamine hydrochloride, and was recovered unchanged from 
either solvent (Found: Zr, 21-3; Cl, 32-6; N, 6-25. ZrCl,,2NHC,H,, requires Zr, 21-0; 
Cl, 32-6; N, 6-4%). 

(c) Reaction of zivconium(iv) chloride with primary aliphatic amines. When zirconium(tv) 
chloride was allowed to react with methylamine in a sealed ampoule, the product consisted 
of yellow crystals and a colourless solution. The overall composition of the product remaining 
after evaporation of excess of methylamine varied within the range ZrCl,,3-9—4-9NH,Me 
and it was evident that the composition ZrCl,,4NH,Me was only reached on prolonged evacu- 
ation. None of the product dissolved in benzene or chlorobenzene. The contents of the 
ampoule were filtered, and the yellow crystals washed with fresh methylamine; under a 
vacuum the crystals crumbled to a white powder [Found: Zr, 36-5; Cl, 28-7; N, 16-85. 
ZrCl,(NH’CH,),,NH,°CH, requires Zr, 36-0; Cl, 28-0; N, 166%. Zr:Cl: N = 1-00: 1-92, 
1-90: 2,91, 3-10]. The solid which was obtained by evaporation of the filtrate was almost 
pure methylamine hydrochloride. 

In the analogous reaction with ethylamine, zirconium(iv) chloride dissolved completely 
to give a colourless solution; a white amorphous powder remained on evaporation of excess 
of amine (Found: Zr: Cl: N = 1-00: 3-98, 3-90: 2-83, 3-14, after evacuation for 7 hr. at room 
temperature; 1-00: 3-91, 3-90: 2-11, 1-98 after evacuation for 7 hr. at 70°). Part of the product 
dissolved in benzene [Found: Zr, 32-3; Cl, 38-0; N, 9-9. ZrCl,(NH-C,H,;),NH,C,H, requires 
Zr, 31-8; Cl, 37-1; N, 9-8%]. Other similar products gave Zr: Cl: N = 1-00: 3-01 : 2-11 and 
1-00 : 2-99 : 2-05. 

The zirconium(tv) chloride—propylamine reaction was very similar to the ethylamine reaction, 
except that the excess of propylamine was not quite so easily removed. After being warmed 
in vacuo to 40° for 12 hr. the white product had an overall composition close to ZrCl,,3NH,Pr" 
(Found: Zr: Cl: N = 1-00: 3-90: 3-10), but a mol. of propylamine was lost when the product 
was heated to 70° for a further 12 hr. (Found: Zr: Cl: N = 1-00: 3-92, 3-95: 2-05, 2-01). Part 
of the initial product dissolved in both benzene and chlorobenzene [Found: Zr, 28-2, 29-4; 
Cl, 34-6, 34,4, N, 8-8, 9-15. ZrCl,(NH°C,H,),NH,°C,H, requires Zr, 29-0; Cl, 33-8; N, 8-9%]. 
Similar products from other runs gave Zr:Cl:N = 1-00: 3-16: 2-05 and 1-00: 3-18: 2-15. 
The insoluble residue, which contained no zirconium, appeared to be propylamine hydro- 
chloride (Found: N: Cl = 1-00: 0-93). 

The zirconium(tv) chloride—n-butylamine reaction closely resembled the two previously 
described. The overall composition of the product was Zr, 20-3; Cl, 31:5; N, 91. 
(ZrCl,,3NH,°C,H, requires Zr, 20-2; Cl, 31-3; N, 9-3%). This product lost a mol. of amine in 
12 hr. im vacuo to 70° (Found: Zr: Cl: N = 1-00: 3-96: 2-07). The benzene-soluble portion 
gave Zr:Cl:N = 1-00: 3-14, 3-12: 2-06, 1-90. The white insoluble residue contained no 
zirconium. Extractions with chlorobenzene were not successful, since most of the butylamine 
hydrochloride dissolved as well—probably because a trace of free butylamine was present— 
and analysis of the soluble portion gave ratios such as Zr: Cl: N = 1-00: 3-65: 3-40. 

The reaction of zirconium(tv) chloride with s-butylamine gave a red-brown oil, after removal 
of excess of amine; after 3 hr. at 100° in vacuo the product had the composition Zr: Cl: N = 
1-00 : 3-90 : 2-17. 


DISCUSSION 


The reactions we have studied have been between anhydrous liquid amines and solid 
zirconium(Iv) chloride, and for their understanding we must briefly consider the structure 
of the solid halide. While zirconium(tv) chloride is monomeric in the vapour state, the 
solid is presumably polymerised in view of its moderate volatility and lack of solubility 
in covalent solvents. Blumenthal! has suggested an ionic structure (ZrCly_»)"*(ZrCly,n)"", 


i®@ Blumenthal, ‘“‘ The Chemical Behaviour of Zirconium,’’ Van Nostrand, New York, 1958, 
p. 108. 
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by analogy with phosphorus(v) chloride. An alternative and perhaps preferable formul- 
ation is that of a polymer with Zr-Cl-Zr bridges, similar to niobium(v) chloride ™ (dimeric) 
or iron(111) chloride # (layer lattice); the zirconium-chlorine bonds would be appreciably 
polar and possibly have some double-bond character. With either an ionic or a polymeric 
structure, zirconium(Iv) chloride would not be soluble in non-polar solvents, but should 
dissolve in donor solvents such as ethers and amines. 

Thus trimethylamine, which is a typical Lewis base with an available lone pair of 
electrons, will force the breakdown of the halide lattice to give the adduct ZrCl,,2NMes, 
in which the zirconium atom achieves a co-ordination number of six (d*sf*). The in- 
solubility of the compound precluded studies of its molecular weight, so that there is no 
evidence that it is monomeric, and it is quite possible that the zirconium atom has increased 
its covalency to eight through polymerisation. 

The stable 1 : 1 adduct which remains when the compound is heated in vacuo is similar 
to the product of the zirconium(Iv) chloride-triethylamine reaction;- it is unlikely that 
either compound will be monomeric. Although triethylamine is the stronger base ™ it 
co-ordinates to zirconium(Iv) chloride to a smaller extent, owing to the larger volume 
occupied by the ethyl groups. 

The only alternative to considering these compounds as adducts is to suppose that 
either solvolysis or reduction has taken place. Solvolysis, ¢.g., the possibility that 
ZrCl,,2NMe, could be a mixture ZrCl,-NMe, + NMe,Cl, is unlikely since it involves the 
breaking of a strong nitrogen-carbon bond. It is incompatible with the results of the 
thermal decomposition of the trimethylamine product, since one mol. of amine is lost and 
there is no tetramethylammonium chloride; it is quite ruled out with triethylamine since 
only one mol. of amine is involved in the reaction. Reduction takes place in the corre- 
sponding reaction of titanium(Iv) chloride with trimethylamine,“ and TiCl,,2NMe, was 
formed, but zirconium is much more reluctant to form lower-valent compounds than 
titanium, and in view of the diamagnetism and colour of the products it is unlikely that 
any significant amount of reduction has taken place. 

Other compounds formed by zirconium(Iv) chloride with donor nitrogen and oxygen 
molecules, viz. ZrCl,,2py,*" ZrCl,,2RCN (R = Me, Et, and Pr),® and ZrCl,,2OEt,,!® are 
presumably very similar to the diamine complex formed by trimethylamine. 

Zirconium(Iv) chloride reacts with all three secondary amines (dimethylamine, di- 
ethylamine, and dipropylamine), to give products of overall composition ZrCl,,2NHRg. 
These substances can also be considered as simple addition compounds in which the 
zirconium(Iv) chloride forms two donor-acceptor bonds with the nitrogen atoms. This 
formulation is strongly supported by the absence of the appropriate amine hydrochloride, 
which would be present if aminolysis had occurred, ZrCl,,2NHR, = ZrCl,(NR,) +- 
NHR,,HCl. The solubility of the diethylamine and dipropylamine products in benzene 
also rules out the possibility of an ionic formulation, e.g., [ZrCl,(NHR,),|Cl. Zirconium(tv) 
chloride thus resembles tin(Iv) chloride !” in its reactions with secondary aliphatic amines, 
but differs from titanium(Iv) chloride which undergoes aminolysis 4° under similar condi- 
tions to form compounds TiCl,(NR,),2NHR,. The greater resistance of the zirconium- 
chlorine bond to aminolysis we attribute to its greater ionic character. Only under very 
strong forcing conditions (refluxing with the lithium salt in light petroleum ® at 60°) can 
the bonds be broken. 

In the analogous work with oxygen-containing molecules,!® zirconium(Iv) chloride 


41 Zalkin and Sands, Acta Cryst., 1958, 11, 615. 
12 Wells, “‘ Structural Inorganic Chemistry,”” Clarendon Press, Oxford, 2nd edn., 1950, p. 287. 
18 Hare and Sprinkle, J]. Amer. Chem. Soc., 1932, 54, 3469. 

™ Antler and Laubengayer, J. Amer. Chem. Soc., 1955, 77, 5250. 

8 Emeléus and Rao, J., 1958, 4245. 

16 Rosenheim and Hertzmann, Ber., 1907, 40, 810. 

” Bannister and Fowles, J., 1959, 310. 

*® Cowdell and Fowles, unpublished observations. 








1502 Grey, McGhie, and Ross: 


forms addition compounds with many esters and hydroxy-acids at low temperatures, but 
hydrogen chloride is eliminated when the temperature is allowed to rise. Thus between 
one and two chlorine atoms are replaced by ethoxy-groups when the chloride is refluxed 
with ethyl alcohol.” 

The reaction of zirconium(Iv) chloride with methylamine differs from that with other 
primary amines (NH,R, R = Et, Pr®, Bu", and Bu‘) in that the overall composition and 
the solubility of the products are different. This is summarised in the Table, which shows 
that two of the zirconium-chlorine bonds are aminolysed by methylamine, but only one 
with the remaining amines. These results indicate that as the amine becomes less ionising 
so aminolysis decreases in extent. 


Overall composition Extracted products 
Final Insol. in 
Amine Initial (50—100° in vacuo) parent amine Sol. in benzene 
NH,Me ZrCl,,5NH,Me ZrCl,,4NH,Me ZrCl,(NHMe),,NH,Me None 
NH,Et ZrCl,,3NH,Et ZrCl,,2NH,Et None ZrCl,(NHEt),NH,Et 
NH,Pr® = ZrCl,,3NH,P1" ZrCl,,2NH,Pr® None ZrCl,(NHPr*),NH,Pr® 
NH,Bu® ZrCl,,3NH,Bu" ZrCl,,2NH,Bu® None ZrCl,(NHBu*),NH,Bu® 


NH,Bu' ZrCl,,2NH,Bu* _ 


Some comment must be made on the early work of Matthews, who obtained white 
tetra-amine complexes on passing gaseous methylamine, ethylamine, and propylamine 
through solutions of zirconium(Iv) chloride in diethyl ether. Our reactions were carried 
out with excess of liquid amine with a reaction time of several weeks, and we should therefore 
expect to get much more aminolysis than Matthews did. It therefore seems probable 
that the tetra-amines obtained by the gas-flow method are simple adducts. 


We thank the Esso Petroleum Company for a maintenance grant (to J. E. D.) and Murex 
Limited for providing us with pure zirconium metal. 


UNIVERSITY OF SOUTHAMPTON. [Received, October 19th, 1959.) 
” Bradley and Wardlaw, J., 1950, 3450. 


302. The Use of Thiophen as a Chain-extender. Part I. 
Synthetic Oxo- and Hydroxy-alkanoic Acids. 


By T. F. Grey, J. F. McGuig, and W. A. Ross. 


The preparation of 6-, 7-, 9-, and 10-oxo- and -hydroxy-octadecanoic 
acids * and of 13- and 14-oxo- and -hydroxy-docosanoic acid, by desulphuris- 
ation of suitably 2,5-disubstituted thiophens with Raney nickel is described. 
The freezing-point curves of some oxoalkanoic acids have been determined. 


THE application of thiophen as a chain-extender has, until recently, not been developed 
into a general method for the preparation of long-chain compounds. The present work 
was undertaken because this route is attractive and the products could be used to clarify 
some inconsistencies in the literature about the physical constants of a number of 
substituted long-chain acids and their derivatives. 

Since the commencement of this work,! several papers have appeared on synthetical 
applications of the desulphurisation of thiophen derivatives, notably the following. 
Badger, Rodda, and Sasse ? prepared a series of aliphatic acids from thienylalkanoic acids, 
and heptanoic acid has been prepared by Hansen.* Other acids have been obtained by 


* Geneva nomenclature, CO,H = 1. 
' Cf. Grey, McGhie, Pradhan, and Ross, Chem. and Ind., 1954, 578. 


* Badger, Rodda, and Sasse, J., 1954, 4162. 
3 Hansen, Acta Chem. Seand., 1954, 8, 695. 
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Buu-Hoi, Sy, and Xuong ¢ and by Sy,® branched-chain acids by Spaeth and Germain,* and 
dicarboxylic acids by Buu-Hoi, Sy, and Xuong’? and by Wynberg and Logothetis.® 
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2,5-Disubstituted thiophens have been obtained by the two routes shown. Both 
sequences involved three main steps; acylation of thiophen with an acid chloride or half- 
ester chloride, reduction of the keto-group, and a second acylation. The first route was 
adopted for synthesis of the oxo- and hydroxy-octadecanoic acids, and the second for 
synthesis of the oxo- and hydroxy-docosanoic acids. The preparation of the thiophen 
acids, by standard methods, is described in the Experimental section. Depending on the 
conditions during desulphurisation, either the oxo- or the hydroxy-alkanoic acids could be 
prepared, as shown in Table 1. 

Attention should be drawn to the discrepancies between the melting points reported in 
this communication for the semicarbazones of 9- and 10-oxo-octadecanoic acid and those in 
the literature. Our synthetic 9-oxo-acid formed a semicarbazone of m. p. 110—111°. 
Ross, Gebhardt, and Gerecht 4 report m. p. 118—120°; Jungermann and Spoerri ! give 
m. p. 117—119°. The semicarbazone of our synthetic 10-oxo-acid had m. p. 118—119°, in 
close agreement with Fordyce and Johnson’s * value for their synthetic product. Ross 
et al.4 and Jungermann and Spoerri give m. p. 101—103° and 100-5—102° respectively. 
The discrepancies are probably due to the methods of preparation employed, which may 
yield isomeric products not completely separated. Jungermann and Spoerri ! give m. p. 
72° for 10-oxo-octadecanoic acid, whereas the correct value is 82°. A m. p. of 72° corre- 
sponds to a ~2 : 3 mixture of the 9- and 10-oxo-acids. The semicarbazone from this acid 
had a reported m. p. 100-5—102°; this is the m. p. of the semicarbazone of the mixture of 
9- and 10-oxo-octadecanoic acids resulting from the hydration of 9,10-stearolic acid. 

The yields in Table 1 are based on the quantity of desulphurisation product obtained, 
and often a considerable quantity of starting material was isolable. Since direct desul- 
phurisation to the hydroxyalkanoic acids was smooth in all cases, and these compounds 
are readily oxidised to the oxo-acids (by means of chromium trioxide and acetic acid) this 
alternative method for the preparation of oxo-acids might be more suitable in some cases. 

The freezing-point curve of mixtures of 9- and 10-oxo-octadecanoic acid was deter- 
mined by Robinson and Robinson ® to test their theory on the composition of the hydration 
product of 9,10-stearolic acid. This determination has been repeated with closely agreeing 
results. The availability of pure synthetic specimens of 13- and 14-oxodocosanoic acid 
prompted the application of this method to the investigation of the hydration product of 
13,14-behenolic acid, which melts at 84°. The results (Table 3) show that the mixture 
contains 72-5% of 13-oxodocosanoic acid, in accordance with the prediction made by 

* Buu-Hoi, Sy, and Xuong, Compt. rend., 1954, 239, 1224. 

5 Sy, Bull. Soc. chim. France, 1955, 1175. 

* Spaeth and Germain, J. Amer. Citem. Soc., 1955, '77, 4067. 

7 Buu-Hoi, Sy, and Xuong, Compt. rend., 1955, 240,442; Bull. Soc. chim. France, 1955, 1583; Rec. 
Trav. chim., 1956, 75, 463. 

§ Wynberg and Logothetis, ]. Amer. Chem. Soc., 1956, 78, 1958. 


* Robinson and Robinson, /., 1926, 2204. 
1 Jungermann and Spoerri, J]. Amer. Chem. Soc., 1953, 75, 4704. 
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TABLE Il. 
Starting material Method * Acid product M. p. Lit. Yield (%) 
Acid (I) Octadecanoic 
e=4; y=7 A 9-Oxo 81° 83° * 84 
semicarbazone 110—111 117—119 —_ 
B 9-Hydroxy 70—72 74—75 1 61 
#=3; y= 8 A 10-Oxo 82—82-5 82 12 44 
B 10-Oxo 81— 82 _ 68 
semicarbazone 118—119 121—122 38; — 
100-5—102 1° 14 
B 10-Hydroxy 78—79 84 12; 81—82"; 79% 61 
s=7T;y=4 C W6 6-Oxo 84 87 12 38 
semicarbazone 151—152 139—140 1* -- 
CW7 6-Hydroxy 82—83 83 15. 17 83 
s#=6; y=5 C W6 7-Oxo 81—82 83 5 38 
semicarbazone 113—114 — — 
CW7 7-Hydroxy 78—79 77-6—77-8 15 63 
Acid (II) Docosanoic 
#=8; y=7 A 13-Oxo 91—92 — 17 
B 13-Oxo 88—90 — 65 
Semicarbazone 117—118 —— -—— 
CW7 13-Hydroxy 85—86 87 18 70 
s#=17; y=8 A 14-Oxo 90—91 85 18 28 
B 14-Oxo 90—91 51 
semicarbazone 117—118 _ — 
CW7 14-Hydroxy 83—84 878 72 


* A refers to Raney nickel alloy; B to the catalyst prepared essentially by Brown’s }* method, 
C W6 and C W7, the catalyst prepared according to the procedure of Billica and Adkins.” 


Robinson and Robinson. Since specimens of pure 6- and 7-oxo-octadecanoic acids were 
available, a freezing point curve for this mixture was also determined (Table 2) in an 
attempt to find the composition of the hydration product, m. p. 75°, of 6,7-stearolic (tariric) 
acid. Unfortunately these results proved inconclusive, as no true eutectic was obtainable. 


EXPERIMENTAL 

Butyl 2-Thienyl Ketone.—(a) Valeric acid (50 g.) was added slowly to a stirred suspension 
of phosphoric oxide (71 g.) in anhydrous benzene (250 c.c.) containing thiophen (50 g.). The 
mixture was stirred for 4 hr. under reflux and then cooled. The benzene layer was decanted 
and washed with 10% sodium hydroxide solution (5 c.c.) and water (50 c.c.). Removal of the 
solvent under reduced pressure gave the ketone, which was converted into the semicarbazone 
(55 g.), plates (from ethanol), m. p. 168° (Found: C, 53-7; H, 6-8; N, 19-1. C, 9H,,ON,S 
requires C, 53-3; H, 6-7; N, 187%). 

(b) A solution of valeryl chloride (36 g.) and thiophen (25 g.) in dry benzene (300 c.c.) was 
cooled to 0°. Freshly distilled stannic chloride (77 g.) was added in small portions ($ hr.) at 
0—10°. The cooling-bath was removed and the mixture stirred at room temperature for 1 hr. 
n-Hydrochloric acid (200 c.c.) was added with cooling, and, after separation, the benzene layer 
was washed with water and evaporated. Distillation of the residue gave butyl 2-thienyl ketone 
(43 g.), b. p. 130—133°/12 mm. (Spurlock ™ gives b. p. 258°/760 mm.). 

Propyl 2-Thienyl Ketone.—Procedure (b) gave the product as a colourless oil (78%), 
b. p. 106—111°/8 mm., rapidly becoming pale yellow (Hartough and Kosak * give b. p. 
87—92°/3 mm.). 

1 Tomecko and Adams, J. Amer. Chem. Soc., 1927, 49, 524. 

#2 Robinson and Robinson, J., 1925, 179. 

18 Fordyce and Johnson, J. Amer. Chem. Soc., 1933, 55, 3368. 

1 Ross, Gebhardt, and Gerecht, J]. Amer. Chem. Soc., 1949, '71, 284. 

‘6 Bergstrém, Aulin-Erdtman, Rolander, Stenhagen and Ostling, Acta Chem. Scand., 1952, 6, 1157. 

16 Fieser and Szmuszkovicz, J. Amer. Chem. Soc., 1948, 70, 3352. 

1” Bougault and Charaux, Compt. rend., 1911, 158, 573. 

18 Bowman, J., 1950, 177. 

1 Brown, J. Soc. Chem. Ind., 1950, 69, 353. 

% Billica and Adkins, Org. Synth., 1949, 29, 25. 

*t Spurlock, J. Amer. Chem. Soc., 1953, 75, 1115. 

*2 Hartough and Kosak, J. Amer. Chem. Soc., 1947, 69, 3095. 
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Alternatively, syrupy phosphoric acid (1-0 c.c.) was added dropwise to a stirred mixture of 
thiophen (33-6 g.) and butyric anhydride (63 g.) at 70°, and the mixture was stirred under 
reflux for 1 hr. More phosphoric acid (0-5 c.c.) was added and stirring continued for 1 hr. 
Water (50 c.c.) and ether (100 c.c.) were added successively to the cooled mixture, and the 
separated organic layer was washed with 5% sodium carbonate solution and dried (Na,SO,). 
After removal of the solvent, the ketone (41-4 g.) was distilled (b. p. 121°/15 mm.). 

Heptyl 2-Thienyl Ketone.—Prepared by method (6), the ketone (74%) had b. p. 172— 
175°/10 mm. (Campaigne and Diedrich ** give b. p. 140—143°/1 mm.). 

Hexyl 2-Thienyl Ketone.—Prepared by method (6), the ketone (61%) had b. p. 150°/10 mm. 
(Cagniant and Deluzarche ™ give b. p. 152°/13 mm.). 

2-Pentylthiophen.—(a) Potassium hydroxide (45 g.) in triethylene glycol (100 c.c.) was added 
to a solution of butyl 2-thienyl ketone semicarbazone (55 g.) in triethylene glycol (400 c.c.) at 
70°. The mixture was heated with stirring, until the internal temperature reached 135°, 
refluxing then beginning. After 20 min. at this temperature, the product was allowed to distil 
until the distillation temperature reached 260°. The distillate was dissolved in ether (200 c.c.) 
and washed with water (50 c.c.), 2N-hydrochloric acid (50 c.c.), and water (50 c.c.). The dried 
(Na,SO,) solution was evaporated and distillation yielded 2-pentylthiophen (16-3 g.), b. p. 
202—205°/769 mm. 

(b) A solution of butyl 2-thienyl ketone (43 g.) in diethylene glycol (400 c.c.) containing 
hydrazine hydrate (44 c.c.) was stirred at 120° for} hr. After the mixture had cooled to 40°, 
potassium hydroxide (40 g.) in hot diethylene glycol (150 c.c.) was added, and the solution was 
stirred at 150° for 4 hr. The product was then allowed to distil until the distillation tem- 
perature reached 250°. Working up as before gave 2-pentylthiophen (33 g.), b. p. 202—204°/769 
mm. (Picon * gives b. p. 80—98°/10 mm.) 

2-Butylthiophen.—2-Butyrylthiophen (30 g.) and hydrazine hydrate (33 c.c.) in ethylene 
glycol (400 c.c.) were stirred at 120° for 1} hr., then cooled to 30°. Potassium hydroxide (30 g.) 
in hot ethylene glycol (100 c.c.) was added, and the stirred mixture was heated at 150—155° for 
lhr. The distilled product was dissolved in ether (150 c.c.), and the ethereal solution was 
washed with water (30 c.c.), 2N-hydrochloric acid (30 c.c.), and water (30 c.c.). Evapor- 
ation of the dried (Na,SO,) ethereal solution followed by distillation gave 2-butylthiophen 
(20 g.), b. p. 182—190°/770 mm., m,*-5 1-5015 (Hartough * gives b. p. 181°/770 mm., ,,* 
1-5014). 

2-Octylthiophen.—2-Octanoylthiophen (35 g.) and 90% hydrazine hydrate (40 c.c.) in 
diethylene glycol (400 c.c.) were kept at 130° for } hr. Next day potassium hydroxide (60 g.) 
in hot diethylene glycol (200 c.c.) was added, and the mixture was stirred at 140° for } hr. 
Liquid was distilled off, until the internal temperature reached 160°, and stirring was continued 
at this temperature for 1 hr. The solution was poured on ice (600 g.), acidified by hydrochloric 
acid (200 c.c.), and extracted with chloroform (2 x 50 c.c.). Evaporation of the washed 
(water; 30 c.c.) and dried (MgSO,) solution gave on distillation 2-octylthiophen (24 g.), b. p. 
123—125°/10 mm. (Campaigne and Diedrich * give b. p. 106—108°/1 mm.). 

2-Heptylthiophen.—Reduction of 2-heptanoylthiophen by the previous method gave 
2-heptylthiophen, b. p. 125°/20 mm. (Found: C, 72:3; H, 9-8. C,,H,,S requires C, 72-5; 
H, 10-0%). 

8-(5-Pentyl-2-thenoyl)octanoic Acid.—Freshly distilled stannic chloride (36 g.) was added with 
stirring during 45 min. at 0—10° to 2-pentylthiophen (21 g.) and 8-ethoxycarbonyloctanoyl 
chloride (32 g.) in benzene (250 c.c.), and the whole was stirred at room temperature for 1 hr. 
10% Hydrochloric acid (100 c.c.) was then added, with stirring and ice-cooling. The benzene 
layer was washed with water (25 c.c.) and evaporated. Potassium hydroxide (20 g.) in 77% 
aqueous ethanol (300 c.c.) was added, and the mixture heated under reflux for 14 hr. The 
filtrate was poured into water (400 c.c.) and acidified with hydrochloric acid (40 c.c.). The 
solid was filtered off and dissolved in potassium hydroxide (20 g.) in water (250 c.c.). After 
ether-extraction (to remove neutral material) and re-acidification with hydrochloric acid 
(50 c.c.), an oil separated. Crystallisation from chloroform-light petroleum (b. p. 60—80°), 
followed by recrystallisation from aqueous acetone, gave prismatic needles of the octanoic acid 


Campaigne and Diedrich, J. Amer. Chem. Soc., 1948, 70, 391. 

Cagniant and Deluzarche, Compt. rend., 1947, 22, 455. 

®* Picon, F.P. 958,232/1950. 

Hartough, ‘‘ Thiophene and its Derivatives,’’ Interscience Publishers Inc., New York, 1952, p. 68. 
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(30 g.), m. p. 67—68° (Found: C, 66-7; H, 8-7. C,,H,,0,S requires C, 66-6; H, 8-7%). After 
14 days’ storage with an excess of Brady’s reagent, the 2,4-dinitrophenylhydrazone was obtained 
as red needles, m. p. 111—112° (from ethanol) (Found: C, 56-8; H, 6-2; N, 11-2. C,,H;,0,N,S 
requires C, 57-1; H, 6-4; N, 11-1%). 

9-(5-Butyl-2-thenoyl)nonanoic Acid.—2-Butylthiophen (28 g.) was treated with 9-ethoxy- 
carbonylnonanoyl chloride (55 g.) as above. The crude ethyl ester (68 g.) was distilled (b. p. 
194°/0-3 mm.). After hydrolysis and purification, the thenoylnonanoic acid (35 g.) had m. p. 
63—64° [plates from light petroleum (b. p. 60—80°)] (Found: C, 66-4; H, 8-8; S, 9-3. 
C,sH,,0,S requires C, 66-7; H, 8-7; S, 9-9%). The 2,4-dinitrophenylhydrazone crystallised 
from ethanol as red needles, m. p. 109—110° (Found: C, 57-0; H, 6-2; N, 11-1. C,,H,,0,N,S 
requires C, 57-1; H, 6-4; N, 11-1%). 

5-(5-Octyl-2-thenoyl)pentanoic Acid.—2-Octylthiophen (24 g.) was treated with 5-ethoxy- 
carbonylpentanoyl chloride (24 g.) as above. Distillation gave ethyl 5-(5-octyl-2-thenoyl)- 
pentanoate (35 g.), b. p. 211—212°/0-4 mm., which on saponification yielded the pentanoic acid 
(30 g.), m. p. 64—65° (from aqueous ethanol) (Found: C, 67-0; H, 8-8. (C,,H,,0,S requires 
C, 66-7; H, 87%). The 2,4-dinitrophenylhydrazone crystallised from aqueous ethanol as red 
needles, m. p. 129—130° (Found: C, 57-1; H, 6-4; N, 10-8. (C,gH3,0,N,S requires C, 57-1; 
H, 6-4; N, 11-1%). 

6-(5-Heptyl-2-thenoyl)hexanoic Acid.—Freshly distilled stannic chloride (16 c.c.) was added 
with stirring during 45 min. at 0—5° to 2-heptylthiophen (25 g.) and 6-cyanohexanoy] chloride 
(20 g.) in benzene (250 c.c.). Working up as usual and distillation gave 2-(6-cyanohexanoyl)-5- 
heptylthiophen (33 g.), b. p. 210°/0-4 mm. (Found: C, 70-3; H, 8-8; N, 4-1. C,,H,,ONS 
requires C, 70-8; H, 8-9; N, 46%). Potassium hydroxide (20 g.) in water (50 c.c.) was added 
to the cyanohexanoylheptylthiophen (30 g.) in ethanol (300 c.c.), and the mixture was heated 
under reflux for 36 hr. Some ethanol (150 c.c.) was distilled off, ethylene glycol (150 c.c.) was 
added, and the whole was heated to 160° for 3 hr. After cooling, the product was poured into 
ice-cold 2n-hydrochloric acid (750 c.c.) with stirring. The crude product was filtered off; 
recrystallisation from aqueous ethanol gave 6-(5-heptyl-2-thenoyl)hexanoic acid (26 g.), plates, 
m. p. 73—74° (Found: C, 66-6; H, 8-6. C,,H,,0,S requires C, 66-7; H, 8-7%). The 2,4-di- 
nitrophenylhydrazone crystallised from ethanol as red needles, m. p. 106—108° (Found: C, 58-0; 
H, 6-5; N, 10-6. C,4H3,0O,N,S requires C, 57-1; H, 6-4; N, 11-1%). 

9-Oxo-octadecanoic Acid.—Nickel—-aluminium alloy (15 g.) was added during 1 hr. to 
8-(5-pentyl-2-thenoyl)octanoic acid (1-1 g.) in 17% sodium hydroxide solution (150 c.c.), which 
was stirred vigorously and heated under reflux. Stirring and heating were continued for 4 hr. 
Next day 50% hydrochloric acid (200 c.c.) was slowly added, and the product was extracted 
with chloroform. Evaporation and crystallisation from light petroleum (b. p. 60—80°) and 
then from ethyl acetate gave 9-oxo-octadecanoic acid (0-6 g.), m. p. 81° (Robinson and Robinson® 
give m. p. 83°). The semicarbazone, crystallised from ethanol, had m. p. 110—111° (Junger- 
mann and Spoerri?® give m. p. 117—119°) (Found: C, 64:4; H, 10-4; N, 11-8. Calc. for 
C,,Hs,0,N,: C, 64-2; H, 10-5; N, i1-8%). 

9-Hydroxyoctadecanoic Acid.—A solution of the thenoyloctanoic acid (0-8 g.) in ethanol 
(100 c.c.) was heated under reflux for 28 hr. with Raney nickel (4 g.) prepared as described by 
Brown ™ but washed with 3 1. of water. The filtered catalyst was dissolved in 50% hydro- 
chloric acid (200 c.c.), and the solution was extracted with ether. The washed (water) and 
dried (MgSO,) extract was mixed with the ethanolic filtrate, and the whole was evaporated 
under reduced pressure. The hydroxy-acid (0-45 g.), crystallised from ethyl acetate, had m. p. 
70—72° (Tomecko and Adams ™ give m. p. 74—75°). 

10-Oxo-octadecanoic Acid.—Neutral Raney nickel (4 g.), prepared as described by Brown,” 
but washed with 20 1. of water, was added to 9-(5-butyl-2-thenoyl)nonanoic acid (1-6 g.) in 
ethanol (150 c.c.), and the mixture was heated under reflux for 4hr. Working up as above gave 
the acid (1-0 g.), m. p. 81—82° (from ethyl acetate). ‘The semicarbazone, crystallised from 
ethanol, had m. p. 118—119° (Found: C, 64-2; H, 10-6; N, 11-7. Calc. for C,H,,0,N;: 
C, 64-2; H, 10-5; N, 11-8%) (Fordyce and Johnson * give m. p. 121—122°; Jungermann and 
Spoerri © and Ross, Gebhart and Gerecht ™ give m. p. 100-5—102°). The methyl ester, 
prepared with ethereal diazomethane, crystallised from methanol in leaflets, m. p. 45—46° 
(Bergstrém et al. give m. p. 45-8—46-1°). 

10-Hydroxyoctadecanoic Acid.—(A) The thenoylnonanoic acid (0-8 g.), on reduction by the 
method used for the octanoic acid, yielded 10-hydroxyoctadecanoic acid (0-45 g.), m. p. 78—79° 
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(from ethyl acetate) (Robinson and Robinson ™ give m. p. 84°; Tomecko and Adams ™ give 
m. p. 81—82°; Bergstrém e¢ al. give m. p. 79°). 

(B) Potassium borohydride (0-1 g.) was added to the oxo-acid (0-2 g.) in N-sodium hydroxide 
(10 c.c.) containing ethanol (10 c.c.). Next day the product was poured into n-hydrochloric 
acid (110 c.c.), and the precipitated solid was filtered off. Recrystallisation from ethyl acetate 
gave 10-hydroxyoctadecanoic acid, m. p. 79—80°. 

6-Oxo-octadecanoic Acid.—Raney nickel catalyst (W6) *° (from 100 g. of alloy) was added to 
the thenoylpentanoic acid (10 g.) in ethanol (500 c.c.), and the mixture was heated under reflux 
for 44 hr. Working up as usual gave the oxo-acid (3-5 g.), m. p. 78—81° (from ethyl acetate). 
Several recrystallisations from the same solvent raised the m. p. to 84° (Robinson and Robinson !” 
give m. p. 87°). The semicarbazone crystallised from ethanol in plates, m. p. 151—152° (Found: 
C, 64-7; H, 10-5; N, 11-6. C,,H,,O,N, requires C, 64-2; H, 10-5; N, 11-8%) (Fieser and 
Szmuszkovicz 1* give m. p. 139—140°). 

6-Hydroxyoctadecanoic Acid.—Raney nickel catalyst (W7) *° (from 200 g. of alloy) was added 
to the thenoylpentanoic acid (10 g.) in ethanol (1 J.), and the mixture was heated under reflux 
for 3 hr. Next day heating was resumed for 1 hr. The usual procedure, after crystallisation 
from 80% ethanol, gave the 6-hydroxy-acid (7-7 g.), m. p. 77—80°. Two recrystallisations from 
the same solvent gave m. p. 82—83° (Bougault and Charaux !’ and Bergstrém eft al. give 
m. p. 83°). 

7-Oxo-octadecanoic Acid.—Reduction of the thenoylhexanoic acid (10 g.) by the method used 
for the pentanoic acid, gave, after crystallisation from 80% ethanol, 7-oxo-octadecanoic acid 
(3-5 g.), m. p. 76—77°, m. p. 81—82° after repeated recrystallisation (Bergstrém et al.1® give 
m. p. 83°). The semicarbazone crystallised from ethanol in prismatic needles, m. p. 113—114° 
(Found: C, 64-1; H, 10-2; N, 11-3. C,gH;,0,N, requires C, 64-2; H, 10-5; N, 11-8%). 

1-Hydroxyoctadecanoic Acid.—Thenoylhexanoic acid (10 g.), on reduction by the method 
used for the pentanoic acid and crystallisation of the product from 80% ethanol, gave 7-hydroxy- 
octadecanoic acid (5-8 g.), m. p. 72—75°, m. p. 78—79° after repeated recrystallisation (Berg- 
strém et al.15 give m. p. 77-6—77-8°). 

Mixed m. p. data for the 6- and 7-oxo-acids are in Table 2. 


TABLE 2. M. p. of mixtures of 6- and '7-oxo-octadecanoic acid. 
6-Oxo (%) 7-Oxo (%) F. p. 6-Oxo (%) 7-Oxo (%)  F. p. 6-Oxo (%) 7-Oxo (%) F. p. 
100 0 3 45-7 


83-1° 84- 69-0° 25-0 75-0 67-9° 
87-0 13-0 79-2 50-3 49-7 68-8 20-6 79-4 68-0 
77-0 23-0 75-7 45-9 54-1 68-4 15-7 84-3 68-4 
69-1 30-9 72-7 41-4 58-6 68-2 11-7 88-3 69-2 
63-6 36-4 70-2 35-8 64-2 68-0 5-2 94-8 71-1 
58-7 41-3 69-3 29-3 70-7 67-9 0 100 72-1 


13-Oxodocosanoic Acid.—Thiophen (15 c.c.) and 17-ethoxycarbonylheptanoyl chloride 
(25 g.) in benzene (150 c.c.) were treated with stannic chloride (20 c.c.) in the usual way. 
Distillation furnished ethyl 7-2’-thenoylheptanoate (26 g.), b. p. 145—150°/0-1 mm. (Found: 
C, 62-4; H, 7-65. C,,H,,O,S requires C, 62-7; H, 75%). The 2,4-dinitrophenylhydrazone, red 
needles from ethanol, had m. p. 92° (Found: C, 53-0; H, 5-1; N, 12-6. Cy H,,O,N,S requires 
C, 53-6; H, 5-4; N, 125%). The keto-ester (24 g.) and hydrazine hydrate (15 c.c.) in ethylene 
glycol (250 c.c.) were stirred at 120° for $ hr., and then allowed to cool to 40°. Potassium 
hydroxide (30 g.) in ethylene glycol (120 c.c.) was added, and the mixture was stirred at 155° 
for l hr. The water formed was distilled off during 1 hr. until the internal temperature reached 
190°. The cooled product was poured into water (450 c.c.), acidified with hydrochloric acid 
(150 c.c.), and extracted with ether. The combined extracts were washed with water, dried 
(Na,SO,), and evaporated. The acid was heated with ethanol (150 c.c.), benzene (75 c.c.), and 
sulphuric acid (0-5 c.c.), under a water separator (Dean and Stark) and a 24-inch Fenske column. 
The usual procedure gave, on distillation, ethyl 8-thienyloctanoate (19 g.), b. p. 162°/4 mm. 
(Found: C, 65-9; H,8-9. C,,H,,O,S requires C, 66-1; H,8-7%). The ester (18 g.) and decanoyl 
chloride (14-6 g.) in benzene (100 c.c.) were treated with stannic chloride (9 c.c.) in the usual 
way. A portion of the product was distilled, giving ethyl 8-(5-decanoyl-2-thienyl)octanoate, 
b. p. 220°/0-3 mm. The bulk was saponified, to yield 8-(5-decanoyl-2-thienyl)octanoic acid 
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(23 g.), m. p. 67—68° (from ethanol) (Found: C, 69-4; H, 9-7. C,,H,,0,S requires C, 69-4; 
H, 95%). The 2,4-dinitrophenylhydrazone crystallised from ethanol as red needles, m. p, 
103—104° (Found: C, 60-3; H, 7-1; N, 10-2. C,,H,,O,N,S requires C, 60-0; H, 7-2; N, 10-0%), 

The acid (1-9 g.) in ethanol (150 c.c.) was treated with Raney nickel catalyst (ca. 5 g.) 
(prepared by Brown’s * method but washed with 20 1. of water). The product (62%) had 
m. p. 88—89° after recrystallisation from ethyl acetate. The semicarbazone, m. p. 117—118°, 
crystallised in needles from ethanol (Found: C, 67-4; H, 11-0; N, 9-9. C,3H,,O,N, requires 
C, 67-1; H, 11-0; N, 10-2%). 

13-Hydroxydocosanoic Acid.—The thenoyloctanoic acid (1-9 g.) was reduced with Raney 
nickel catalyst (W7) ® (from 46 g. of alloy). After recrystallisation from ethyl acetate, the 
product (1-25 g.) had m. p. 85—86° (Bowman ?* gives m. p. 87°). 

14-Oxodocosanoic Acid.—Thiophen (20 c.c.) and 8-ethoxycarbonyloctanoyl chloride (42 g.) 
in benzene (200 c.c.) were treated with stannic chloride (20 c.c.). Distillation of the product 
gave ethyl 8-2’-thenoyloctanoate (40 g.), b. p. 175—185°/0-5 mm. (Found: C, 63-5; H, 8-0, 
C,;H,,0,S requires C, 63-8; H, 7:9%). On reduction of this ester (40 g.) with hydrazine 
hydrate followed by distillation, ethyl 9-2’-thienylnonanoate (27 g.) was obtained as a colourless 
oil, b. p. 167—171°/2 mm. (Found: C, 66-9; H, 9-2. C,,H,,0,S requires C, 67-1; H, 9-0%). 
This product (27 g.) and nonanoyl chloride (17-7 g.) in benzene (150 c.c.) were treated with 
stannic chloride (26 g.) in the usual way. Distillation of a portion of the product gave ethyl 
9-(5-nonanoyl-2-thienyl)nonanoate, b. p. 202—206°/0-5 mm. (Found: C, 70-1; H, 98, 
C.4HyO,S requires C, 70-6; H, 99%). Saponification of the remainder gave, after recrystal- 
lisation from aqueous ethanol, 9-(5-nonanoyl-2-thienyl)nonanoic acid (18-5 g.), m. p. 67—68°, 
The 2,4-dinitrophenylhydrazone crystallised from ethanol as red needles, m. p. 101—102° (Found: 
C, 60-1; H, 7:2; N, 10-0. C,,H,O,N,S requires C, 60-0; H, 7-2; N, 100%). Raney nickel 
(ca. 5 g.; prepared by Brown’s ” method, but washed with 20 1. of water) was added to the 
thienylnonanoic acid (1-9 g.) in ethanol (150 c.c.), and the mixture was heated under reflux for 
4 hr. Evaporation of the filtrate left no residue. The nickel residue was dissolved in 18% 
hydrochloric acid (500 c.c.), and the solution was extracted with ether. The ethereal solution 
was washed with water, dried (Na,SO,), and evaporated. Recrystallisation of the residue from 
ethyl acetate gave 14-oxodocosanoic acid (0-9 g.), m. p. 90—91° (Bowman 8 gives m. p. 85°) 
(Found: C, 74:9; H, 11-9. Calc. for C,,H,,O,: C, 74:5; H, 119%). The semicarbazone, 
m. p. 117—118°, crystallised in needles from ethanol (Found: C, 66-9; H, 11-0; N, 10-1. 
C,3H,,O,N, requires C, 67-1; H, 11-0; N, 10-2%). For m. p. data see Table 3. 


TABLE 3. M. p. of mixtures of 13- and 14-oxodocosanotc acid. 
13-Oxo (%) 14-Oxo (%) M.p.  13-Oxo(%) 14-Oxo(%) M.p.  13-Oxo (%) 14-Oxo (%) M. p. 


0 100 88-5° 48-7 51-3 80-0° 67-0 33-0 82-8° 
20-8 79-2 86-6 50-0 50-0 79-1 75-4 24-6 84-2 
34-4 65-6 84-5 52-0 48-0 79-3 87-5 12-5 86-6 
38-6 61-4 83-6 52-9 47-1 79-5 100-0 0 87-5 
41-6 58-4 82-8 59-2 40-8 80-8 
46-5 53-5 80-2 


14-Hydroxydocosanoic Acid.—Reduction of the thienylnonanoic acid (1-9 g.) with Raney 
nickel catalyst (W7) ®° under the conditions used for reduction of the octanoic acid and 
recrystallisation of the product from ethyl acetate gave 14-hydroxydocosanoic acid (1-28 g.), 
m. p. 83—84° (Bowman ™ gives m. p. 87°) (Found: C, 73-8; H, 12-2. Calc. for C,,H,4,0;: 
C, 74:1; H, 12-4%). 


DEPARTMENT OF CHEMISTRY, CHELSEA COLLEGE OF SCIENCE AND TECHNOLOGY, 
MANRESA Roap, Lonpon, S.W.3. (Received, October 20th, 1959.]} 
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303. Synthesis of 2-Aryl-1'-methylpyrrolo(3’,2’-3,4)-1,8- 
naphthyridines. 
By A. W. Jounson, T. J. Kinc, and J. R. TuRNER. 


Several compounds containing the above ring system have been obtained 

by cyclisation of the N-acyl derivatives of 2-aminonicotyrine. The structures 

of the NN-diacyl derivatives of 2-aminonicotyrine and 2-aminopyridine are 

discussed. 
In an investigation of the reactions of certain derivatives of nicotine, we have prepared a 
number of aryl derivatives of a new heterocyclic ring system, pyrrolo(3’,2’-3,4)-1,8- 
naphthyridine. 2-Aminonicotyrine (I) was obtained by a Tshitschibabin reaction’ on 
nicotyrine, this method being preferred to the dehydrogenation of 2-aminonicotine. 
Mono- and di-N-acyl derivatives of (I) have been cyclised by phosphorus oxychloride in 
hot toluene, the crystalline 2-aryl-1’-methylpyrrolo(3’,2’-3,4)-1,8-naphthyridines (II) 
being obtained in good yield. The 2-phenyl- and 2-p-methoxy-, 2-p-nitro-, 2-0-chloro-, 
and 2-0-bromo-phenyl derivatives are described below. The phthalimido-derivative of 
2-aminonicotyrine could not be cyclised. 





S N 
Me 
FZ 
N Nh, 





i] 
(I) CO-Ar (111) 

The acylation of 2-aminonicotyrine (I) afforded mono-derivatives with aromatic 
anhydrides and di-derivatives with aromatic acid chlorides in pyridine. The diaroyl 
derivatives could be represented either as 2-diaroylaminonicotyrines or 1-aroyl-2-aroyl- 
imino-1,2-dihydronicotyrines (III); initially the latter possibility was preferred, for 
whereas the diaroyl derivatives are insoluble in cold dilute acids the monoaroyl compounds 
are freely soluble. If structure (III) is the correct representation then different products 
should result from the anisoylation of 2-benzamidonicotyrine and from the benzoylation 
of the N-monoanisoyl derivative, it being well established that the 2-amino-group is 
acylated first. Unfortunately neither of the mixed diaroyl compounds could be obtained 
in a crystalline state. 

However, a similar ambiguity exists with the structures of the NN-diaroyl derivatives 
of 2-aminopyridine itself. The two possible structures were mentioned when 2-dibenzoyl- 
aminopyridine was first made ? but later workers * have assumed the 2-dibenzoylamino- 
structure to be correct but without proof. Monoaroylation of 2-aminopyridine offers no 
difficulty and the second aroyl group is best introduced by the Schotten—Baumann 
technique. The use of the acid chloride in pyridine for this step leads to exchange with 
the aroyl group already present; thus treatment of 2-benzamidopyridine with #-nitro- 
benzoyl chloride in boiling pyridine gave 2-p-nitrobenzamidopyridine * as the main product. 
The mixed benzoyl-anisoyl derivative of 2-aminopyridine was prepared by the Schotten- 
Baumann method from either 2-benzamidopyridine or 2-anisamidopyridine; the two 
compounds afforded the same crystalline diaroylamine, as shown by mixed melting point 
and infrared spectra. This experiment confirms the assumed structure of 2-dibenzoyl- 
aminopyridine, and by analogy the diaroyl derivatives of 2-aminonicotyrine probably 
also have both aroyl groups on the exocyclic nitrogen atom. In agreement with this 


1 Clemo and Swan, J., 1945, 603. 

* Tschitschibabin and Bylinken, Ber., 1922, 55, 998. 

* Huntress and Walker, /. Org. Chem., 1948, 18, 735. 

* Kuhn, Moller, Wendt, and Beener, Ber., 1942, 75, 711. 
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conclusion the ultraviolet spectra of mono- and di-benzoylaminonicotyrine are similar, 
the differences being explicable by the presence of an extra benzoyl group on an unaltered 
nicotyrine chromophore. 


EXPERIMENTAL 


2-Aminonicotyrine.—This was prepared by the amination of nicotyrine according to Clemo 
and Swan’s directions ! except that it was found advantageous to grind the sodamide under 
dry xylene in a slowly rotating ball-mill before use. 

2-Aminonicotyrine had m. p. 76—78° (lit.,5 77°). 6-Aminonicotyrine had m. p. 90—92° 
(lit.,5 92°). 2-Benzamidonicotyrine ! in ethanol showed Aggy 231 and 296 my (log ¢ 4-20 and 
3-88 respectively). 

The dibenzoyl derivative was prepared by the action of benzoyl chloride (2 mol.) in pyridine, 
the mixture being heated under reflux for 30 min. The benzoyl compound formed needles, 
m. p. 174—175° (from aqueous ethanol), raised to 176° by sublimation at 140°/1 mm. (Found: 
C, 75-2; H, 4-95; N, 10-9. C,,H, N,O, requires C, 75-55; H, 5-0; N, 11-0%), Amax. (in EtOH) 
239 mu (log ¢ 4-33), infl. 294 my (log ¢ 3-92). 

The mono-p-anisoyl derivative was formed from 2-aminonicotyrine (1-14 g.) and p-anisic 
anhydride (1-8 g.) by heating the reactants together at 120° for 4 hr. Crystallisation of the 
product from ethanol (charcoal) gave the product as colourless needles, m. p. 190—192° (Found: 
C, 69-9; H, 5-5. C,,H,,N,O, requires C, 70-3; H, 5-6%). 

The di-p-nitrobenzoyl derivative was obtained from the base by the action of p-nitrobenzoyl 
chloride (2 mol.) in pyridine, the mixture being heated under reflux for 2 hr. Repeated 
crystallisation of the product from aqueous ethanol gave the di-p-nitrobenzoyl derivative as 
yellow needles, m. p. 208—209° (Found: C, 61-3; H, 4:1; N, 14-7. C,4H,,N;O, requires 
C, 61-15; H, 3-65; N, 14-85%). Dilution of the hot mother-liquors gave the mono-p-nitro- 
benzoyl derivative which formed orange-yellow prisms, m. p. 176°, from aqueous ethanol (Found: 
C, 63:3; H, 4:3; N, 17-4. C,,H,,N,O, requires C, 63-35; H, 4-4; N, 17-4%). 

2-Phthalimidonicotyrine, prepared from the amine and phthalic anhydride at 100° for 2 hr., 
formed rhombs (from ethanol), m. p. 165—175°, resolidifying and then melting at 199° (Found: 
C, 71-0; H, 43. C,,H,,N,O, requires C, 71-3; H, 43%). ~ 

1’-Methyl-2-phenylpyrrolo(3’,2’-3,4)-1,8-naphthyridine.—2-Dibenzoylaminonicotyrine (0-3 g.) 
was dissolved in dry toluene (25 c.c.), and phosphorus oxychloride (1 c.c.) was added. The 
solution was heated under reflux for 3 hr. during which a deep yellow colour developed. The 
solvents were then removed under reduced pressure (water-pump), and the residual gum was 
extracted with warm dilute acetic acid (25 c.c.), a crystalline residue of benzoic acid remaining. 
The yellow extract was cooled and basified with excess of concentrated aqueous ammonia; a 
colourless precipitate was obtained which was separated and crystallised from aqueous ethanol 
as prisms (0-18 g.), m. p. 182—183° (Found: C, 78-9; H, 5-15; N, 16-2. C,,H,,N, requires 
C, 78:75; H, 5-05; N, 16-2%), Amax 258 and 345 my (log e 4-62 and 3-91). 

By a similar method, 2-p-anisamidonicotyrine was cyclised to 2-p-methoxyphenyl-1’-methyl- 
pyrrolo(3’,2’-3,4)-1,8-naphthyridine which formed needles (from ethanol), m. p. 212° (Found: 
C, 74:6; H, 5-2; N, 14:5. C,gH,,N,;O requires C, 74-7; H, 5-2; N, 145%), Amax, 259 my 
(log ¢ 4-36). 

A mixture of 2-mono- and 2-di-p-nitrobenzoylaminonicotyrine gave 1’-methyl-2-p-nitro- 
phenylpyrrolo(3’,2’-3,4)-1,8-naphthyridine as deep yellow plates (from chloroform—methanol), 
m. p. 272—273° (Found: C, 66-9; H, 3-8; N, 18-1. C,,H,,N,O, requires C, 67-1; H, 4-0; 
N, 18:4%), Amax. 252 and 360 my (log ¢ 4-47 and 3-97). 

2-0-Chlorophenyl-\’-methylpyrrolo(3’ ,2’-3,4)-1,8-naphthyridine was obtained by cyclisation of 
2-0-chlorobenzamidonicotyrine (colourless needles, m. p. 132—135°). The product formed 
colourless needles (from aqueous ethanol), m. p. 238—239° (Found: C, 69-3; H, 4:2; N, 14-0. 
Cy,H,,CIN, requires C, 69-5; H, 4-2; N, 143%), Amax, 216, 256, and 338 muy (log ¢ 4-53, 4-75, and 
3-81 respectively). 

2-0-Bromophenyl-1’-methylpyrrolo(3’,2’-3,4)-1,8-naphthyridine was obtained by cyclisation 
of 2-0-bromobenzamidonicotyrine (colourless needles, m. p. 219—223°). The product formed 
colourless needles (from aqueous ethanol), m. p. 245—246° (Found: C, 59-9; H, 3-5; N, 12:1. 
C,,H,,BrN, requires C, 60-4; H, 3-6; N, 12-45%), Amax. 216, 256, and 337 my (log « 4-59, 4-62 
and 3-87 respectively). 

5 Frank, Holley, and Wikholm, J. Amer. Chem. Soc., 1942, 64, 2835. 
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2-(N-A nisoyl-N-benzoylamino)pyridine.—2-Benzamidopyridine* afforded the diaroyl 
derivative when shaken with anisoyl chloride and aqueous sodium hydroxide. This formed 
colourless prisms, m. p. 160°, from ethanol (Found: C, 71-8; H, 5-1; N, 8-7. CygH,.N,O, 
requires C, 72-3; H, 48; N, 84%). The same compound was prepared by a similar 
benzoylation of 2-p-anisamidopyridine [colourless plates, m. p. 109°, from aqueous ethanol 
(Found: C, 68-4; H, 5-1. C,,;H,,N,O, requires C, 68-4; H, 5-3%), formed from the amine and 
anisoyl chloride in warm pyridine]. 
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304. Interaction at a Distance in Conjugated Systems. Part I. The 
Basicities of (Amino- and Nitro-phenyl)-pyridines and -pyridine 
1-Oxides. 


By A. R. Katritzky and P. Simmons. 


The basicities of the compounds mentioned in the title indicate that 
nitro-groups attached to phenyl substituents in pyridine or pyridine l-oxide 
interact only weakly with the heterocyclic ring, and by the inductive effect. 
A 4’-amino-group in the 2- or 4-phenylpyridinium ion gives some mesomeric 
stabilisation. The cationic heterocyclic rings (pyridinium ion)-2 and -4 
behave as powerful electron-withdrawing substituents; the heterocyclic 
rings (pyridine 1-oxide)-2 and -4 behave as moderately electron-withdrawing 
substituents. The results support the conclusion ! that phenylpyridines and 
their l-oxides undergo nitration as the free bases. 


CONSIDERABLE interest has been shown in the interaction between two singly linked 
aromatic rings. For biphenyls, recent work on the dissociation constants of acids ? and 
phenols,® the relative rate of halogenation and nitration of benzene, biphenyl, and nitro- 
biphenyls, and the rates of desilylation® and hydrolysis of esters® has clarified the 
position: electronic effects are transmitted between the rings, but the effect is small and 
mainly inductive in nature. In particular, mesomeric interaction of a substituent in one 
ring with the other ring is very much weakened. 

Little work has been done with heterocyclic analogues of biphenyl. Previously we 
showed? that 2- and 4-phenylpyridine l-oxides are nitrated predominantly in the meta- 
position of the benzene ring, and gave tentative evidence that these compounds and 2- and 
4-phenylpyridine are nitrated in the form of the free bases. Because these results 
indicated that strong interaction occurs between the rings in phenylpyridines we have 
made basicity and dipole-moment measurements which clarify the interactions between 
the benzene and pyridine rings and substituents in (amino- and nitro-phenyl)pyridines and 
their 1-oxides. 

Preparation of Compounds.—The nitrophenylpyridines were prepared by nitration 
(cf. ref. 1), and converted into their N-oxides in the usual way. Catalytic hydrogenation 
of the nitrophenylpyridines afforded the amino-analogues. 2-m- and 2-p-Nitrophenyl- 
pyridine 1-oxides were selectively catalytically reduced to the corresponding amino-oxides, 
but this method failed in the 4-series; these results are in agreement with previous ” 


1 Hands and Katritzky, J., 1958, 1754. 

? Berliner and Blommers, J. Amer. Chem. Soc., 1951, 78, 2479. 

* Ketier, Bonner, and Eastman, J. Amer. Chem. Soc., 1954, 76, 5770. 

* Inter alia, de la Mare and Hassan, J., 1957, 3004; Mizuno and Simarmura, J., 1958, 3875. 
5 Benkeser, Schroeder, and Thomas, J. Amer. Chem. Soc., 1958, 80, 2283. 

* Berliner and Liu, J]. Amer. Chem. Soc., 1953, 75, 2417. 

’ Katritzky and Monro, J., 1958, 1263. 
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hydrogenations of pyridine l-oxides which indicated that the N-oxide group in 
2-substituted pyridine 1-oxides was sterically hindered and thus resisted reduction. 4-p- 
Aminophenylpyridine was converted into the l-oxide by protecting the amino-group by 
ethoxycarbonylation (cf. ref. 8). 

Results.—The pK, values in Table 1 were determined by ultraviolet spectrometry in 
phosphate buffers (containing up to 2% of ethanol). Potentiometric titration could not 
be used because of solubility difficulties. The pK, value of 3-p-nitrophenylpyridine could 
not readily be determined by the spectrophotometric method because the ultraviolet 
spectra of ion and conjugate base were not sufficiently different. 


S Ht S Ht S 
| Z NH, ~~ | +z NH, ™~ | +2 NH; 
N . N . N > 
) " " 


(II) (III) 


The aminophenylpyridine l-oxides have two widely separated pK, values, and the 
ultraviolet spectrum of the monoprotonated form shows ® that the first proton adds to 
the amino-group, as would be expected. It could similarly be shown ® that the first 
proton adds predominantly to the heterocyclic nitrogen atom in 2-p- and 4-p-aminopheny] 
pyridine [cf. (I) —» (II) —» (III)]. However, in contrast to the last two compounds, 


TABLE 1. pK, Values. 
Concn. Wavelength 





Compound pK,* a? (m x 104) (mp) 
4-Phenylpyridine ...........c.csccececeseereeeeersees 5-55 0-03 0-3 285 
4-p-Nitrophenylpyridine .............ssseseseseeees 4-87 _ 0-07 0-3 285 
4-m-Nitrophenylpyridine ...............:sssseeeeees 4-90 0-03 0-2 265 

6-26 0-02 0-3 350 
4-p-Aminophenylpyridine ............ssesseeeeeee 2-75 *-0-02 0-3 350 
3-Phenylpyridine ...........c.secsesececeseeeeereees 4-80 0-06 0-6 245 
D-PRGV TF EMNO © iii cde. h ide csescks cctcedeceveccscus 4-48 0-03 0-3 300 
2-p-Nitrophenylpyridine ...........c.ssseeeeeeeeees 3-63 0-05 0-7 335 
2-m-Nitrophenylpyridine .................eseeeeeees 3-55 0-05 0-6 300 

5-70 0-04 0-5 350 
2-p-Aminophenylpyridine — ...............se.e+00 2-47 0-02 0-5 350 
4-Phenylpyridine l-oxide —..............sseeeeeeee 0-83 0-10 0-3 290 
4-p-Nitrophenylpyridine l-oxide 0-58 0-03 0-3 230 
4-m-Nitrophenylpyridine l-oxide 0-58 0-03 0-2 295 
4-p-Aminophenylpyridine 1l-oxide w= B64 0-06 0-4 330 
3-Phenylpyridine l-oxide........... caine,» OG 0-03 0-2 250 
3-m-Nitrophenylpyridine l-oxide .. coon, OE 0-03 0-2 260 
2-Phenylpyridine l-oxide ........... ised A OOT 0-03 0-5 290 
SO ees l-oxide «oe «= O38 0-05 03 260 
2-m-Nitrophenylpyridine 1-oxide 0-26 0-04 0-3 240 

3-82 0-10 0-6 310 
2-p-Aminophenylpyridine l-oxide ............... 0-25 0-03 0-3 240 

3-92 0-15 0-3 250 
2-m-Aminophenylpyridine l-oxide ............... 0-20 0-03 0-3 240 


Measurements were made by the spectrophotometric method, at the wavelength and concentration 
indicated, in phosphate buffers containing up to 2% of ethanol. 
* Arithmetical means of 6 values. ° Standard deviations. 


the potentiometric titration curves of 2- and 4-m-aminophenylpyridine showed no break 
at half-neutralisation; qualitatively this indicates that the two pK, values for these 
compounds are much closer together (pK, being lower, and pK, higher) than for the #- 
aminophenyl-isomers. 

The Basicity of the Pyridine Nitrogen Atom.—3- and 4-Phenyl groups respectively 
somewhat decrease and increase the pK, of pyridine: the phenyl group is weakly electron- 
withdrawing by the inductive effect and can either withdraw or make electrons available 


* Katritzky, J., 1957, 191. 
* Katritzky and Simmons, unpublished work. 
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TABLE 2. pK, Increments caused by amino-, nitro-, and ammonio-groups in phenyl- 





pyridines and their oxides. 
Nitro Amino Nitro Amino 
m p m ? m ? m P 
Pyridines Pyridine 1-oxides 
4-Phenyl... —0-65 —068 <+0-7 +0-71 4-Phenyl... —0-25 —0-25 — 
2-Phenyl... —0-93 -—0-85 <+1-2 +1-22 3-Phenyl... — —0-27 —- a 
2-Phenyl... —0-51 -—0-49 -—0-57* —0-52¢ 
m and p refer to the phenyl rings. * Ammonio (NH,*) group. 


by the mesomeric effect. By using the p constant for the basicities of pyridines (5-7), 
the s constants for meta- and para-pheny] groups (c,, and op) are calculated as —0-045 + 0-01 
and +0-085 + 0-005 respectively, which are nearer to the o values given by McDaniel and 
Brown # (—0-01 + 0-05, +0-06 + 0-05) than to the corresponding o* values  (—0-18 
and +0-11). Other work ” also indicates that o rather than o* values give better correl- 
ation of pyridine basicities; this is surprising in view of the electron-demanding nature of 
the reaction. 

A 2-phenyl group decreases the basicity of pyridine, probably because in the solvated 
ion (IV) the angle between the planes of the rings is larger than in the conjugate base; the 
ultraviolet spectra support this conclusion.® 

A nitro-group in the m- or ~-position of the phenyl group lowers the basicity in 2-, 3-, 
and 4-phenylpyridine (Table 2). The effect is somewhat larger in the 2-series, but m- and 
p-nitro-groups are equally effective (within experimental error), indicating that the basicity 
is weakened by the inductive effect of the nitro-group and that the mesomeric effect on 
the pyridine ring is not important. «, Constants for p-nitrophenyl and m-nitrophenyl 
groups are calculated as +0-074 and +-0-068, respectively. 

An amino-group in the #-position of the phenyl group increases the basicity of 2- and 
4-phenylpyridine (Table 2); this effect, although comparatively weak (for, in pyridine 
itself, a p-amino-group increases the pK, by 3-9 units !), must be largely due to mesomeric 
stabilisation of the cation [cf. (II) «-» (V)] because the basicity increase is much less 
in the corresponding m-aminophenyl rt (see above). The so, constant for the 
p-aminophenyl group is —0-17. 


S 
(Ao (Ao Lig 
N 
H 
(IV) NH} N-o- (VII) 
(VI) o> 


he 


These sp constants agree in sign, but are smaller in magnitude than those calculated by 
Berliner and his co-workers ®14 of +0-17—+0-19 for m-nitrophenyl, +-0-19—-+-0-27 for 
p-nitrophenyl, and —0-030 for p-aminopheny]. 

The Basicity of the Pyridine Oxide Oxygen Atom.—The effects of phenyl groups on the 
basicity of pyridine 1-oxide, and of m- and -nitro-groups in the phenyl rings on the basicity 
of 2-, 3-, and 4-phenylpyridine 1-oxide (Table 3) are in the same direction as in the pyridine 
series but smaller because the basic centre is further away (also, the difference between the 
amount of steric hindrance in the ion and conjugate base of 2-phenylpyridine 1-oxides is 
less). This indicates that, as in the pyridine series, only the inductive effect of the nitro- 
group is important and structures of type (VI) are not favoured. This conclusion is 
supported by the effect of ammonio-groups (NH,*) in the m- and #-positions, which is 
similar to that of m- and #-nitro-groups (Table 2). If p = 2-1 is used for the basicity of 


© Jaffé and Doak, J. Amer. Chem. Soc., 1955, 77, 4441. 
™ McDaniel and Brown, J. Org. Chem., 1958, 28, 420. 
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pyridine 1-oxides,” calculation gives the following op constants: phenyl, —0-02; #-nitro- 
phenyl, +0-10; m-nitrophenyl, +-0-10: and, constants: phenyl, +0-02; #-nitrophenyl, 
+0-15. These values are in reasonable agreement with those for the basicities of 
pyridines (see above). 


TABLE 3. Effect of heterocyclic substituents on the basicity of aniline. 


Phenylpyridinium ion Phenylpyridine 1-oxide 
2 4 2 4 
SRE sesiasiesidesesstevestessesess — — — 0-64 — 
GOTT B Eas oscccscassccnctdsscscoetgecaspece — 2-09 —1-81 —0-74 —0-92 


Basicity of the Amino-group (Table 3).—The substitution of a 2- or 4-pyridyl 1-oxide 
group in the meta- or para-position of aniline (itself pK, 4-56 1*) has a base-weakening 
effect. The small difference between the effect in the meta- and the para-positions indicates 
that it is largely inductive in character. The 2- or 4-pyridinium group (cf. VII) has a 
still stronger base-weakening effect [here mesomeric interaction is probably involved 
because the effect is less in the meta-position (see above, and cf. ref. 1]. These results may 
be compared with the effect of the NMe,* group which lowers the pK, of aniline by 2-05 
and 2-30 units respectively when it is in the para- and the meta-position.% 

By using the p value for the basicity of anilines (2-77),!* « values can be calculated for 
these heterocyclic substituents (Table 4). 


TABLE 4. Hammett o constants for heterocyclic rings as substituents. 


Pyridinium ion Pyridine 1-oxide 
ED” | sinciotessieasebsersevineckinkanesis — — 0-23 _ 
Gd Sectendinoenssoscecsacsntsccavelbties 0-75 0-65 0-27 0-33 


These values afford additional evidence that nitration of 2- and 4-phenyl-pyridine and 
-pyridine 1-oxides takes place on the free bases and not on the conjugate acids,* for groups 
that have o, constants greater than 0-6 are invariably strongly meta-directing.™! The 
6p values for (1-hydroxypyridinium)-2- or 4- as a substituent are probably even higher than 
those of (pyridinium)-2- or 4- as a substituent; therefore nitration as cations should give 
very little para-substitution, which is contrary to experiment. 

Dipole Moments.—The dipole moments of 4-f-nitrophenyl, 4-p-aminophenyl-, and 
4-phenyl-pyridine were determined as 1-90, 4-09, and 2-51 D respectively. That for 
4-phenylpyridine 1-oxide was 4-52 D but those of the p-nitro- and p-amino-pheny] analogues 
could not be measured because of poor solubility in benzene. Compounds in other than 
the 4-p-series were not measured because of the difficulty in interpreting results. 

The mesomeric moments for 4-phenylpyridine and its 1-oxide are therefore 1® 0-29 and 
0-28 p, respectively, with the heterocyclic rings becoming negatively charged. This 
result shows that any contribution of a canonical form of type (VIII) in the oxide is just 


(VIII) = = (IX) 


cancelled by the increased importance of form of type (IX) over the corresponding form 
in the pyridine. Introduction of a nitro-group into the para-position of 4-phenylpyridine 
changes the dipole moment by 4-41 D, #.e., by the same amount as introduction of a 4-nitro- 
group into diphenyl; 7’ the simplest explanation of this is that interaction between the 
nitro-group and the pyridine nitrogen atom is small. 

18 Jafié, Chem. Rev., 1953, 58, 191. 

18 Brown, Okamote, and Inukai, J. Amer. Chem. Soc., 1958, 80, 4964. 

14 Berliner, Newman, and Riaboff, J. Amer. Chem. Soc., 1955, 77, 478. 

18 Roberts, Clement, and Drysdale, J. Amer. Chem. Soc., 1951, 78, 2181. 


1¢ Katritzky, Randall, and Sutton, J., 1957, 1769. 
17 Everard and Sutton, J., 1951, 2817. 
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EXPERIMENTAL 


Nitrophenylpyridines.—2-Phenylpyridine # (31 g.) was added to sulphuric acid (100 c.c.) 
and nitric acid (d 1-50, 8-4 c.c.) at 20°. After 30 min. at 100°, water (450 c.c.) and then 5n- 
aqueous ammonia (200 c.c.) were added (A). The precipitate (14 g.) crystallised from ethanol 
to give 2-p-nitrophenylpyridine (12 g., 30%), m. p. 130—131° (lit., m. p. 130—131°). The 
aqueous liquors (from A) were basified with ammonia and extracted with chloroform. Solid 
from the solvents was twice recrystallised from 5N-nitric acid. The solid nitrate was basified 
with 10N-sodium hydroxide, extracted by chloroform, and the solid from the extracts recrystal- 
lised from ethanol to give 2-m-nitrophenylpyridine (9 g., 22%), m. p. 72—73° (lit.,™ m. p. 
73—74°). 

3-Phenylpyridine was nitrated, and the reaction mixture basified, as above. Recrystallis- 
ation of the product from ethanol gave 3-p-nitrophenylpyridine (62%), m. p. 147—148° (lit.,!* 
m. p. 148—149°). 

4-Phenylpyridine was nitrated, and the reaction mixture basified, as above. Recrystallis- 
ation of the free bases from hydrochloric acid (5N) gave the solid pava-hydrochloride which, 
after further recrystallisation (from HCl), was converted into 4-p-nitrophenylpyridine (35%) ; 
this after recrystallisation from ethanol had m. p. 124—125 (lit.,4% m. p. 123—124°). The 
hydrochloric acid mother-liquors were basified, and the resulting solid was twice recrystallised 
from nitric acid (5N), then basified and recrystallised from ethanol to give 4-m-nitrophenyl- 
pyridine (29%), m. p. 109—110° (lit.,1® m. p. 109—110°). 

Nitrophenylpyridine Oxides.—2-m-Nitrophenyipyridine (5 g.), 30% aqueous hydrogen 
peroxide (8 c.c.), and acetic acid (16 c.c.) were heated for 24 hr. at 70°, more hydrogen peroxide 
(8 c.c.) being added after 12 hr. The whole was evaporated at 100°/12 mm., and the residue 
in chloroform digested with potassium carbonate. Evaporation of the chloroform layer and 
recrystallisation from ethanol gave the oxide (4:2 g., 78%), m. p. 175—177° (lit.,1 m. p. 
177—178°). 

The following analogues were similarly prepared: 2-p-, (75%), m. p. 212—214°, from 
ethanol (lit.,1 m. p. 216°); 3-m-, (65%), rods (from ethanol) changing at 148° to needles, m. p. 
174—175° (Found: C, 60-6; H, 3-8; N, 13-1. C,,H,O,N, requires C, 61-1; H, 3-7; N, 13-0%); 
4-m-, (53%), cubes, m. p. 208—209° from ethanol (Found: C, 61-2; H, 3-8%); 4-p-, (46%), 
rods, m. p. 221-5—223°, from ethanol (Found: C, 61-1; H, 3-8%). 

Aminophenylpyridines.—2-m-Nitrophenylpyridine (1 g.) in ethanol (30 c.c.) was stirred over 
5% palladium on charcoal (0-2 g.) under hydrogen for 40 min. Filtration and evaporation 
gave 2-m-aminophenylpyridine (0-6 g., 70%) as a new polymorph, needles m. p. 55—56°, from 
light petroleum (b. p. 40—60°) (Found: C, 77-6; H, 6-3. (C,,H,)N, requires C, 77-6; H, 
63%) (lit.,2° m. p. 72—73°) [acetyl derivative, m. p. 141—143° (lit.,24 m. p. 141—143°)}. 

The following analogues were similarly prepared: 2-p-, (62%), from light petroleum (b. p. 
60—80°), m. p. 96—97-5° (lit.,4° m. p. 97—98°); 3-p-, (70%), from aqueous ethanol, m. p. 
118—119° (lit.,2® m. p. 118—120°); 4-m-, (59%), from benzene, m. p. 165—166° (lit.,24 165— 
166°); 4-p-, (61%), from ethanol, m. p. 227—228° (lit.,2° 232—234°). 

Aminophenylpyridine 1-Oxides.—2-m-Nitrophenylpyridine l-oxide (1 g.), ethanol (30 c.c.), 
and 5% palladised alumina (0-2 g.) were stirred under hydrogen for 80 min., 375 c.c. (6 equiv.) 
being absorbed. The solution was filtered and evaporated; the residue sublimed at 150°/1 mm., 
and the sublimate was crystallised from toluene to give 2-m-aminophenylpyridine 1-oxide 
(0-2 g., 25%) in plates, m. p. 172—173° (Found: C, 70-9; H, 5-5; N, 15°2. C,,H,ON, requires 
C, 70-9; H, 5-4; N, 15-1%). 

2-p-Aminophenylpyridine 1-oxide (20%) was similarly prepared; it formed plates, m. p. 
195—200° (decomp.) from toluene (Found: C, 71-0; H, 5-5; N, 149%). 

Ethyl chloroformate (1-4 c.c.) was added dropwise at 0° to 4-p-aminophenylpyridine (2 g.) 
under pyridine (4-5c.c.). After 12 hr. water was added, to precipitate the crude product which 
was dried, dissolved in acetic acid (4 c.c.), and treated with 30% aqueous hydrogen peroxide 
(2:2 c.c.) at 70° for 12 hr. Volatile material was then removed at 100°/13 mm. A portion 
(0-2 g.) of the product was twice recrystallised from pyridine to give 4-p-ethoxycarbonylamino - 
phenylpyridine 1-oxide (0-1 g.), m. p. 245—247° (Found: C, 65-0; H, 5-6; N, 11-4. C,,H,,O,N, 

#8 Evans and Allen, Org. Synth., 1956, Coll. Vol. II, p. 517. 

” Forsyth and Pyman, J., 1926, 2912. 


* Cook, Heilbron, and Reed, J., 1945, 182. 
*! Heilbron, Hey, and Lambert, J., 1940, 1279. 
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requires C, 65-1; H, 5-5; H, 10-9%). The rest of the crude product was refluxed with con- 
centrated hydrochloric acid (30 c.c.) for 3 days, the whole concentrated (to 5 c.c.) and basified 
with sodium hydroxide, and the resulting precipitate crystallised from ethanol to give 4-p- 
aminophenylpyridine 1-oxide (0-3 g., 18% overall) in plates, m. p. 270° (Found: C, 70-6; H, 5-3; 
N, 14-6%). 

We thank Mr. M. Hely-Hutchinson, B.A., B.Sc., and Dr. L. E. Sutton, F.R.S., for their help 
with the dipole-moment measurements and Dr. A. S. Bailey for his interest. Part of the work 
described in this and the two succeeding papers was carried out during the tenure (by A. R. K.) 
of an I.C.I. Fellowship. 
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305. Interaction at a Distance in Conjugated Systems. Part II} 
The Preparation and Basicities of a Series of 4-Styryl- and 4-Phenyl- 
ethynyl-pyridines. 

By A. R. Katritzxy, D. J. SHort, and A. J. Bouton. 


The preparation of a series of 4-styryl- and 4-phenylethynyl-pyridines 
and their 1-oxides is described. The basicities of the pyridines indicate that 
interaction between the substituents on the benzene rings and the pyridine 
ring is quite small, but is larger in the styryl than in the phenylethynyl 
compounds. 


A SERIES of styryl- and phenylethynyl-pyridines and -pyridine l-oxides has been prepared 
and the pK, values have been measured to investigate interaction over distances greater 
than those for the substituted phenyl-pyridines and 1-oxides studied in the preceding 


paper. 
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Preparation of Compounds.—Aromatic aldehydes (I) with y-picoline (II) gave substituted 
y-stilbazoles (III) which were converted by bromination and dehydrobromination into 
the corresponding acetylenes (IV); the acetylenes yielded the N-oxides (V) by oxidation 
with perbenzoic acid. The stilbazole N-oxides (VI) were obtained more efficiently by 
reaction of the aldehyde (I) with y-picoline l-oxide than by direct oxidation of the 
stilbazoles (cf. ref. 2). Details are recorded in Table 1. The pK, values in Table 2 were 
measured by the spectrophotometric method. 

Discussion.—The basicities of 3- and 4-substituted pyridines can be correlated by 
Hammett’s equation,’ and by using the determined p value of 5-7, Hammett o constants 
have now been calculated for the substituted styryl and phenylethynyl groups (Table 2). 
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? Part I, Katritzky and Simmons, preceding paper. 
2 Katritzky and Monro, /., 1958, 150. 
3 Jaffé and Doak, J]. Amer. Chem. Soc., 1955, 77, 4441. 
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TABLE 1. 
Yield Solvent for 
No. x (%) recrystn.* Crystal form M. p. (found) M. p. (lit.) Ref. 
trans-4-(p-Substituted styryl)pyridines, X-C,H,-CH:CH-C,H,N 
1 NMe, 12 MeOH Plates 239-5—241° 240—-241° a 
2 OMe 70 Pet. Plates 131-5—132-5 135 b 
3 Me 66 EtOH-H,O Plates 150-5—151° 101—102 d 
4 H 70 EtOH-H,O Plates 131° 131 f 
5 Cl 93 EtOH-H,O Plates or needles 1139 110 h 
6 NO, 89 EtOH Needles 171—172 171 i 
4-(p-Substituted phenylethynyl)pyridines, X-C,H,-C:C-C,H,N 
EtOH-H,O Plates 118—119-53 += 
ee GRE note nc) 104-5—105-54 
8 Me 60 Pet. Needles 114-5—115-5 — _— 
9 H 62 EtOH-H,O Plates 104-5—105-5 104 k 
1 86Cl 79 EtOH Cubes 119-5—122 119-5—122 h 
ll NO, 76 EtOH-H,O Needles 115-5—116-5 ~- —_ 
tvans-4-(p-Substituted styryl)pyridine l-oxides, X-C,H,-CH:CH-C,H,N*-O- 
12 NMe, ll C,H,-Pet. Plates 257—258 239-4—240 l 
13 OMe 40 C,H,-Pet. Cubes 159—160 — - 
14 Me 35 C,H,~Pet. Cubes 185—187 —_ — 
15 H — _— — -— _ m 
16 Cl 40 EtOH 164—166 a — 
17 NO, 43 EtOH . Yellow needles 233-5—234-5 — -- 
4-(p-Substituted phenylethynyl)pyridine l-oxides, X-C,H,-C:C-C,H,Nt-O- 
18 Me 52 C,H,—Pet. Needles 158—159" — — 
19 H 92 EtOH Needles 184-5—185-5 —_ — 
20 Cd 50 EtOH-H,O Needles 171-5—172 = — 
21 NO, 43 EtOH Plates 204—206 _ —_ 
(decomp.) 
Found (%) Calc. (%) Found (%) Calc. (%) 
No. Formula Cc H Cc H No. Formula Cc H Cc H 
2 C,,H,NO ... 794 64 796 62. 14 C,,H,,NO ... 799 62 796 6-2 
3 C,,H,,N ...... 858 66 861 67 16 C,,H,CINO 676 46 674 44 
- Cy,H,,NO/)... 802 52 804 654 17 CysHyoN,O, 644 41 645 41 
{eH NO3 802 54 804 54 18 CyH,,NO°... 799 53 803 53 
1 4 
8 CAN ....... 870 58 87:0 6-7 19 C,,H,NO ... 803 48 800 46 
1l C,,;H,N,O,... 693 36 696 36 20 C,,H,CION... 676 35 68:0 3-5 
12 C,;H,,N,O... 751 67 75:0 6-7 21 C,,H,O,.N,... 65:1 35 650 3-4 
13 CyH,,NO,... 743 61 743 58 


* Gilman and Setandn, J. Amer. Chem. Soc., 1945, 67, 342. ° Blout and Eager, J. Amer. Chem. 
Soc., 1945, 67, 1319. ¢ Presumably a new polymorph. @ Durung, Ber., 1905, $8, 164. * After sublim- 
ation at 120°/0-1 mm. J Shaw and Wagstaff, J., 1933, 7. # ‘After sublimation at 100°/0-1 mm. 
* Smith, U.S.P. 2,482,521; Chem. Abs., 1950, 44, 2571. ‘* Royer, J., 1947, 560. 4 4-p-Methoxy- 
phenylethynylpyridine formed two polymorphs. * Lukes and Ernest, Coll. Czech. Chem. Comm., 1949, 
14, 679. ' Parker and Furst, J. Org. Chem., 1958, 28, 201. ™ Katritzky and Monro, J., 1958, 150. 
1 Semen at 150°/0:02 mm. ° Found: N, 6-6. Calc.: N, 67%. * Pet. = light petroleum, b. p. 

80°. 


TABLE 2. pK, Values. 


trans 4-(p-Substituted styryl)pyridines, 4-(p-Substituted phenylethyny]l)pyridines, 
X-C,H,-CH:CH-C,H,N. X-C,HyCiC-C,H,N. 

x pk, * a? A (mp) Oy * x pK,* a? A (mp) Op ° 
RES 6-03 0-02 360 —0-13 OCH, ...... 4-80 0-01 355 +0-09 
A sceduwes 5-94 0-02 350 —O11 CH, .......... 4-70 0-01 337 +0-10 
BE. vancatilvests 5-92 0-01 335 wm @al BH iiat. it 4-62 0-01 327 +0-12 
ai dendevorben’ 5-66 0-02 340 —0-06 Cl ............ 4-54 0-01 330 +0-13 
co 5-15 0-03 340 +002 NO, ......... 4-31 0-02 326 +0-17 


2 Arithmetical mean of 6 values. % Standard deviation. * Hammett o constant. 
(Measurements were in phosphate buffers containing up to 2% of ethanol.) 
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Previous “normal” s, values for the Ph*CH:CH:~ and Ph:CiC- groups are respectively 
—0-05 and +0-19 as derived from ionisation constants of benzoic acids and hydrolysis 
rates of ethyl benzoates.* However, the solvolysis of benzyl toluenesulphonates, a reaction 
which depends strongly on electron-donor properties of substituents, would need constants 
much more negative (ca. —1-0 and 0-0) to be correlated.45 We therefore consider our 
values to be in reasonable agreement with the “ normal” o, constants. The op, values in 
Table 2 show that the styryl group acts as an electron donor and the phenylethynyl group 
as an electron acceptor, in agreement with previous work.* The o, values within each 
series of substituted compounds show that the effect of a substituent in the phenyl ring 
is transmitted more strongly through an ethylenic than through an acetylenic group. 
This is in line with the known ability of ethylenic groups to interact more strongly with 
an adjacent unsaturated system than do ethynyl groups. Comparison of these results 
with those for phenylpyridines! indicates that interaction in the series between the 
substituent and pyridine ring is in the order (Hammett p values are given in parentheses) : 
X-C,HyPy (0-97 + 0-03) ~ X-C,HyCH:°CH-Py (0-85 + 0-07) > X°C,H,CiC-Py (0-44 + 
0-04), but the effects are small in all cases compared with the effect of substituents directly 
in the pyridine ring (p = 5-71 + 0-30).3 


EXPERIMENTAL 


4-Styrylpyridines.—The aromatic aldehyde (0-08 mole), 4-picoline (8 g.), and acetic an- 
hydride (20 g.) were refluxed under nitrogen for 30 hr. The mixture was dissolved in chloroform 
or ether and extracted with aqueous hydrochloric acid (8N; 2 x 50 c.c.); basification of the 
extracts with ammonia precipitated the product. 

4-Phenylethynylpyridines.—These compounds were made by a known method.’ 4-Phenyl- 
ethynylpyridine formed a picrate, needles, m. p. 182—183° (decomp.), from ethanol (Found: 
C, 55-6; H, 3-1. C,,H,,N,O, requires C, 55-9; H, 3-0%);-a picrolonate, needles which decom- 
posed at ca. 220°, from ethanol (Found: C, 62-0; H, 4-0. C,,;H,,N,O,; requires C, 62-3; H, 
3-9%); and a boron trichloride complex (cf. ref. 9), needles, m. p. 154—158°, from ethanol 
(Found: C, 52-5; H, 3-4. C,,;H,NBCI, requires C, 52-6; H, 3-0%). 

2-Phenylethynylpyridine, prepared (yield 68%) by the literature method,® had b. p. 106— 
108°/0-2 mm. (lit.,* b. p. 160—164°/3—4 mm.); it solidified and then formed prisms, m. p. 
29—32°, from ether-light petroleum. The picrate formed needles, m. p. 152—153° (decomp.), 
from ethanol (Found: C, 56-4; H, 3-0%), and the picrolonate formed yellow needles, m. p. 
165-5—166-5°, from ethanol (Found: C, 61-9; H, 4-1%). 

4-Phenylethynylpyridine 1-Oxides.—The phenylethynylpyridine (0-01 mole) and perbenzoic 
acid in chloroform ? (70 c.c. of 0-29m-solution) were kept at 20° for 2 days. The whole was 
digested at 50° with potassium carbonate (6 g.) and water (1 c.c.), and filtered, and the filtrate 
dried (MgSO,). The oxide was recovered by evaporation. 

4-Phenylethynylpyridine 1-oxide picrate crystallised in needles, m. p. 147-5—148-5°, from 
ethanol (Found: C, 53-9; H, 3-0. C,H,,.N,O, requires C, 53-8; H, 2-9%). 

4-Styrylpyridine 1-Oxides.—The methyl-, methoxy-, dimethylamino-, and chloro-compounds 
were prepared from the aldehyde, 4-picoline l-oxide, and methanolic potassium methoxide 
by the method of ref. 2. The nitro-analogue was prepared by oxidation * of the nitrostyryl- 
pyridine by peracetic acid. 


We thank Dr. A. S. Bailey for his interest. 


Tue Dyson Perrins LABORATORY, OXFORD. 
Tue University CHEMICAL LABORATORY, CAMBRIDGE. [Received, June 16th, 1959.] 


* Kochi and Hammond, J. Amer. Chem. Soc., 1953, 75, 3452. 

5 Hammond and Reeder, J. Amer. Chem. Soc., 1958, 80, 573. 

* Cf. discussion and references in ref. 4. 

7 Lukes and Ernest, Coll. Czech. Chem. Comm., 1949, 14, 678. 

* Beyerman ef al., Rec. Trav. chim., 1956, 75, 68. 

* Bax, Katritzky, and Sutton, J., 1958, 1254. 

‘© Duplessis-Kergomard and Bigou, Bull. Soc. chim. France, 1956, 486. 
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306. Interaction at a Distance in Conjugated Systems. Part III. 
Effect of Aryl and Heteroaryl Groups on the Infrared Intensities of 
C=C and C=C Stretching Bands. 


By A. R. Katritzky, A. J. Boutton, and D. J. SHort. 


The intensities of the C=C and C=C stretching modes in 4-substituted 
stilbenes and tolans depend on the magnitude of the conjugative power of 
the substituent, but not on whether it is an electron-donor or -acceptor. 
The 2- and 4-pyridyl and the 2- and 4-(pyridyl l-oxide) groups behave as 
strong electron-acceptors; electron-withdrawing substituents in the phenyl 
ring in styryl- and phenylethynyl-pyridine l-oxide are unable to cause the 
N-oxide group to donate electrons. 


- =. i » 
Ce aeeeneee 


ee 


THE intensity of an infrared absorption band is determined by the rate of change of dipole “5 
moment with the normal co-ordinate at the equilibrium position. For vibrations which 
are effectively localised in one bond, such as the C=C and C=C stretching frequencies, and 
within a series of closely related molecules, it is a reasonable assumption that this will 
depend on the magnitude of the charge asymmetry in that bond (cf. discussion in ref. 2). 
The intensities of these bands in a series of diaryl-acetylenes and -ethylenes should there- j 
fore afford information about the net displacement of electrons from one ring towards the 


other in these compounds. 
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We wished to investigate electronic interactions in styryl- and phenylethynyl-pyridines ; 
and -pyridine 1-oxides by this method. For comparison, a series of substituted stilbenes j 
and tolans was prepared. 4-Methoxytolan had been reported by Orékhoff and Tiffeneau * 
to result from 4-methoxystilbene dibromide and aqueous potassium carbonate. In our 4 
hands this procedure gave a product of m. p. 89—91° not raised by further recrystallisation 
and in agreement with that reported by those authors (89—90°), but the compound showed j 
a carbonyl band in the infrared spectrum, and analysis gave C,;H,,O,. The methoxytolan 
had obviously been hydrated to compound (I) or (II); these compounds are both known 
and have m. p.s of 94° ¢ or 98°5 (I) and 76° ® or 77—78°? (II). The infrared spectrum : 
supported (I) but did not exclude a mixture with a small amount of (II). (i) The position 
of the v C=O at 1677 cm. was close to that of acetophenone ® at 1680 cm.*! as expected 
for (I), whereas that for (II) should be somewhat lower. (ii) The intensities of the bands q 
at 1611 cm. (105) and at 1514 cm.- (390) are those expected for (I); these bands should 
be of respectively higher and lower intensity in (II).° (iii) The position of the MeO-Ar 2 
stretching frequency at 1248 cm.“ also supports (I).2° : 

The infrared spectra of the above stilbenes and tolans, and of related stilbazoles, 4 
phenylethynylpyridines, and their N-oxides were determined as 0-189m-solutions in 

1 Part II, preceding paper. 

* Katritzky, J., 1958, 4162. 

3 Orékhoff and Tiffeneau, Bull. Soc. chim. France, os 37, 1416. 

* Buck and Ide, J. Amer. Chem. Soc., 1932, 54, 3013 

5 Barnes, Cooper, Tulane, and Delaney, J. Org. Chem., 1943, 8, 153. 

* Ney, Ber., 1888, 21, 2450. 4 

? Meisenheimer and Jochelson, Annalen, 1907, 355, 2 : 

® Katritzky, Monro, Beard, Dearnaley, and Earl, /., 1988, 2182. 4 


* Katritzky and Simmons, /J., 1959, 2051. 
1 Katritzky and Coats, J., 1959, 2062. 
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purified chloroform in a 0-106 mm. cell. As in previous work, apparent extinction 
338 coefficients were recorded; the justification for this and the errors and approxiniations 
involved therein have been discussed,® as has the degree of reproducibility that may be 
expected on other machines.“ The bands connected with the -CH=CH- and —C=C- 
groups are collected in Table 1. 

The intensities of the C=C and C=C stretching bands in the stilbenes and tolans (Table 1, 
Nos. 1—6) depend as expected on the conjugative power of the substituent, but not on 
whether the ‘substituent is an electron-donor or -acceptor. The intensity of the C=C 
stretching band in the unsubstituted stilbazoles and their l-oxides (Nos. 7, 8, 12, 15, 19) 
is (30—40) * for the 2-Py, 4-Py, and 4-PyO compounds, #.e., comparable with that of 


20 815 200 
155 827 
15 {3350 


15 1019 
10 1014 
15 1014 


a a i 4-nitrostilbene. The 3-Py compound has a lower intensity (15); the 3-position of the 
ee pyridine ring is known to accept electrons less readily than the 2- or the 4-position. The 
RRS 2-PyO compound has a higher intensity (70); this may be due to its strong electron- 
po & y g 

oes attracting power ! or to a special interaction (as III). In the unsubstituted phenyl- 
$ 8 8 ethynylpyridines the available 2-Py, 4-Py, and 4-PyO compounds all have intensities in the 
=e range (30—40), about half that of 4-nitrotolan. 

ad 6 


When the series 4-Py-CH:CH’C,H,X and 4-Py-CiC-C,H,°X are considered (Table 1, 
Nos. 9—14), the intensities drop smoothly as X changes from the strongly electron- 
donating NMe, group to the electron-accepting NO, group. The intensities of all the 
4-PyO compounds are similar to those of their 4-Py analogues, indicating that the 
4-substituted pyridine oxide ring is acting as an electron-acceptor throughout, and that in 
4-PyO-CH:CH-C,H,NO, and 4-PyO-C:C-C,H,-NO, the nitro-group is unable to polarise 
the N*-O~ group so as to cause it to donate electrons. This is in agreement with our 
results in the phenylpyridine 1-oxide series.!* ¢ 

The positions of the C=C and C=C stretching bands are 1644—1630 [1635 + 4] and 
2230—2220 cm.-, in good agreement with previous work.1@15 

The CH=CH Out-of-plane CH Deformation.—In contrast to the stretching mode, this 
mode (Table 1, col. 3) is of essentially constant intensity as well as position, 969—959 cm. 
(125—180) [963 + 3 cm.+ (150 + 20)], except that in the 2-substituted compounds 
(Nos. 7, 15) the e, is lower (100), which may be due to interactions of type (III). This 
band was found at [980 + 2 cm.+ (130 + 25)] for a series of $-aryl and #-heteroaryl 
acrylates (X*CH°CH-CO,Et) ® and occurs at 968—964 cm.+ (90—110) in ¢rans-dialkyl- 
ethylenes.™ A careful study of the intensity of this band for stilbenes (in CS,, 3 mm. 
cells) has been made by Orr,!® who found that the intensity area was relatively constant 
but that the band width was increased, and the peak height decreased, by ortho- 
substituents. Orr found peak intensities of ca. 340 for unhindered compounds; the 
discrepancy with the present values is presumably because Orr’s values were corrected 
(by up to 25%) from the e, values observed because the solutions used by him were much 
more dilute than in the present work, and because of the difference in solvents. 

Stilbenes and stilbazoles with a monosubstituted benzene ring attached to the ethylenic 
bond show a band or pronounced shoulder at ca. 985—980 cm.+ (col. 2). A band or 


* Throughout this paper Py = pyridine, PyO = pyridine 1-oxide, and preceding numerals indicate 
the position of substitution. Parentheses enclose apparent extinction coefficients and square brackets 
enclose arithmetic means and standard deviations. 

t The fact that the intensity variations for the olefins parallel those for the acetylenes indicates 
that possible coupling in the former class of compound between the C=C and the benzene vibration near 
1600 cm.— is not important to the argument. 


4 Katritzky and Lagowski, J., 1958, 4155. 

2 Katritzky, Quart. Rev., 1952, 10, 395. 

#8 Katritzky and Simmons, /J., 1960, 1511. 

™ R. N. Jones and Sandorfy, in Weissberger, ‘“‘ Technique of Organic Chemistry, Vol. IX. 
“Chemical Applications of Spectroscopy,” Interscience Publ., Inc., London, 1956: (a) pp. 369, 385; 
(6) p. 379; (c) p. 382. 
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shoulder at 955—940 cm.* occurs in stilbenes and stilbazoles with a pyridyl or nitrophenyl 
group and in some other compounds (col. 4). 

The stilbenes and stilbazoles show a band (absent in Nos. 4, 8) at 876—847 cm. (10— 
40) (862+ 9 cm.+ (25+ 10)], which is presumably a skeletal mode; Brown and 
Sheppard ?” have shown that the -CH=CH- out-of-plane out-of-phase mode (the mode 
usually referred to merely as “‘ out-of-plane ”’ is the in-phase one) absorbs near 750 cm.*, 
The -CH=CH-— in-plane modes occur near 1300 cm.4,1#+15 but are of low intensity: the 
stilbenes and the stilbazoles show one or two bands or shoulders in this region at ca. 1320 
and 1305 cm. (5—10). Bands at 1304 cm. (65) and 1304 cm. (100) in Nos. 10 and 
17 respectively are probably connected to the OMe groups.’ 

The tolans and phenylethynyl-pyridines containing a phenyl group show a band (col. 8) 
at 915—911 cm.? (10—25) [913 + 2 cm.+ (15+ 5)] which is probably a nuclear 
vibration.“ A band of unknown origin is shown (col. 7) at 1145—1136 cm.* in the 
pyridine oxides and several other compounds. 

Bands due to Ring Vibrations.—With few exceptions, all the remaining bands of 
¢, >15 could be assigned to ring or substituent vibrations. Table 2 gives the bands 
assigned to the mono- and para-di-substituted benzene rings of the stilbenes and tolans. 
Bands due to the monosubstituted rings are relatively invariant, demonstrating the small 
effect of remote substitution. Substituents directly attached to the disubstituted rings 
affect the bands in a manner in agreement with the conclusions previously reached.” 

Bands arising from the mono- and para-di-substituted benzene rings ® in the hetero- 
cyclic compounds have already been published, as have those of the 2- and 3-substituted 
heterocyclic rings. 


TABLE 3. Nuclear bands. 


4-Substituted pyridines 4-Substituted pyridine 1-oxides 
Position (cm.~') Intensity (€,) Position (cm.~) Intensity (e,) 
Range Mean Range Mean Range Mean Range Mean 
1603—1591 1598 220—390 300 (band near 1600 cm.-! masked) 
1553—1550 1552 ¢ 15—20 15) 1495—1475 1485 195—420 295 
{ * absent or masked 1451—1441 1446 25—60 50 
(band near 1500 cm.~* masked) 1259—1243¢ 1249 
1264—1260% 1261 200—460 370 
1419—1415* 1417 260—390 ¢ 330 
1410—1407* 1409 5 40-70 ad 1s—1165 1108 150—280% 220 
1068—1064 1066 5—15 10 
994—990 992 35—75¢ 55 1095—1093 1094 15—30 20 
{ * (below 805 cm.~) } 1033—1028 1031 95—120 110 
b ad 
820—818 819 120—160 140 852—840 846 40—75 50 


220—310° 270 
833—820 828 130—310 200 


a refers to stilbazoles, b to phenylethynylpyridines (where no designation is given the two classes 
are considered together), c except the NMe, compound which showed e, 120, d except the Cl compound 
which showed e, 140. 


Nuclear bands for the 4-pyridyl compounds (Table 1, Nos. 9—14) and the 4-substituted 
pyridine l-oxides (Table 1, Nos. 16—21) are summarised in Table 3. These bands have 
already been discussed, and the present results agree with the conclusions reached.18*° 


EXPERIMENTAL 

Stilbenes.—The following 4-substituted stilbenes were prepared by the methods indicated: 
dimethylamino- # (25%), m. p. 150°, sublimed at 145°/0-1 mm. (lit.,1®m. p. 150°); methoxy- ” 
(20%), needles, m. p. 140—141-5°, sublimed at 130°/0-1 mm. (Found: C, 85-8; H, 6-7. Calc. 
for C,,H,,0: C, 85-8; H, 6-7%) (lit.,2° m. p. 136°); methyl- 24 (45%), m. p. 119° (lit.,24 m. p. 

7 Brown and Sheppard, Trans. Faraday Soc., 1955, 51, 1611. 

1® Katritzky and co-workers, J., 1958, (a) 2192, (b) 2195, (c) 2198, (d) 2202, (e) 3165. 

1* Dey and Row, J. Ind. Chem. Soc., 1925, 1, 285; Chem. Zentr., 1925, II, 1763. 

* Hewitt, Lewcock, and Pope, J., 1912, 101, 606. 

1 Drefahl and Plétner, Chem. Ber., 1958, 91, 1276, 1280. 
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119°); chloro- 2? (36%), m. p. 13i—131-5°, sublimed at 130°/0-1 mm. (lit.,22 m. p. 129°) ; nitro-* 
(20%), m. p. 158—159° (lit.,* m. p. 155°). 

4-Methoxytolan.—Bromine (5-4 g.) in chloroform (50 c.c.) was added at 0° to 4-methoxy- 
stilbene (7-0 g.) in chloroform (100 c.c.). The precipitated 4-methylstilbene dibromide (10-2 g.) 
was collected and (1-5 g.) refluxed 2 hr. with 30% n-butanolic potassium hydroxide (15 c.c.). 
When cold, the whole was poured into ethanol—water (20 + 80 c.c.) and ether-extracted. 
Removal of solvents from the extracts then gave 4-methoxytolan (0-6 g., 56%), which crystallised 
from light petroleum (b. p. 60—80°) in plates, m. p. 58—60°, and sublimed at 60°/0-05 mm, 
(Found: C, 86-3; H, 6-1. C,,;H,,O requires C, 86-5; H, 5-8%). 

Heating 4-methoxystilbene dibromide with aqueous potassium carbonate * gave, on cooling, 
a solid which was crystallised from ethanol and then sublimed in plates, m. p. 89—91° (reported * 
89—90°) (Found: C, 79-4; H, 6-3. Calc. for C,,H,,0,: C, 79-6; H,6-2%). The dinitrophenyl- 
hydrazone of methoxydeoxybenzoin crystallised from benzene in red needles, m. p. 195° (Found: 
C, 62-7; H, 5-0; N, 13-6. C,,H,,0;N, requires C, 62-1; H, 4-5; N, 13-8%). 

4-Methyliolan.—Prepared by the recorded method,” this compound (40%) had m. p. 73— 
74° and sublimed at 75°/0-1 mm. (lit.,24*4 m. p. 78—79°; 72-5—73-5°) (Found: C, 93-7; H, 6-2. 
Calc. for C,;H,,: C, 93-7; H, 6-3%). 

4-Chlorotolan.—Prepared as for the methyl analogue,!® the folan (30%) separated from 
ethanol in plates, m. p. 83—84° (Found: C, 78-9; H, 4-7. C,,H,Cl requires C, 79-1; H, 4-3%). 

4-Nitrotolan.—Bromine (3-7 g.) in chloroform (25 c.c.) was added at 65° to 4-nitrostilbene 
(4-6 g.) in chloroform (100 c.c.). On cooling, the crude 4-nitrostilbene dibromide [4-6 g., m. p. 
203—-205° (decomp.)] separated. The crude dibromide (2-75 g.) was added to potassium 
hydroxide (2 g.) in ethanol (100 c.c.), and the whole refluxed 30 min. On cooling, pouring into 
water, and ether extraction, there was obtained, from the extracts, a solid which was chromato- 
graphed on alumina. Elution with benzene gave initially 4-nitrotolan (0-134 g., 18%), which 
formed pale yellow plates (from ethanol), m. p. 120-5—121°, and sublimed at 120°/0-05 mm. 
(Found: C, 74:8; H, 4-1; N, 6-6. C,,H,O,N requires C, 75-3; H, 4:1; N, 63%). Further 
elution with 1% ethyl acetate—benzene gave 4-nitrostilbene (0-094 g., 12%). 


We thank Dr. N. Sheppard for reading the manuscript of this paper. 


THE Dyson PERRINS LABORATORY, OXFORD. 
THE UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. (Received, June 16th, 1959.) 


22 y, Walther and Raetze, J. prakt. Chem., 1902, 65, 283. 
%3 Pfeiffer and Sergeiwskaya, Ber., 1911, 44, 1109. 
*4 Scardiglia and Roberts, Tetrahedron, 1958, 3, 197. 


307. The Microwave Spectrum of Nitric Acid. 
By D. J. MILLEN and J. R. Morton. 


The rotational spectra of HNO;, DNO,, and HNO, have been analysed 
and the moments of inertia of these three isotopic species determined. 
Thence the distance between the oxygen atoms of the nitro-group has been 
determined as 2-190 + 0-003 A. The perpendicular distance of the third 
oxygen atom from the line joining the two oxygen atoms of the nitro-group 
is 1-912 + 0-003 A. With r,(O-H) assumed to be 0-96 A, the following struc- 
tural parameters were calculated with the aid of the five moment equations: 
vo(N-OH) = 1-405 + 0-005 A, »,(N-O) = 1-206 + 0-005 A, ZONO = 130° 
+ 20’, ZNOH = 102° + 30’. 

The value of the dipole moment of HNO, determined from the Stark 
effect of the two J = 1 <— 0 transition was 2-16 + 0-04p. 

Nitrogen nuclear quadrupole coupling coefficients are reported for HNO, 
and DNQO,. 


PREvious attempts to determine the structure of the nitric acid molecule in the vapour 
phase have involved the use of er Gara 1 and infrared and Raman techniques.” 


1 Maxwell and Moseley, J. Chem. Phys., 1940, 8, 7 
? Ingold, Cohn, and Poole, J., 1952, 4272; Ingold = Millen, J., 1950, 2612. 
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Maxwell and Moseley,' on the basis of their electron-diffraction results, inferred a planar 
structure with r(N-OH) = 1-41 + 0-02 A, r(N-O) = 1-22 + 0-02 A, and ZONO =130° + 
5°. The hydrogen atom was not located, and its position was assumed. Ingold, Cohn, 
and Poole * gave reasons for preferring 135° for the angle in the NO, group (2O,NOs). 

The present investigation has confirmed the planarity of the molecule on the basis of 
inertial defect considerations.? The co-ordinates of the hydrogen atom have been accurately 
determined from the increases in the moments of inertia on deuteration. The relative 
positions of the oxygen atoms have also been obtained and it is shown that a small per- 
turbation of the C2, symmetry of the NO, group is present. The co-ordinates of the heavy 
atoms have also been determined by solving the ground-state moment equations. 

The Spectrum.—The pure rotational spectra of HNO,, DNO,, and HNO, were in- 
vestigated in the region 8000~—35,000 Mc./sec. Assignments were made on the basis of 





TABLE 1. 
(a) The rotational spectrum of HNO, and DNO, (Mc./sec.). 
R-Branch Q-Branch 
Trans. HNO, DNO, Trans. HNO, DNO, 
1g, ~— 0o, (F = 0 ~——- 1)_:118360-06 17347-27 2,, <— 2, 17517-51 15832-83 


(F = 2~<¢— 1) 18360-48  17347-64 3, ~<—-3,. 1621559 —13579-09 
(F = 1~<— 1) 1836078 17347-89 45, ~<4— 4, 14534-25 —-10807-99 
Ly “4— yp (F = 1 <—- 1) 19271-45 19005 -40 5a, ~— 5g ««12540-98 = 7833-96 


(F =2~<—1) 19271-69  19005-61 6;,; ~<—— 6,,  10344-23 a: 
(F = 0 ~<«— 1) 1927206 19005-89 Te, <— 7%, «8097-58 = 
2. <— 1,, (F = 1~<—- 0) 30881-24 3,, <— 3,, a= 29138-41 
(F = 3~<«— 2) 30881-69 } 29417-40 45, <I— 4,, a 27215-84 
(F =2~<@— 1) 30881-92 5sp “E—— 5y3 2917532 © -:24229-63 


25 <— 1,, (unres.) 31792-80° 31075-40 64. <—— 6,,  27369-67 —20396-03 
752 4— 753 -24993-51 16065-29 


Q-Branch (contd.) 


Trans. HNO, DNO, Trans. HNO, DNO, 
Rie <= 8, 22147-00 —-:11680-10 Seq <= Bos ~— 32137-90 
914 <+— 95 18969-56 va On. <tthrreres Yio we 26938-68 
10,, ~<4—— 10,,  ——-:15628-19 - 10,, <— 10, i 21229-43 
11,, <d-—=—= 3, 12317-35 ong 11,; <—— ll,, anion 15553-69 
12,93 ~“— 12,5, 9245-56 cast 12,, <—— 12,, ae 10487-08 
(b) The rotational spectrum of H¥®NO, (Mc./sec.) 
BS ashrerscesonciesnaeeces 1g, <—— 00 1,5, — 0o0 2.2 +— 1y 2. <— 1 


Frequency ......0.0.ecccccs. 18357-05 19272-44 "30877-22 "31792-60 - 


the Stark effect, with the aid of Q-branch diagrams. The frequencies of the assigned 
rotational lines of the three isotopic species are listed in Table 1. The quadrupole inter- 
action of the *N nucleus caused a very small splitting of the spectral lines of HNO, 
and DNO;. The hyperfine structure of certain low-J transitions of these molecules was 
resolved by cooling both the absorption cell and the sample to —78° where the vapour 
pressure of nitric acid is less than 5 x 10° mm. Hg, and the line-width was narrow enough 
to resolve the hyperfine components. By using the formulation of Bragg and Golden ‘ 
the quadrupole coupling coefficients of HNO, and DNO, were determined from the hyper- 
fine structure of the 1), ~<— 0. and 1,, ~<«—0,, transition of these molecules. The 
coefficients may be designated eQgua, eQqw, and eQg., where ¢ is the proton charge, ? 
the quadrupole moment of the nucleus, and gaa, gos, and gc the electric field gradients 
at the nitrogen nucleus along the a-, b-, and c-axes of the molecule respectively. The 
values of the coupling coefficients obtained from the J = 1 <—0 transitions are listed 
in Table 2. They were confirmed (for HNO,) by comparison of the observed and the 
calculated hyperfine structure of the transition 2,,~<«—1,,. The eQg.’s are very small, 
and may not be different from zero when the experimental error is taken into account. 


* Millen and Morton, Chem. and Ind., 1958, 954. 
* Bragg and Golden, Phys. Rev., 1949, 75, 735. 
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ir This implies that the field gradient at the nitrogen nucleus along an axis perpendicular 
+ to the molecular plane is very small. 
1, 
). TABLE 2. Ground-state rotational constants, moments of inertia, and nuclear 
of quadrupole coupling constants of nitric acid. 
y HNO, DNO, H*NO, HNO, DNO, H*NO, 
re A, (Mc./sec.) ... 13011-15 12970-71 1301235 4° (amu A?) ... 38-85368 38-97481 38-85008 
bs aera 12099-93 1131282 12096-97 Ig? .......eese0004 4177966 44-68656 41-78990 
Ris coretcseccccees 6260-60 6034-86 CPE |. GE” cchebccendavirs 80-74801 83-76847 80-75465 ; 
y RD, AU Sastibieds 0-73003, 0-52192, 072886, A (amu A?) ... 0-11467  0-10710 —-0-11467 4 
HNO, DNO, ' 
n- €Qqea (Mc./sec.) -+0-93 + 0-05 +0-82 + 0-05 
of cOdue = ss —0-82 + 0-05 —0-62 + 0-05 i 
€Q4ce “ —O-11 + 0-10 —0-20 + 0-10 f 
Included in Table 2 are the ground-state rotational constants A», By, and Cy of HNO,, 
DNO,, and H®NO,. They were determined from the frequencies of the transitions 
1g, ~— Og, 143 ~<— 9, and 2,,~<«—1,,. For HNO, and DNO, the “ unperturbed ” : 
frequencies of the transitions were calculated from the spectrum and used to determine i 
) the rotational constants. For H®5NO,, of course, quadrupole effects were absent. The 
) rotational constants given in Table 2 reproduced the observed spectra within +1-5 Mc./sec. 
up to J =5. The higher-J Q-branch transitions, however, were shifted from their cal- 
culated positions by up to 10 Mc./sec. owing to centrifugal distortion. Chiefly because of * 
the asymmetry of the molecule, no satisfactory way of applying a correction for centrifugal 
distortion could be devised. Table 2 also includes the ground-state moments of inertia 
’ of the three isotopic species. From these were calculated the inertial defects A = 
’ Ip? — Ip° — I,°. The planarity of the molecule may be inferred from the magnitude 
and sign of A. Positive inertial defects of the order of 0-1 amu A? are expected from the 
ground-state moments of inertia of planar molecules. It is interesting that A was unaffected 
by replacement of 4N by #°N, but decreased appreciably on deuteration. 
Determination of the Molecular Structure —The microwave spectrum of the nitric acid ; 
| molecule yielded no evidence of internal motion ; it was consistent with a very high barrier 
to O-H torsion. Ingold, Cohn, and Poole? estimated a barrier height of 10 kcal./mole 
against this motion. Our conclusions regarding the geometry of the molecule are based | 
on the assumption of a rigid planar model. i 
The co-ordinates of the hydrogen atom in the inertial axis system (a-b plane) of HNO, ! 
were determined with the aid of Kraitchman’s equations,5 which relate the changes in : 
ed the moments of inertia on isotopic substitution to the co-ordinates of the atom replaced. 
er- Applying the same procedure to the determination of the nitrogen co-ordinates gives an ¥ 
Os imaginary value for the distance of the nitrogen atom from the a-axis (0,), since J,4° had . 
fas decreased on replacement by the heavier atom (see Table 2). This was attributed to the 
ur fact that the nitrogen atom is close to the centre of mass, and is particularly close to the 
gh a-axis. For the !N species we may write 1 
n x 
ere Ag = Ay — Zeal? = Ay 
r where A, and A, are the ground-state and equilibrium rotational constants respectively. 4 
ats Similarly for the =N species, we have: . 
the The right-hand side of the equation 
- Ay — Ag = (Ae — Ae’) — (@ — &’) 


is the difference between two positive terms. On substitution very close to the a-axis, 
® Kraitchman, Amer. J. Phys., 1953, 21, 17. 
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the change in A, may be less than that in a, causing an apparent increase in A, on replace- 
ment by the heavier atom. Consequently, it can only be concluded from the observed 
AI,° that the nitrogen atom lies on or very close to the a-axis. 

Having determined the co-ordinates of the hydrogen atom in the inertial axis system 
of HNO,, we calculated the moments of inertia of the NO, group with the aid of Kraitch- 
man’s equations. A hypothetical isotope of mass zero was substituted for the hydrogen 
atom. The values obtained for “NO, were [4° = 37-89016 and J,° = 39-61195 amu A?. 
A similar calculation for *NO, gave [4° = 37-89189 and Iy° = 39-61578 amu A?. These 
figures led immediately to an estimate of the co-ordinates of the nitrogen atom in the 
NO, axis system. Little reliability could, however, be placed on them as the nitrogen 
atom is so close to the centre of mass. The direction of the principal axes of NO, were 
also obtained from the position of the hydrogen atom in this framework. Two possibilities 
were apparent: one in which the b-axis coincided with N-O, (O, being the oxygen atom 
to which the hydrogen is attached in HNO,), and the other in which the a-axis was inclined 
at an angle 24—28° to N-O,. The second alternative was favoured by a calculation of 
eQq’s along and perpendicular to N-O,, giving values almost equal in HNO, and DNO,, 
and of the correct magnitude. This was not the case if the b-axis were assumed to lie 
along the bond N-O,. The value of r(O—H) assumed in the above calculations was 0-95 + 
0-05 A, leading to an angle between N-O, and the a-axis of 26° + 2°. Of course, this 
result implies a perturbation of the C2, symmetry of the NO, group. The directions of 
the principal axes of NO, are very sensitive to slight perturbations of the C2, symmetry 
of the group, and.it was shown that a displacement of N—-O, from the symmetrical position 
by less than 1° would account for the observed directions of the principal axes. 

It was now possible to calculate certain parameters of the three oxygen atoms. The 
nitrogen atom is near enough to the centre of mass not to affect the results unless we wish 
to calculate actual bond lengths. The following figures were obtained: O,Og = 2-190 + 
0-003 A, and the perpendicular distance of O, to O,Og was 1-912 + 0-003 A. The limits 
of error quoted here come directly from the assumption r(O-H) = 0-95 + 0-05 A, and 
the distances have a status similar to that of the usual 7, values. Since r(O-H) is almost 
certainly within this range, the above interoxygen parameters lie equally certainly within 
the range specified. In Table 3 the values of O,Oxg in nitric acid are compared with 


TABLE 3. Comparison of the bond lengths (A) and dihedral angle 
of the nitro-group in certain compounds. 


Molecule ZONO +(N-O) O,-Og — Molecule ZONO r(N-O) O,-Os 
NO,Cl 130° 35’ + 15’ 1-2024 0-001 2185 CH,NO, 130° (assumed) 1-204 2-182 
HNO, 130° + 20’ 1:206+0-005 2190 NO,F 130° (assumed) 1-207 2187 


figures calculated from data in certain other molecules. The agreement between the 
different sets of data is excellent. It appears that the interoxygen distances are the only 
parameters of the nitric acid molecule which may be specified with any certainty, since 
' the position of the nitrogen atom cannot be accurately determined. However, by using 
the five moment equations, a complete structural determination was possible with the 
aid of certain assumptions regarding the position of the nitrogen atom. 

The position of the hydrogen atom in the HNO, axis system is accurately known. 
In terms of the distances along the a- and the b-axis its co-ordinates are (1-6771, 0-4937) A. 
The nitrogen position is less well known, although it must lie close to the a-axis. In order 
to determine the molecular structure the nitrogen atom was first assumed to lie on the 
a-axis. The observed moments of inertia I,° and J,° of HNO, were increased by 
0-00360 amu A?. This “ correction ” equalised the J,° of H!NO, and H™NO,, and was 
also applied to the J,° since it was thought that zero-point effects would be equal in the 
two axes. By using Kraitchman’s equations the approximate co-ordinates for the 
nitrogen in the HNO, axis system were then calculated. With the co-ordinates of the 
hydrogen and nitrogen atoms determined, their contributions were removed from the 
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five in-plane moment equations, which thereafter involved only the six co-ordinates of 
the three oxygen atoms. One further assumption was made in order to provide the 
necessary sixth equation. It was assumed that r(O-H) = 0-96 A. This figure is close 
to the value for water,* and was expected to be within one-hundredth of an Angstrém of the 
true value in nitric acid. Further, it was shown above that the positions of the heavy atoms 
are comparatively insensitive to small variations in 7(O-H). The six oxygen co-ordinates 
were then calculated from these equations by an iterative method, using as a starting point 
the oxygen skeleton arrived at in the previous section. This was necessary because 
physically two structures may be obtained from the equations, one of which is chemically 
absurd. The three oxygen atoms lie almost on a circle centred at the centre of mass, 
and this circle is obviously intersected in two points by the circle defined by 7(O,-H) = 
0-96 A. The configuration leading to an almost symmetrical structure for the nitro-group 
was chosen. The structure so obtained (with the nitrogen atom assumed to lie on the 
a-axis) had the two bonds N-O, and N-Os differing by 0-04 A. Since there are chemical 
reasons for regarding the two bonds in a nitro-group as equivalent, the nitrogen atom 
was moved off the a-axis by ~0-02 A in order to equate N-O, and N-Oz. With this 
re-estimation of the nitrogen position, the six equations were again iterated to yield corrected 
oxygen co-ordinates. In order to remove the uncertainty in the nitrogen position it will 
be necessary to determine the moments of inertia of the three HNO,"8O species. With 
the three oxygen co-ordinates directly determined, the nitrogen position may be cal- 
culated from the first-moment equations. , 

The molecular parameters at which we arrived are summarized in Table 4 and the Fig. 
The interoxygen distances given are independent of assumptions regarding the nitrogen 
atom. The other molecular parameters depend for their validity on certain assumptions 
(which have been specified) regarding the position of the nitrogen atom. There is again 
evidence of a slight deviation from C2, symmetry in the NO, group. 


TABLE 4. The structural parameters of HNO. 
7,(O-H) = 0-96 A (assumed) ZNOcH = 102° + 30’ ZO,NOg = 114° + 20° 
o(N-OH) = 1-405 + 0-005 A ZO,NOg = 130° + 20’ ZOgNOg = 116° + 20’ 
¥o(N-O) = 1-206 + 0-005 A : 

It is interesting to compare the structure of the NO, (O,NOs) group in nitric acid 
with that of the same group in other molecules. In nitric acid the relevant parameters 
are ZONO = 130° + 20’, and 7,(N-O) = 1-206 + 0-005 A. Very similar results have 
been found for nitryl chloride,” namely, 130° 35’ + 15’ and 1-202 + 0-001 A. Smith and 
Magnuson, in their work on nitryl fluoride NO,F, assumed ZONO = 125° and obtained 
t(N-O) = 1-23 A. It is easily shown from their moments of inertia that, with ZONO = 
130°, the value r,(N-O) = 1-207 A. A similar assumption with the data® on CH,*NO, 
gives a value of 7,(N-O) = 1-204 A. These results are summarised in Table 3. The 
distances O,—Oy are not dependent on any structural assumption. The dihedral angle 
is known reliably only in the case of NO,CI, but the close agreement with the other data 
suggests that these may be good parameters of the nitro-group. 

Determination of the Dipole Moment of Nitric Acid.—The dipole moment of HNO, was 
determined from the Stark effect of the transitions J = 1,; <«— 0. and 19, <— Opp. 
The value obtained was confirmed with the aid of the transition 2,, <«— 2,,. The sample 
pressure was increased to 20 x 10° mm. Hg in order to broaden the hyperfine structure 
of the transitions. The quadrupole interaction was thereafter ignored, it being more than 
a power of 10 smaller than the Stark splitting. The ratio E/V, where E (v/cm.) is the 
average field strength in the wave-guide when the applied voltage is V (v), was determined 
from the Stark effect of the transition CH,”Br J = 1 <— 0 = 18,992-36 Mc./sec. This 

* Darling and Dennison, Phys. Rev., 1940, 57, 128. 

7 Millen and Sinnott, J., 1958, 350. 


® Smith and Magnuson, Phys. Rev., 1952, 87, 226. 
® Tannenbaum, Myers, and Gwinn, J. Chem. Phys., 1956, 25, 42. 
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line was chosen instead of the more usual OCS J] = 2 <— 1 transition, as the Stark shift 
was approximately five times greater than that of the latter at a given field strength. 
Quadrupole effects in the ®Br nucleus may be ignored since the upper state involved in 
this transition was shown to be unaffected by the applied field. The dipole moment ¥ 
of CH,Br is 1-797 + 0-015 p. The experimental values of the Stark effect in the J = 
1 ~<— 0 transition of the HNO, were: 1), <— 9, Av/E* = (0-3033 + 0-001) x 104 
and, for 1,; ~<— Og, Av/E? = (0-1703 + 0-001) x 10 Mc./sec. cm.* v. 


Structure of the nitric acid molecule. 








}~—__——-. 2/90 0-003 ——_—_-»} ' 


The values for the components of the dipole moment along the a- and the b-axis were 
a = 1-99, uw» = 0-83 D, whence the resultant dipole moment p = (u,? + yy)" = 2-16 + 
0-02 p. The resultant dipole moment was calculated to be inclined at an angle tan* 
45/Ua = 22-7° + 0-5° to the a-axis. The angle between the resultant dipole moment and 
the NO, bond (see Fig.) was therefore 22-7° + 16° since this bond is inclined at an angle 
of ~16° to the a-axis. It was inferred that the angle between p and NO, was 39° + 2°, as 
shown in the Fig., since this would cause y, to increase at the expense of , on deuteration. 
A decrease in yw, on deuteration was inferred from the fact that the type-b spectrum of 
DNO, was considerably weaker than expected. 


Experimenial.—Part of the work described herein was carried out with the spectrometer 
constructed by Dr. C. C. Costain at the National Research Council, Ottawa. This spectrometer 
has been described," as has that built in London.’ 

Nitric acid was prepared from potassium nitrate (1 pt.) and fuming sulphuric acid (2 pts. 
by wt.); anhydrous nitric acid distilled off at 30—40°/~0-1 mm. Deuterosulphuric acid and 
K*™*NO, were supplied by Merck and Co. Ltd., Montreal. 


One of us (J. R. M.) expresses his appreciation to Dr. G. Herzberg and members of his zesearch 
group, especially Dr. C. C. Costain, for their help and advice. The interest of Professor Sir 
Christopher Ingold, F.R.S., is also much appreciated. The award of a grant by the D.S.LR. 
is gratefully acknowledged. 
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308. The Reactivity of the Alkylthio-group in Nitrogen Ring Compounds. 
Part II Cyanine Bases from 3,3-Dimethyl-2-methylthio-3H-indole. 
By G. E. Ficken and J. D. KENDALL. 


Reaction of 3,3-dimethyl-2-methylthio-3H-indole with heterocyclic 
quaternary ammonium salts gives cyanine bases. Isomeric bases are 
obtained by dequaternisation of unsymmetrical indocyanines with diethyl- 
aniline. The light absorption of these bases is discussed. 


AmonGsT the methincyanine dyes described by Kendall and Suggate ! in Part I were two, 
(I; R= R’ = Me, X = I) and (I; R= Me, R’ = Et, X = ClO,), prepared by fusing 
1,2,3,3-tetramethyl-3H-indolium iodide with 2-alkylthiobenzothiazole and an alkyl- 
toluene-p-sulphonate according to the method devised by one of the present authors.? 
Before this work the use of 3,3-dimethyl-2-methylthio-3H-indole (II), a compound first 
synthesised by Brunner,’ as the alkylthio-component in this type of reaction had been 
investigated in this laboratory. It was found that although it reacted normally when 
fused with quinaldine and methyl toluene-p-sulphonate to give indocyanine (III), identical 
with that described by Hamer,‘ the corresponding reaction with 2-methylbenzothiazole 
led to a rather complex mixture. 

We have re-examined the latter reaction and have isolated as major components, in 
approximately equal amounts, the expected indothiacyanine (I; R = R’ = Me, X = I) 
and the cyanine base (IV), the latter largely as its hydriodide. Also formed in appreciable, 
but smaller, amount was the symmetrical thiacyanine (V), identical with the material 
described by Kendall and Suggate.1_ The structure of dye base (IV) was confirmed by 
reaction with methyl iodide to give cyanine (I; R = R’ = Me, X = I) and with ethyl 
iodide to give the analogue (I; R = Et, R’ = Me, X = J), the latter identical with a 
sample prepared unambiguously by reaction of 1-ethyl-2,3,3-trimethyl-3H-indolium 
iodide with 3-methyl-2-methylthiobenzothiazolium iodide. 

Dye base (IV) had clearly arisen in the “ fusion process ” by reaction of unquaternised 
sulphide (II) with 2,3-dimethylbenzothiazolium toluene-f-sulphonate. It was in fact 
found that the sulphide (II) reacted only slowly with methyl toluene-f-sulphonate, 
but that the resulting quaternary salt (VI) gave only the true cyanine (I; R = R’ = Me, 
X = I) by reaction with 2,3-dimethylbenzothiazolium iodide. Moreover, this dye was 
the sole product when 1,3,3-trimethylindoline-2-thione (VII) was used in the “ fusion 
process,” the quaternary salt (VI) being formed from (VII) by reaction with methyl 
toluene-p-sulphonate. By fusing the sulphide (II) with preformed 2,3-dimethylbenzo- 
thiazolium toluene-p-sulphonate, the dye base (IV) was formed in almost quantitative 
yield. Various other cyanine bases were prepared similarly from quaternary salts contain- 
ing a reactive methyl group. The yields were generally high, except with the quaternary 
salts of some of the strongly basic thiazoles and quinolines (see Table 3). Reaction ap- 
parently failed with 1,2-dimethylpyridinium and 1,2,3-trimethylbenzimidazolium toluene- 
p-sulphonate, these nuclei being amongst the most strongly basic according to Brooker 
et al.§ With heterocyclic ketomethylene compounds, the sulphide gave merocyanines 
such as (VIII) (from N-ethylrhodanic acid). 

The formation of a dye base by reaction of a 2-alkylthio-substituted nitrogen hetero- 
cycle with the quaternary salt of a reactive methyl compound was first described by 


1 Part I, Kendall and Suggate, /., 1949, 1503. 

. Kendall, B.P. 438,420/1934. 

* Brunner, Monatsh., 1933, 62, 373. 

* Hamer, J., 1928, 206. 

5 Brooker, Sklar, Cressman, Keyes, Smith, Sprague, VanLare, VanZandt, White, and Williams, /. 
Amer. Chem. Soc., 1945, 67, 1875. 

® Brooker, White, and Sprague, ibid., 1951, 78, 1087, 
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Hamer.’ This was a modification of the method devised by one of the present authors,’ 
in which a 2- or 4-methylquinoline was fused with a 2-alkylthio-substituted quaternary 
salt. Beilenson, Hamer, and Rathbone ® have reported that 2-methylthio-4H-3,1-benzo- 
thiazine when fused with 2-methylbenzothiazole and methyl toluene-f-sulphonate 
gave only the cyanine base and none of the expected dye, owing to the resistance of the 
sulphide to quaternisation. The behaviour of compound (II) in the “ fusion ’’ process 
represents a less extreme case of the same phenomenon. 


Me Me Me Me 
D C= CEaGO 
N 
R “ 
(I) (I) sate 
Me Me Me 
TO pf een 
Me ©7H7SO3; 
(IV) (VI) 
Me Me 
Ors co— - 
(VII) " Rieck (VIII) 
Me 


Cyanine bases have also been prepared by the dequaternisation of true cyanines, the 
first recorded example being that of a substituted 2,4’-quinoline cyanine which was found 
by Kaufmann and Vonderwahl to give one of the two possible bases on pyrolysis. It 
was subsequently found that alkyl halide could be smoothly removed from a cyanine by 
heating it with a high-boiling amine.“ Though initially used only with symmetrical 
dyes, the method was later extended to a few unsymmetrical dyes by Hamer,’ who usually 
obtained only one of the two possible bases, although both bases were formed in one 
case. We have applied the reaction to a series of NN’-dimethylindocyanines (IX), and 
have in every case obtained only one base. This was invariably different from the base 
(X) obtained by reaction of the methylthio-3H-indole (II) with the appropriate methyl 
heterocyclic quaternary salt. The bases obtained by the dequaternisation must con- 
sequently be assigned structure (XI), which was proved in the case of the product from 
cyanine (I; R = R’ = Me, X = I) by conversion into the salt (I; R = Me, R’ = Et, X = 
ClO,), identical with Kendall and Suggate’s material.1_ Also, the base from cyanine 
(IX; A = 3-methylnaphtho[1,2}thiazole-2) was synthesised by reaction of the quaternary 
salt (VI) with 2-methylnaphtho[1,2]thiazole. 


Me Me Me Me Me Me 
y, CH — t yy, CH - } CH — ; 
a ai " ni * 
Me Me 
Me Me 
I” (IX) (X) (XI) 


Brooker et al. have pointed out that in the cation of an unsymmetrical cyanine the 
sharing of the positive charge between the two nitrogen atoms is unequal owing to 
resonance between forms (XIIa and b). These authors defined the “ basicity ’’ of hetero- 
cyclic nuclei in cyanines as the tendency to acquire a positive charge, 7.e., B is more basic 


7 Hamer, J., 1940, 799. 

® Kendall, B.P. 456,362/1935; Barent and Kendall, B.P. 477,983/1936. 
* Beilenson, Hamer, and Rathbone, /., 1945, 222. 

1© Kaufmann and Vonderwahl, Ber., 1912, 45, 1404. 

1 Gevaert Photo-Producten N.V., B.P. 477,990/1935. 

‘* Brooker, Keyes, and Williams, J. Amer. Chem. Soc., 1942, 64, 199. 
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than A if (XIIa) makes a greater contribution than (XITb) to the resonance hybrid. On 
Brooker’s definition 3H-indole is only weakly basic,® and it is the less basic component in 
all of the cyanines (IX) examined in the present work. Clearly, dequaternisation of these 
dyes has occurred at the more basic nitrogen atom in every case. This conclusion can 
be readily explained by the fact that, whatever the detailed mechanism may be, 
dequaternisation effectively involves transfer of a methyl cation (Me*) from the dye cation 
to the diethylaniline molecule. This carbonium ion would be expected to be lost from 
the nitrogen atom carrying the greater positive charge, .e., from the more basic nitrogen. 
It is to be noted that in the case described by Hamer,’ in which both isomeric bases were 
obtained, the nuclei (benzothiazole and 2-quinoline) were of very similar basicity in 
Brooker’s series. 

The absorption spectra of both series of bases have been measured in neutral and in 
acid solution, and the results are given in Table 1, together with the relevant data for the 
corresponding monomethincyanines. The nuclei A in the first column are arranged in 
order of increasing basicity, as determined by Brooker 5 for a series of styryl dyes [these 
nuclei are named in Table 1 in the form in which they occur in the bases of series (XI); 
the names do not strictly apply to the isomeric bases (X) or to the cyanines (IX)]. Where 


om ati a ye, . z Pet 
4 . * ‘ Pd . . D 5 a . . 


/ B\ iA. fe.) ‘Te ae Dh fa \ mek c ‘ 
H \ 1 &> i _ ' ‘ ' ' | <> ' ‘ ' 
\ + CH= / \ ee / \ CH=. / = CHA + / 
NZ *N~ <N NN? N- “Ni No 
Me x- Me Me x- Me (a) Me (XII) (b) Me 


(a) (XII) (b) 


A is 3,3-dimethyl-3H-indole, bases (X) and (XI) are identical, and the data here refer to 
the compound obtained by reaction of the sulphide (II) with 1,2,3,3-tetramethyl-3H- 
indolium toluene-f-sulphonate; this base could not be obtained by dequaternisation of 
the symmetrical indocyanine. 


TABLE 1. Light absorption of cyanines and bases, Xmax. (A) and log e. 


Base (X) Base (XI) 

Nucleus (A) Cyanine (IX) Neutral Acid Neutral Acid 
3,3-Dimethyl-3H-indole-2 ............ 4325 3870 4230 3870 4230 
4-56 4-52 4-58 4-52 4-58 
PENI bisinis Loccccttbeccdecbotecets 3960 3780 3850 3630 3890 
4:77 4-63 4-69 4-64 4-69 
2-Benzoselenazole  ..............sces00: 4350 3985 4270 3830 4390 
4-68 4-62 4-70 4-64 4-69 
2-Benzothiazole  ...............ccccceees 4300 4000 4225 3780 4315 
4-86 4-58 4-68 4-61 4-69 

Naphtho[1,2]}thiazole-2 ............... 4440 4145 4400 3950 4450°¢ 
4-66 4-67 4-74 4-62 4-67 
III oo ici etal dey cddedestedates 4710 4630 4700 4030 4700 
4-64 4-42 4-61 4:44 4-64 
4-Phenyl-2-thiazole .................s00+ 4175 4050 4080 3685 4300 
4-67 4-59 4-64 4-46 4-47 
4-Methyl-2-thiazole ..................0+ 4140 4050 4025 3620 4190 
4-52 4-55 4-59 4-42 4-58 
PRUNE s.60hsocSéscasanstecsbediaiees 5020 4890 4950 4020 4920 
4-72 4-55 4:67 4-26 471 


* Second maximum at 4600 A (log ¢ 4-67). 


Previous workers have found that, with very few exceptions, cyanine bases absorb at 
lower wavelengths than the corresponding cyanines; also that addition of acid to a 
solution of a base generally causes a bathochromic shift of the wavelength maximum, the 
protonated base absorbing close to the parent cyanine.”*%1%14 These conclusions are 
confirmed by the results given in Table 1. It has been deduced by Brooker et al."* that in a 


#3 Brooker, Sprague, Smyth, and Lewis, J. Amer. Chem. Soc., 1940, 62, 1116. 
* Beilenson and Hamer, J., 1942, 98; Hamer and Rathbone, /., 1943, 487. 
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pair of isomeric bases, differing only in the location of the alkyl group on one or other of 
the heterocyclic nitrogen atoms, that base which carries this alkyl group on the more 
basic nitrogen atom will absorb at longer wavelength. This is again confirmed by the 
results of Table 1, where a base of structure (X) invariably absorbs at longer wavelength 
than the isomeric base (XI). 


TABLE 2. Wavelength shifts (A) for bases. 


Nucleus (A) Ax® Ax™e Ax Axy*e Axr#e — Ax 
Benz{cdjindole-2  ............s0000. 560 450 150 200 — 250 
3,3-Dimethyl-3H-indole-2. ...... 360 455 360 455 0 
SINE cvcccccsecogsssevsess 70 180 260 330 150 
2-Benzoselenazole ................++ 285 365 560 520 155 
2-Benzothiazole ..................... 225 300 535 520 220 
Naphtho[1,2]thiazole-2_......... 255 295 500¢ 490 195 
IID, Co danespopnsadneey oeneecee 70 80 670 680 600 
4-Phenyl-2-thiazole ............... 30 125 615 490 365 
4-Methyl-2-thiazole ............... —25 90 570 520 430 
Ste 0080006 0sn oseces «6560802 60 130 900 1000 870 


* The maximum at 4600 A for the protonated base gives a value of 650 A. 


By using the data given in Table 1, the following values have been calculated and 
recorded in Table 2: (i) the shift in wavelength (A®) on acidification of an ethanolic 
solution of the base, corresponding to the addition of a proton, (ii) the shift (A™*) 
on proceeding from the base to the corresponding cyanine, and (iii) the difference between 
the wavelengths of maximum absorption of a dye base (X) and the isomeric base (XI), 
equal to Ax;“*— Ax™*. The values for the bases containing the benz{cd]indole nucleus are 
taken from Part III (following paper), where evidence is presented that this ring system 
is less basic than 3H-indole. Benz[cd]indole is consequéntly placed first in Table 2, where 
the nuclei A are again arranged in order of increasing basicity. 

Hamer " has stated that, apart from the generally observed hypsochromic shifts, the 
light-absorption of cyanine bases seemed erratic compared with that of the related cyanine 
dyes. Inspection of Table 2 shows that this is clearly not the case with the bases described 
in the present paper. Whilst there are individual discrepancies, there is nevertheless a 
tendency in series (X) for the value of A® (or A™*) to decrease as the basicity of A is 
increased; in series (XI) the opposite trend is apparent. These changes are more clearly 
brought out when the isomeric bases are compared by the use of the function Ax,“ — Ax™*, 
With one exception, the increase in this function closely parallels the increase in basicity 
of A. The chief discrepancy in this relationship concerns the 2-quinoline nucleus, since 
the base of series (XI) has a A™® value greater than those of the two thiazole bases higher 
in the series. The benzoxazole bases are also anomalous, since the A values for both bases, 
but particularly that in series (X), are lower than would be expected from the position of 
benzoxazole in the basicity series. Brooker et al.,1® however, found benzoxazole to behave 
somewhat anomalously also in merocyanine dyes. 

Brooker e¢ al.* discussed the colour of cyanine bases in terms of resonance between the 
non-polar form (XIIIa) and a dipolar form (XIIIb) and have by this means satisfactorily 
accounted for the usual hypsochromic shift on going from a cyanine to the base. They 
found, however, that if nucleus A was very strongly basic compared with B, then base 

XIII) might absorb at longer wavelength that the cyanine (XII). If these arguments 
are applied to a series of bases (XIII) in which B, a weakly basic nucleus, is kept constant 
throughout, it follows that (i) when A is also weakly basic A™® should have its usual fairly 
large positive value but (ii) when A is very strongly basic A™* should be negative. It 


% Hamer, Quart. Rev., 1950, 4, 327. 
16 Brooker, Keyes, Sprague, VanDyke, VanLare, VanZandt, White, Cressman, and Dent, J. Amer. 
Chem. Soc., 1951, 78, 5332. 
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might therefore be expected that as A is increased in basicity from (i) to (ii) the value of 
A™e would decrease fairly steadily through zero to a negative value. Such a series is 
provided by bases (X), where the value of A™® does indeed decrease in this manner, and 
would no doubt become negative with nuclei more basic than 4-quinoline. Similar 
considerations can account for the change of Ax;“* in the opposite direction. 

It should be noted that although basicity is undoubtedly the chief factor influencing 
the colour of cyanines and bases, other factors must be invoked to account for the 
anomalies discussed above. In particular, Brooker e¢ al.” pointed out that steric effects 
must be particularly serious in the monomethincyanine series. 


EXPERIMENTAL 


Except where otherwise stated, light petroleum refers to the fraction of b. p. 60—80°. 

3,3-Dimethylindoline-2-thione (2-mercapto-3,3-dimethyl-3H-indole).—Brunner’s preparation 
of this material * has been improved by carrying out the reaction of 3,3-dimethyloxindole 
(20 g.) with phosphorus pentasulphide (20 g.) in dry pyridine (50 ml.). After 3 hours’ boiling, 
the solution was poured into warm water, and the mixture was cooled and acidified with hydro- 
chloric acid. The oil which separated initially soon solidified, and the product was washed with 
cold water to leave the pale yellow thione (19-3 g., 88%), m. p. 105—108°. Crystallisation from 
ethanol gave colourless crystals, m. p. 109—110° (Brunner * gives m. p. 108—109°). 

3,3-Dimethyl-2-methylthio-3H-indole (II).—(a) The following method is simpler than 
Brunner’s.? The thione (10 g.) and methyl iodide (10 ml.) were refluxed gently together, a 
vigorous reaction occurring after a:few minutes; the hydriodide of the sulphide was obtained 
by washing the solid with dry ether, and had m. p. 167—168° (decomp.) on crystallisation from 
ethanol (Brunner gives m. p. 165°). Treatment of a methanolic solution of the hydriodide with 
a slight excess of aqueous sodium hydroxide caused the sulphide to separate. After being 
washed with water and dried, it had m. p. 55—57°, the yield being almost quantitative. 

(b) Dimethyl sulphate (10-8 ml.) was added slowly and with stirring to a solution of the 
thione (20 g.) in 10% aqueous sodium hydroxide (50 ml.), the temperature being maintained 
between 10° and 15°. After 1 hr. the oil which had separated was taken up in benzene, and the 
dried (K,CO,) solution was distilled. 3,3-Dimethyl-2-methylthio-3H-indole (17-3 g., 80%) had 
b. p. 95—110°/0-6 mm., m. p. 56—57°. Repeated recrystallisation from light petroleum (b. p. 
40—60°) gave colourless needles, m. p. 57-5—58° (Found: S, 16-75. Calc. for C,,H,,NS: S, 
16-8%); Brunner’s m. p. of 65° could not be reproduced. 

1,3,3-Tvimethylindoline-2-thione (VII).—1,3,3-Trimethyloxindole ?® (12-5 g.) and phosphorus 
pentasulphide (12-5 g.) were refluxed together in pyridine (30 ml.) for 3 hr. The oil which 
separated when the solution was poured into water was taken up in benzene, and the dried 
(CaCl,) extracts were distilled, the fraction (9-7 g., 71%) boiling at 122°/1-0 mm. to 133°/1-6 mm. 
being collected. 1,3,3-Trimethylindoline-2-thione, b. p. 102°/0-3 mm., n,1* 1-6400, solidified 
on strong cooling to colourless crystals, m. p. 29° (Found: S, 17-0. (C,,H,,;NS requires S, 
168%). The mercuric chloride complex formed colourless needles, m. p. 200—200-5°, from 
ethanol (Found: N, 2-95. C,,H,,;NCl,SHg requires N, 3-0%). 

Preparation of Dyes via the Quaternary Salt (V1).—The sulphide (1-91 g.) and methyl toluene- 
p-sulphonate (1-86 g.) were fused together at 120° for 2 hr. Extraction of the product several 
times with boiling benzene left a viscous brown oil (2-04 g.) which did not crystallise. This 
quaternary salt (0-75 g.) and 2,3-dimethylbenzothiazolium toluene-p-sulphonate (1-86 g.) were 
refluxed together in ethanol (15 ml.) containing sodium acetate (0-50 g.) for 2hr. The resulting 
solution was poured into aqueous potassium iodide to precipitate the dye (0-16 g.), which was 
obtained as orange prisms from ethanol; the m. p. and mixed m. p. 263—264° were identical 
with that of an authentic sample of (1,3,3-trimethyl-3H-indole-2) (3-methyl-2-benzothiazole)- 
methincyanine iodide, for which Kendall and Suggate ! give m. p. 262°. 

A similar non-crystalline quaternary salt was obtained by fusion of 1,3,3-trimethylindoline- 
2-thione with methy] toluene-p-sulphonate; this material gave the same dye in similar yield. 


”” Brooker, Sprague, and Cressman, J. Amer. Chem. Soc., 1945, 67, 1889. 
18 Brunner, Monatsh., 1897, 18, 98. 
18 Brunner, Monatsh., 1896, 17, 481. 
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Preparation of Dyes by the ‘‘ Fusion Process.’’—(a) Quinaldine and sulphide (II) [with 
D. J. Fry]. A mixture of the sulphide (0-96 g.), quinaldine (0-74 g.), and methyl toluene-p- 
sulphonate (1-86 g.) was heated at 140° for 3 hr. The resulting melt was refluxed in pyridine 
(5 ml.) for 3 hr. and the solution poured into aqueous potassium iodide. The precipitated solid 
was collected and crystallised from ethanol to yield dye (III), m. p. 256—257° (decomp.), 
identical with material prepared by Hamer’s method ¢ (cf. Table 4). 

(b) Methylbenzothiazole and sulphide (II). The sulphide (3-82 g.), 2-methylbenzothiazole 
(2-98 g.), and methyl toluene-p-sulphonate (7-44 g.) were fused together at 140—145° for 4 hr, 
The resulting melt was refluxed for 1 hr. with pyridine (20 ml.), and the solution poured into 
aqueous potassium iodide. The solid which separated was washed thoroughly with water, 
dried, and then boiled with benzene. The dried (Na,SO,) extract was concentrated and 
chromatographed on activated alumina. The main yellow band was eluted and the eluate 
evaporated to yield 3,3-dimethyl-2-(3-methyl-2-benzothiazolinylidene)methyl-3H-indole (0-53 g.), 
yellow needles, m. p. 157-5—158-5°, from benzene-light petroleum (Found: C, 74-6; H, 5-6; 
N, 9:3; S, 10-4. C,,H,,N,S requires C, 74:5; H, 5-9; N, 9-1; S, 10-5%). The mixture of dyes 
remaining after extraction with benzene was boiled with ethanol (50 ml.), and the mixture 
cooled and filtered, the residual solid being washed with more ethanol (50 ml.). The combined 
filtrates and washings yielded on evaporation a solid (1-51 g.), m. p. 247—248°, raised to 262— 
263°, by recrystallisation from ethanol and undepressed on admixture with authentic indo- 
thiacyanine (I; R = R’ = Me, X = I) (Found: N, 6-0; I, 28-1; S, 7-2. Calc. for C,9H,,N,IS: 
N, 6-25; I, 28-3; S, 7-15%). Recrystallisation from methanol (400 ml.) of the solid remaining 
after extraction with ethanol gave a mixture of two crystalline solids, which were separated by 
flotation in methanol. The lighter, yellow material (0-6 g.) gave bis-(3-methyl-2-benzothiazole)- 
methincyanine iodide, m. p. and mixed m. p. 312—313° (decomp.), by crystallisation from 
2-methoxyethanol (Kendall and Suggate! give m. p. 306°). The heavier, orange crystals 
(0-8 g.) had m. p. 220—222° (decomp.), and a further crop (1-26 g.) of slightly less pure material 
was obtained from the mother-liquors. 3,3-Dimethyl-2-(3-methyl-2-benzothiazolinylidene)- 
methyl-3H-indole hydriodide monohydrate was obtained as golden-yellow plates, m. p. 228—229° 
(decomp.), from 2-methoxyethanol (Found: C, 50-1; H, 4-4; I, 28-0; S, 7-3. C,H,,ON,IS 
requires C, 50-45; H, 4-7; I, 28-1; S, 7-1%). The hydriodide (0-42 g.) was boiled with a 
solution of sodium (0-03 g.) in methanol (25 ml.) for 45 min. The resulting clear solution was 
evaporated to dryness and the product washed with water. The dried solid was extracted with 
light petroleum to give the dye base (0-24 g.), identical in m. p. and mixed m. p. with that 
isolated in an earlier stage of the experiment. 

(c) Methylbenzothiazole and thione (VII). The thione (0-48 g.), 2,3-dimethylbenzothiazolium 
toluene-p-sulphonate (0-84 g.), and methyl toluene-p-sulphonate (0-46 g.) were fused together at 
150—160° for 2$ hr. and then refluxed with pyridine for $ hr. The resulting solution was 
poured into aqueous potassium iodide solution to precipitate the dye (I; R = R’ = Me, X = J), 
m. p. 253—254°, raised to 262—263° by recrystallisation from ethanol, and undepressed by an 
authentic sample. 

Quaternisation of Dye Base (IV).—The base (0-42 g.) was refluxed for 16 hr. with methyl 
iodide, and the product was washed with hot benzene to yield indothiacyanine (I; R = R’ = 
Me, X = I), m. p. and mixed m. p. 261—262°. Obtained similarly, with ethyl iodide, was 
(1-ethyl-3,3-dimethyl-3H-indole-2) (3-methyl-2-benzothiazole)methincyanine iodide (yellow) m. p. 
247—248° (from 30 parts of ethanol) (Found: I, 27-1. C,,H,,N,IS requires I, 27-45%). The 
dye, prepared by reaction of 1-ethyl-2,3,3-trimethyl-3H-indolium iodide (0-63 g.) with 3-methyl- 
2-methylthiobenzothiazolium iodide (0-65 g.) in ethanol (6 ml.) containing sodium acetate 
(0-30 g.), had the same m. p. and the mixed m. p. was undepressed. 

Preparation of Dye Bases (X).—The dye base (IV) was preferably prepared by fusing 3,3- 
dimethyl-2-methylthio-3H-indole (1-91 g.) with 2,3-dimethylbenzothiazolium toluene-p- 
sulphonate (3-35 g.) at 150° for 4 hr. The product was shaken with chloroform and excess of 
dilute aqueous sodium hydroxide. The solid remaining after evaporation of the dried 
(Na,SO,) chloroform solution was washed with a little cold light petroleum to yield dye base 
(IV) (2-8 g.), m. p. 152—156°; the m. p. was raised to 157-5—158-5° by crystallisation from 
benzene-light petroleum. 

The other dye bases given in Table 3 were prepared similarly by fusion of equivalent amounts 
of 3,3-dimethyl-2-methylthio-3H-indole with the appropriate methyl heterocyclic quaternary 
toluene-p-sulphonate. When the yield was low it was necessary to isolate the dye base from 
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the crude reaction product by extraction (Soxhlet) with light petroleum followed by purification 
by chromatography in chloroform on activated alumina. 

Reaction of the Sulphide with Ketomethylene Compounds.—A mixture of 3,3-dimethyl-2- 
methylthio-3H-indole (0-96 g.) and 3-ethyl-2-thiothiazolid-4-one (N-ethylrhodanic acid) (0-81 g.) 
was heated at 190—200° for 6 hr., methanethiol being slowly evolved. The cooled melt was 
stirred with a little cold ethanol, and the resulting solid was crystallised from ethanol (50 ml./g.) 
to give 5-(3,3-dimethylindolin-2-ylidene)-3-ethyl-2-thiothiazolid-4-one (VIII) (0-52 g.) as orange 
plates, m. p. 163—164° (Found: S, 21-4. C,,H,,ON,S, requires S, 21-1%), Amax, 4200 A (log 
¢ 4-73). Similarly prepared was 4-(3,3-dimethylindolin-2-ylidene)-3-methyl-1-phenylpyrazol-5-one 
(81% yield), yellow plates, m. p. 166—167°, from ethanol (Found: N, 13-6. C,)9H,,ON, requires 
N, 13-2%), Amex. 3600 A (log ¢ 4-34). 

2-2’-Benzothiazolylmethylene-1,3,3-trimethylindoline —Indothiacyanine (I; R= R’ = Me, 
X = I) (2-60 g.) and redistilled NN-diethylaniline (100 ml.) were refluxed together for 1 hr. 
After removal of the amine by steam-distillation, the solid was collected and washed with water, 
Crystallisation from benzene-light petroleum gave pale yellow crystals of 2-2’-benzothiazolyl- 
methylene-1,3,3-trimethylindoline, m. p. 142° (Found: S, 10-2. C,gH,,N,S requires S, 10-5%). 
The dye base (0-10 g.) was fused with ethyl toluene-p-sulphonate (1-0 g.) at 180° for 2 hr., anda 
solution of the resulting melt in ethanol was poured into aqueous sodium perchlorate solution. 
The precipitated dye (0-10 g.) was crystallised from methanol to yield (1,3,3-trimethyl-3H- 
indole-2)(3-ethyl-2-benzothiazole) methincyanine perchlorate, m. p. 239—240° (decomp.), 
identical with Kendall and Suggate’s material.? 

Dequaternisation of 3H-Indolecyanines.—The 3H-indolmethincyanines (IX) required for this 
work are described in Table 4, two methods of preparation being used: (i) quaternisation of the 
appropriate cyanine base of structure (X) by refluxing it with excess of methyl iodide for 2— 
16 hr.: the crude dye was washed with boiling benzene before crystallisation (method Q in 
Table 4); (ii) synthesis by Kendall’s method,” by refluxing 1,2,3,3-tetramethyl-3H-indolium 
iodide and the appropriate 2(or 4)-methylthio-heterocyclic quaternary methiodide with 
triethylamine in ethanolic solution; the dye generally crystallised on cooling, or it was 
precipitated by addition of aqueous potassium iodide solution (method S in Table 4). In the 
case of the 4-quinoline dye, where both methods were used, the products were identical. 

The cyanines were dequaternised, and the bases (XI) isolated, as described above for the 
benzothiazole base, the results being given in Table 5. In general, refluxing for 1 hr. with 
diethylaniline was satisfactory, except in the case of the 4-quinoline dye, where the yield of 
base was negligible owing to decomposition. In this case only 5 minutes’ heating was used, 
and the product was purified by chromatography. No base could be isolated by heating the 
2-pyridine cyanine with diethylaniline for either 1 hr. or 5 min. 

Alternative Preparation of 1,3,3-Trimethyl-2-(naphtho[1,2]thiazolyl-2)-methyleneindoline.— 
Quaternary salt (VI) (0-77 g.), prepared by fusing together equimolar quantities of the sulphide 
(II) and methyl toluene-p-sulphonate, was heated at 150—160° for 3 hr. with 2-methylnaphtho- 
[1,2]}thiazole (0-40 g.). The resulting oil was shaken with chloroform and dilute aqueous 
sodium hydroxide. Evaporation of the chloroform solution yielded a solid which was washed 
with a little cold ethanol. Crystallisation of the product (0-03 g.) from ethanol gave the dye 
base, identical in m. p. and mixed m. p. with the material described in the last line of Table 5. 

Absorption spectra were measured in ethanolic solution (10 mg./l.) on a Unicam SP 500 
spectrophotometer. The acidified solution of a base was prepared by addition of concentrated 
hydrochloric acid (1 drop) to a solution (100 ml.) of the above concentration. 


RENWICK LABORATORY, ILFORD LIMITED, 
ItForD, Essex. [Received, September 23rd, 1959.) 
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309. The Reactivity of the Alkylthio-group in Nitrogen Ring Compounds. 
Part III.* 2-Methylthiobenz{cd]indole and its Methiodide. 
By G. E. Ficken and J. D. KENDALL. 


The preparation of 2-methylthiobenz[cd]indole and of its methiodide is 

described. Both compounds possess a reactive methylthio-group, and 

cyanine bases and dyes have been prepared. The light absorption of these 

is discussed. 
In Part II * we described the smooth reaction of 3,3-dimethyl-2-methylthio-3H-indole 
with quaternary salts of nitrogen heterocycles possessing reactive methyl groups to form 
cyanine bases. It was therefore of interest to examine the related 2-methylthiobenz([cd]- 
indole (I). 

We have prepared this sulphide from thionaphthostyril (II), a compound first prepared 
by Dokunikhin and Gaeva?* by reaction of a-naphthyl isothiocyanate with aluminium 
chloride. We have prepared both (II) and its N-methyl derivative (III) by reaction of 
naphthostyril and N-methylnaphthostyril respectively with phosphorus pentasulphide in 
pyridine; a similar method has recently been described by Dokunikhin and Gaeva ® for 
the preparation of both (II) and (III). Whereas thionaphthostyril reacted with methyl 
iodide to give the hydriodide of 2-methyithiobenz[cd}indole, from which the base (I) was 
liberated by sodium hydroxide, the N-methyl-thione (III) gave 1-methyl-2-methylthio- 
benz[cd]indolium iodide (IV) with methy] iodide. 


I- 


HN-—CS N==C-SMe Me-N==C-SMe Me-N—CS 
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th Oo OL 
(II) aa (111) 
Me ne Me Me 
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N==C—CH Me-N==C—CH 
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Me Mel Me 
(V) (V1) 
Ph-NEtg Me Me 
CO-NEt 
MeN—c=X | Me-N—C=CH- 
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Both 2-methylthiobenz[cdjindole and its methiodide were found to possess highly 
reactive methylthio-groups and gave cyanine bases and true cyanine dyes respectively 
by reaction with quaternary salts of nitrogen heterocycles possessing reactive methyl 
groups. Thus, with 1,2,3,3-tetramethyl-3H-indolium iodide the base (V) and cyanine 
(VI) were obtained; the latter was also formed by reaction of the base (V) with methyl 
iodide. In its reactions with reactive methyl quaternary salts the sulphide (I) appears to 
be distinctly more reactive than any alkylthio-compound hitherto described. Whereas 
3 3-dimethy]-2-methylthio-3H-indole requires a temperature of about 150° for this type of 


* Part II, preceding paper. 


1 Dokunikhin and Gaeva, ]. Gen. Chem. (U.S.S.R.), 1954, 24, 1871; Chem. Abs., 1955, 49, 13,239. 
* Idem, J. Gen. Chem. (U.S.S.R.), 1958, 28, 2670; Chem. Abs., 1959, 58, 9183. 
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reaction (preceding paper), and a similar temperature was used in the examples described 
by Hamer et al.,3 compound (I) underwent a vigorous reaction when fused with 2,3-di- 
methylbenzothiazolum toluene-p-sulphonate at 100°. In the preparation of base (V), 
reaction occurred in boiling ethanolic solution in presence of a base. 

The quaternary methiodide (IV) gave merocyanines, ¢.g., (VII), by reaction with 
heterocyclic ketomethylene compounds. Compounds of similar type, but lacking an 
alkyl group on the benz{cd]indole nitrogen atom, have been prepared by Dokunikhin and 
Gaeva * by reaction of thionaphthostyril with ketomethylene compounds. 

Dequaternisation of cyanine (VI) in refluxing diethylaniline gave a base which, being 
different from base (V), must be assigned structure (VIII). Since, as explained in the 
previous paper, dequaternisation appears to occur at the more basic nitrogen atom of an 
unsymmetrical cyanine, this result implies that the benz[cd]indole nucleus is less basic than 
3H-indole. This conclusion was confirmed by application of Brooker’s rule ® that in an 
isomeric pair of bases the one carrying the alkyl group on the more basic nitrogen will 
absorb at the higher wavelength. In fact bases (V) and (VIII) absorbed at 5150 and 
4900 A respectively (cf. Table), thereby confirming the weaker basicity of benz[cd]indole 
than of 3H-indole. 

The light absorption data are recorded in the Table for some cyanines (IX) and bases 
(VIII and X), the bases in both neutral and acid solution. The A® and A™* functions are 
as defined in the preceding paper. Since the absorption bands are in most cases rather 

I” ot é' 


+ ‘ ‘ Pd 
Me-N==C—CH=\_ } N==C-—-CH =A : 
4 N- 


broad with flat maxima, there is a possible error of up to +20 A in some of the Amax. Values. 
The nuclei are arranged in the Table in order of increasing basicity. It is seen that as 
the basicity of A increases, the values for bases of structure (X) tend to decrease, in 


ott, 


> 


ae 


Light absorption of cyanines and bases, Amax, and log «. 


Base (X) 
Nucleus A ¢ Cyanine (IX) Neutral Acid AB AMe 
3,3-Dimethyl-3H-indole ......... 5350° 5150°¢ 5300 150 200 
4-47 4-36 4-58 
2-Benzothiazole ..............0s0000 5450 5200 5340 140 250 
4-52 4:47 4-75 
PRTTAD  Sicedeverccccdideecttces 5600 5620 5580 — 40 —20 
4-56 4-55 4-76 
4-Methyl-2-thiazole ............... 5190 5640 5180 — 460 —450 
4-47 4-34 4-55 
(4900) (5320) (4880) (— 440) (—420) 
(4-45) (4-43) (4:57) 
DEIR «| di. 0000 cn ssieveqanieies’ 5960 6200 5770 — 430 — 240 
4-58 4-53 4:77 
(5860) (—90) (10) 
(4-57) 
BO FUMING eat casdbecscccedeteesces 4900 5460 560 450 
4-43 4-44 


* As in Part II, the nuclei are named in the simplest possible form; the names do not strictly apply 
to either (IX) or (X). ° Cyanine (VI). ‘¢ Base (V). 


agreement with the results for the analogous series (X) in the preceding paper. In the 
latter series the A™® values are still positive, and only one A® value is just negative, even 
for the most strongly basic nuclei A. In series (X) of the present paper however, the A 


* Hamer, J., 1940, 799; Beilenson, Hamer, and Rathbone, J., 1945, 222. 
* Dokunikhin and Gaeva, Khim. Prom., 1958, 3, 126; Chem. Abs., 1958, 52, 11,427. 
5 Brooker, Sprague, Smyth, and Lewis, J. Amer. Chem. Soc., 1940, 62, 1116. 
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values become definitely negative when A is 2-quinoline, and are quite strongly negative 
when A is 4-methyl-2-thiazole and 4-quinoline. These constitute further examples of the 
“reversed halochromism” discussed by Brooker e¢ al.,5 which arises when the 
dequaternised nitrogen of the base is very feebly basic compared with the other nitrogen 
atom. For the 4-quinoline base, the large deviations are shown only by the band of longer 
wavelength, which has a slightly lower intensity than the shorter-wavelength band. The 
thiazole base also shows a similar two-banded spectrum, but here the spectra of the 
acidified base and of the cyanine also show two bands, the separation being fairly 
constant (~300 A). 

Comparison of the spectra given in these two papers shows that replacement of the 
3,3-dimethyl-3H-indole nucleus by the benz{cdjindole nucleus, in a cyanine or a base, 
causes a bathochromic shift of 900—1300 A. These shifts are considerably greater than 
those (100—250 A) accompanying the replacement of the 4H-3,1-benzothiazine nucleus 
by the naphtho[1,8]-m-thiazine nucleus in a series of carbocyanines and bases.® 


EXPERIMENTAL 

Thionaphthostyril (11).—Naphthostyril ? (17-8 g.), phosphorus pentasulphide (12-0 g.), and 
pyridine (50 ml.) were refluxed together for 75 min. The resulting solution was decanted from 
a little tar into warm water (250 ml.), and the mixture was warmed on the steam-bath for 1 hr. 
On cooling, the oil gave a solid, which crystallised from ethanol to yield thionaphthostyril 
(17-4 g., 89%) as brown prisms, m. p. 156-5—157-5° (Found: S, 17-5. Calc. for C,,H,;NS: S, 
173%). Dokunikhin and Gaeva ! give m. p. 156-6—157°6°. , 

2-Methylthiobenz[{cd]indole (I).—A solution of thionaphthostyril (12-4 g.) in acetone (80 ml.) 
was refluxed for 30 min. with methyl iodide (5-0 ml.). The product (18-9 g.) which separated 
crystallised from methanol, to give 2-methylihiobenz[cdjindole hydriodide as golden-brown 
plates, m. p. 216° (decomp.), slight decomposition with evolution of methanethiol occurring 
during the crystallisation (Found: I, 38-3. C,,H,)NIS requires I, 38-8%). A suspension of 
the crude hydriodide (18-2 g.) in cold ethanol (50 ml.) was treated with cold 10% aqueous 
sodium hydroxide (25 ml.), the solid rapidly dissolving. The resulting brown solution was 
diluted immediately with water, the oil which separated was taken up in chloroform, and the 
solution was washed with water and dried (Na,SO,)._ Evaporation of the chloroform left a dark 
brown oil (9-9 g.) which was sufficiently pure for use in the preparation of dye bases. 2-Methyl- 
thiobenz[cd}indole formed a yellow oil, b. p. 192°/0-6 mm., which solidified to yellow crystals, 
m. p. 53—55°, slowly darkening (Found: S, 16-1. C,,H,NS requires S, 16-1%). The picrate, 
prepared in ethanol and crystallising from ethyl acetate in long yellow needles, had m. p. 190° 
(Found: S, 7-4. C,,H,,0,N,S requires S, 7-5%). 

N-Methylnaphthostyril_—This was prepared from 8-bromo-l-naphthoic acid essentially by 
Rule and Brown’s method for naphthostyril.?_ The bromo-acid (30-5 g.) was dissolved in 
27% aqueous methylamine (450 ml.) containing concentrated nitric acid (7-0 ml.), and the 
solution refluxed with potassium chlorate (0-6 g.) and copper bronze (0-6 g.) for 3 hr. After 
cooling, the oil which had separated was taken up in chloroform, and the dried (Na,SO,) extract 
was evaporated to leave an oil which solidified on trituration with light petroleum (b. p. 60— 
80°). Recrystallisation of the solid (11-9 g.) from cyclohexane gave N-methylnaphthostyril as 
yellow crystals, m. p. 76-5—78°. Dokunikhin and Gaeva give m. p. 77—79-2° for material 
prepared by methylation of naphthostyril. 

1-Methyl-2-thiobenz[cd]indoline (III).—A mixture of N-methylnaphthostyril (10-2 g.), 
phosphorus pentasulphide (7-5 g.), and pyridine (20 ml.) was refluxed for 2 hr., and the result- 
ing solution warmed with water for 30 min. Acidification of the mixture ‘with hydrochloric 
acid precipitated a solid, which crystallised from ethanol (300 ml.) to yield 1-methyl-2-thio- 
benz[cd]indoline (8-5 g.) as orange-yellow needles, m. p. 124-5—125° (Found: S, 15-9. Calc. for 
C,,H,NS: S, 16:1%). <A further crop (1-6 g.) of slightly less pure material was obtained by 
concentration of the mother-liquors. Dokunikhin and Gaeva * give m. p. 127-2—130-4°. 

1-Methyl-2-methylthiobenz[cd]indolium Iodide (IV).—1-Methyl-2-thiobenz[cd]indoline (5-5 g.) 
was refluxed with ether (25 ml.) and methyl iodide (25 ml.) for 6 hr. The solid which separated 
was washed with ethyl acetate and had m. p. 115—117° (decomp.) (4-82 g.); the mother-liquors 


* Hamer and Rathbone, J., 1943, 487. 
7 Rule and Brown, J., 1934, 137. 
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from the reaction yielded a further quantity (3-35 g.) of slightly less pure material when refluxed 
for a further 6 hr. with methyl iodide. Crystallisation from methanol was accompanied by 
slight decomposition but gave 1-methyl-2-methylthiobenz[cd]indolium iodide monohydrate as 
olive-green needles, m. p. 116—118° (decomp.) (Found: I, 35-2; S, 8-9. C,,H,,ONIS requires 
I, 35-3; S, 8-9%). 

Cyanine Bases (X).—(a) By fusion. 2-Methylthiobenz[cd]indole (1-00 g.) and 2,3-dimethyl- 
benzothiazolium toluene-p-sulphonate (1-38 g.) were fused together on the steam-bath, an 
immediate vigorous evolution of methanethiol occurring. After about 1 min. the mixture 
had completely solidified, and was then refluxed for 1 hr. with pyridine (10 ml.). The solid 
which separated on cooling was washed successively with a little cold pyridine and boiling 
ethanol, and the product (1-73 g.) crystallised from methanol (250 ml./g.) to give 2-2’-benz[cd]- 
indolylmethylene-3-methylbenzothiazoline toluene-p-sulphonate (1-15 g., 58%) as deep red needles 
with a blue reflex, m. p. 300—301° (decomp.) (Found: S, 12-95. C,,H,,O,N,S, requires S, 
13-2%). This material (1-56 g.) was warmed with chloroform and dilute aqueous sodium 
hydroxide until dissolution was complete. The chloroform layer was washed with water 
and dried (Na,SO,) and then evaporated to dryness, to give a solid which was extracted 
(Soxhlet) with benzene. The extracts deposited a solid (0-76 g.) which crystallised from benzene 
(260 ml./g.) to yield 2-2’-benz[cd]indolylmethylene-3-methylbenzothiazoline (0-55 g.) as purple- 
brown needles, m. p. 279° (Found: S, 10-2. C. 9H,,N,S requires S, 10-2%). 

A mixture of 1,2-dimethylquinolinium toluene-p-sulphonate (1-6 g.) and 2-methylthiobenz- 
[cd)indole (1-0 g.) was fused on the steam-bath and then boiled in pyridine as before. The 
resulting solution was poured into 10% aqueous sodium hydroxide, and the tar which separated 
was taken up in chloroform. The chloroform extract was washed with water, dried (Na,SO,), 
concentrated, and then chromatographed on activated alumina. Elution of the main band with 
chloroform, followed by evaporation of the eluate, gave a solid (0-6 g.), from which 2-2’-benz[cd]- 
indolylmethylene-1,2-dihydro-1-methylquinoline (0-17 g.) was obtained as purple needles, m. p. 
223°, by crystallisation from benzene (Found: C, 85-9; H, 5:3. C,,H,,N, requires C, 85-7; H, 
52%). Similarly prepared was 4-2’-benz[cd]indolylmethylene-1,4-dihydro-\-methylquinoline, 
deep green crysials, m. p. 256°, from 2-methoxyethanol (Found: C, 86-0; H, 5-7. C,,H,,N, 
requires C, 85-7; H, 5:2%). 

(b) In solution. 2-Methylthiobenz[cdjindole hydriodide (1-64 g.), 1,2,3,3-tetramethyl-3H- 
indolium iodide (1-51 g.) and anhydrous sodium acetate (1-4 g.) were refluxed together in ethanol 
(20 ml.) for 6 hr. The solid (1-80 g.) obtained by pouring the resulting solution into water 
crystallised from ethanol (60 ml.), to yield 2-2’-benz[cd]indolylmethylene-1,3,3-trimethylindoline 
hydriodide (0-99 g.), deep green needles, m. p. 241—242° (decomp.) (Found: C, 61-2; H, 4-5. 
C,3H,,N,I requires C, 61-1; H, 4-7%). Treatment of this material with sodium hydroxide and 
chloroform yielded the base (V), deep green needles, m. p. 137—137-5°, from cyclohexane 
(Found: C, 85-0; H, 6-4. C,,;H,)N, requires C, 85-15; H, 6-2%). Similarly prepared was 
2-2’-benz[cd]lindolylmethylene-3,4-dimethylthiazoline hydriodide (49%), deep purple-blue needles, 
m. p. 282—283° (decomp.) (from 2-methoxyethanol; 50 ml./g.) (Found: I, 31-3. C,,H,,;N,IS 
requires I, 31-3%); the base prepared from it formed green plates, m. p. 270°, from benzene 
(Found: C, 73-2; H, 5-4. C,,H,,N,S requires C, 73-35; H, 5-1%). 

Cyanines (IX).—(a) From quaternary salt (IV). A mixture of 1-methyl-2-methylthiobenz- 
[cdjindolium iodide (1-00 g.), 1,2,3,3-tetramethyl-3H-indolium iodide (0-88 g.), and fused 
sodium acetate (0-80 g.) in ethanol (20 ml.) was refluxed for 3 hr. The solid which separated 
on chilling of the solution was collected and washed with a little cold ethanol. (1-Methyl-2- 
benz[{cd]indole)(1,3,3-trimethyl-2-3H-indole)methincyanine iodide (V1) (0-59 g., 43%) had m. p. 
245—246° (decomp.), unchanged by crystallisation from ethanol (25 ml./g.) from which it 
formed brown plates with a bronze reflex (Found: I, 25-7. 2C,,H,,;N,I,C,H,O requires I, 
25-9%). Similarly prepared were:  (l-methyl-2-benz[cd]indole) (1-methyl-2-quinoline)methin- 
cyanine iodide (39%), clusters of green needles, m. p. 266—267° (decomp.), from methanol 
(60 ml./g.) (Found: I, 27-2. 2C,,H, ,N,I,CH,O requires I, 27-2%); (1-methyl-2-benz[cd]indole)(1- 
methyl-4-quinoline)methincyanine iodide (71%), green needles, m. p. 283°, from methanol 
(85 ml./g.) (Found: I, 27-7. 2C,,;H,,N,I,CH,O requires I, 27-2%); (1-methyl-2-benz[cd]indole)- 
(3,4-dimethyl-2-thiazole)methincyanine iodide (46%), purple needles, m. p. 267° (decomp.), from 
methanol (110 ml./g.) (Found: I, 29-3. 2C,,H,,N,IS,CH,O requires I, 29-1%). 

(b) By quaternisation of bases (X). Dye base (V) was fused on the steam-bath for 3 hr. with 
an excess of methyl toluene-p-sulphonate. A solution of the product in ethanol was treated 
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with an aqueous potassium iodide solution, to precipitate the dye, which after crystallisation 
from ethanol was identical in m. p. and mixed m. p. with dye (VI) prepared asin (a). A miixture 
of 2-2’-benz[cd]indolylmethylene-3-methylbenzothiazoline (0-30 g.) and methyl toluene-p- 
sulphonate (2-0 g.) was fused at 200° for 20 min., and the product in methanol was treated with 
an aqueous solution of sodium bromide. The precipitate was collected, washed with water, 
and crystallised from methanol (25 ml.), to give (1-methyl-2-benz[cd]indole) (3-methyl-2-benzothia- 
zole)methincyanine bromide (0-19 g.), purple-brown, m. p. 297—298° (decomp.) (Found; Br, 
18-6. 2C,,H,,N,BrS,CH,O requires Br, 18-8%). 

Merocyanines.—A mixture of 1-methyl-2-methylthiobenz[cd]indolium iodide (1-00 g.), 3- 
ethyl-2-thiothiazolid-4-one (0-47 g.) and anhydrous sodium acetate (0-80 g.) was refluxed for 
2hr. in ethanol (20 ml.). The chilled solution deposited a solid (0-25 g.), which from benzene 
(15 ml.) formed 3-ethyl-5-(1-methyl-2-benz[cd]indolinylidene)-2-thiothiazolid-4-one (VII) (0-17 g.), 
red plates, m. p. 209—211° (Found: S, 19-5. C,,H,,ON,S, requires S, 19-65%), Amax. 5280 A 
(log « 4-59). Similarly prepared from 1,3-dimethyl-2-thiohydantoin was 1,3-dimethyl-5-(1- 
methyl-2-benz[cd]indolinylidene)-2-thioiminazolid-4-one, deep blue needles, m. p. 212—213° 
(irom benzene; 65 ml./g.) (Found: S, 10-25. C,,H,,ON,S requires S, 10-4%), Amax. 5420 A 
(log « 4-08). 

Dequaternisation of Cyanine (V1).—Finely powdered dye (VI) (0-58 g.) and redistilled N N-di- 
ethylaniline (15 ml.) were refluxed together for 20 min. After removal of the amine by steam- 
distillation, the solid product was collected, washed with water, dried, and chromatographed in 
chloroform solution on activated alumina. The red band was eluted, and the eluate was 
evaporated to dryness, to leave a solid which was washed with light petroleum (b. p. 60—80°) 
and crystallised from benzene-cyclohexane. 2-(3,3-Dimethyl-2-3H-indolyl)-methylene-1-methyl- 
benz[cd]indoline (VIII) (35 mg.) was obtained as green crystals, m. p. 202—203°, from benzene- 
cyclohexane (Found: N, 8-5. C,,3H, )N, requires N, 8-6%). 

The absorption spectra were measured as in the preceding paper. Since some of the bases 
tended to show the spectrum of the acidified form in ethanolic solution (cf. Brooker e# al.5), 10% 
aqueous sodium hydroxide solution (1 drop) was added to the solution (100 ml.) before the 
spectrum of the unprotonated form was measured. 


We thank the Directors of Ilford Limited for permission to publish this and the preceding 
paper, Mr. A. A. Hooker for assistance with the preparative work, Miss J. Connor and Mrs. S. E. 
Bliss for the microanalytical results, and Mr. L. R. Brooker for the light-absorption data. 


RENWICK LABORATORY, ILFORD LIMITED, 
ItForD, Essex. [Received, September 23rd, 1959.) 





310. Preparation and Polymerisation of Some Bicyclic Dienes. 
By (Mrs.) M. A. P. Bowe, R. G. J. MILLER, J. B. Rosr, and D. G. M. Woop. 


The preparation of polymers from four bicyclic monomers, 2,3-di- 
methylenebicyclo[2,2,1]heptane, 2,3-dimethylene-7-oxabicyclo[2,2, lJheptane, 
2,3-dimethylenebicyclo[2,2,2]octane, and 5,6-dimethylenebicyclo[2,2, 1}hept- 
2-ene, is described. The polymers of the first two monomers were amorphous, 
that of the third crystalline, and the triene gave a cross-linked polymer. 
Improvements in the published syntheses of the homocyclic monomers, and 
the preparation of 2,3-dimethylene-7-oxabicyclo[2,2,l]heptane are described. 


PotyMErRs of certain cyclic monomers are known in which the rings form part of the 
polymer chain, for instance, polymers having the repeating units (I) and (II) are obtained 
by polymerisation of 2,3-dihydrofuran 1 and 1,4-epoxycyclohexane,? respectively. Bailey 
and Golden * prepared a crystalline polymer, with a repeating unit (III), from 1,2-di- 
methylenecyclohexane, and showed that polymerisation of this diene occurred with 100% 
1,4-addition. In this polymer chain each C=C group forms part of a ring so that the 


? Rose and Barr, J., 1954, 3766. 

2 Wilkins, U.S.P. 2,764,559. 

? Bailey and Golden, J. Amer. Chem. Soc., 1954, 76, 5418. 
3E 
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methylene groups must all be cis. Bailey and his co-workers * have prepared a series of 
substituted cis-1,4-poly-2,3-dimethylenecyclohexanes, all of which are crystalline. The 


\ y — H.C CH, — 

Ho—cH SH-CH, * ome” 
2 -O-HqQ CH H.C SCH, 

H,C—CH, CH,-CH, ‘CH,-CH, 


(I) (II) (IIT) 


present paper describes the preparation of four similar polymers (from monomers IV—VII) 
in which the cyclohexane ring is replaced by rigid bicyclic systems. Compounds (IV, VI, 
and VII) were reported while this work was in progress, but their polymers have not yet 


H,c— | Roath ot oom H.C FE oth Hop 
| cre | "Te | ge I ye 

Web Secy H.C cl Cscy, CSE Soy, a en 
(IV) is; (VI) (VII) 


been described. Similar preparations of monomers (IV) and (VI) have been reported by 
Bailey and Lawson ®* and by Alder and his co-workers.”8 The latter authors have also 
prepared monomer (VII). The monomer (V), which has not previously been reported, 
was prepared by the following adaptation of Bailey’s general route to cyclic dienes,” the 
compound (VIII) having been prepared by hydrogenation of the Diels—Alder adduct from 
furan and maleic anhydride. This was reduced with lithium aluminium hydride in 


CH KO } 
H,C~ | ~CH H,C~ | To scu-cty-oH 
i | oO —_ ee — (Vv) 
H,C _—CH CH: CH,-OH 
= a cH 


(VIII) 


boiling tetrahydrofuran, in which the product is readily soluble, so that reduction goes to 
completion. Difficulties were encountered when ether was used as the reaction medium, 
for the compound (VIII) is only slightly soluble in this and the lactone (IX) was formed as 
well as the diol. Bailey and Lawson 5* encountered similar difficulties during the pre- 
paration of compounds (IV) and (VI), and preferred to reduce the diethyl esters rather 
than the anhydrides; they did not isolate the lactones. We find that with both bicyclo- 
[2,2,1}heptane-2,3-dicarboxylic anhydride and its bicyclo[2,2,2]octane analogue reduction 


_SH a 
os | ~CH My H,c~ | aol x es m8 24 


~br a / nd ile m, a He vee 
(Ix) (X) (XI) 


by lithium aluminium hydride goes to completion in tetrahydrofuran, but that in ether 
the lactones (X) and (XI) are obtained as well as the diols. The lactones were identified 


* Bailey, Nat. Acad. Sci., Nat. Res. Council, Bull. 6, No. 370 (1954), p. 113; Chem. Abs., 1956, 50, 
10,691. 

5 Bailey and Lawson, J. Amer. Chem. Soc., 1955, 77, 1606. 

* Bailey and Lawson, J. Amer. Chem. Soc., 1957, 79, 1444. 

7 Alder and Roth, Chem. Ber., 1955, 88, 407. 

® Alder and Mdlls, Chem. Ber., 1956, 89, 1960. 

® Alder, Hartung, and Netz, Chem. Ber., 1957, 90, 1. 

1 Bailey and co-workers, J. Amer. Chem. Soc., 1954, 76, 2251; 1955, '77, 990, 1163. 
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by their infrared absorption spectra which showed bands at 1775 cm." characteristic of 
the carbonyl group in a 5-membered lactone ring," and in the case of (X) by reduction 
with lithium aluminium hydride in tetrahydrofuran to the diol. The annexed routes to 
compounds (IV) and (VII) were found to be more convenient than those previously re- 


CH 
ra HC ~CH-CH,CI H,C— -CH,Cl 
H-CH,Cl HG CH, ceil 4 —»> | st | 
-CH,Cl HC HC _CH-CH,Cl H,C _CH-CH,Cl 
CH 2 WA hy 2 Mi 2 
\ (VII) \ (IV) 


ported. The reaction between cyclopentadiene and 1,4-dichlorobut-2-ene proceeds 
readily at 200° and, as interconversion between cyclopentadiene and its dimer also occurs 
at this temperature, dicyclopentadiene can be used directly without prior conversion into 
the monomeric diene. To prevent side reactions the diene must be treated with two 
molar equivalents of 1,4-dichloro-2-butene, but the excess of dichloride is easily recovered. 
Furan and cyclohexadiene do not form adducts with the dichloride at 200°. 

All four monomers polymerised readily in emulsion at 50°, a potassium persulphate— 
dodecanethiol system being used as the catalyst. The polymers of (IV) and (V) were 
soluble in organic solvents at 20°, the polymer of (VI) was soluble in boiling xylene but 
was precipitated on cooling, and the polymer of (VII) was completely insoluble. Polymers 
of (IV), (V), and (VI) were moulded, and threads were drawn from heated mouldings 
of polymerised (VI); the polymer of (VII) decomposed before softening. All three forms 
(powder, moulding, and thread) of the polymer of (VI) gave crystalline X-ray diffraction 
patterns. There was a slight amount of planar orientation in the moulding, but no fibre 
orientation in the thread. The polymers of (IV) and (V) were amorphous and showed no 
crystalline X-ray patterns even after being annealed just below their softening points 
for several weeks. Some physical properties of the three soluble polymers are tabulated 
below. Bailey and Lawson * claim that the polymer of (IV) is formed with at least 30% © 


Physical properties of the polymers. 


{»] Softening 
Polymer of np” d (g. dl.-*) point M. p. 
(IV) 1-559 1-055 0-45 * 42° —_ 
(V) 1-554 1-19 0-33 * 83 ae 
(VI) 1-582 1-083 0-08 tf 141 170—176° 


* Measured at 20° in benzene. + Measured at 112° in xylene. 


1,2-addition, but they do not describe the polymer or the means used to investigate its 
structure. However we find that the infrared absorption spectra of these three polymers 
do not show bands in the region of 883 cm. characteristic of the >C=CH, group. In the 
case of the homocyclic polymers the sensitivity of the infrared method was measured 
by means of the reference compound 2-acetoxymethyl-3-methylene[2,2,l]heptane (which 
absorbs strongly at 883 cm.) and it was shown that these polymers contained considerably 
less than one >C=CH, group per 50 monomer units. Thus if 1,2-addition occurs during 
polymerisation, then the >C=CH, groups produced must react further. This, however, 
would produce an insoluble cross-linked polymer, so that within the limits of detection 
the infrared evidence indicates polymerisation by 100% 1,4-addition. 

The chain structures of the three soluble polymers are therefore similar, and the 
marked difference in physical properties between the crystalline polymer of (VI) and the 
amorphous polymers of (IV) and’(V) must be ascribed to structural differences between 
the individual monomer units. It is generally considered (cf., e.g., Bunn 1%) that a polymer 


1 Grove and Willis, J., 1951, 877. 
#2 Bunn, J. Appl. Phys., 1954, 25, 820. 
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can crystallise only if its molecular structure is essentially regular. The polymers of 
(IV), (V), and (VI) possess regular chain structures because, like Bailey’s poly-1,2-di- 
methylenecyclohexanes, they are all cis-1,4-diene polymers, but whereas in (VI) the bridged 
ring is symmetrical this is not the case in (IV) and (V). It is therefore suggested that in 
(IV) and (V) the marked asymmetry of their bridged ring systems is responsible for the 
amorphous nature of their polymers. Thus in these latter polymers the bridging groups 
-CH,- in (IV) and —O- in (V), will be placed in a random manner on either side of the 
cyclohexane ring, but this type of asymmetry is not possible in the polymer of (VI) or in 
Bailey’s poly-2,3-dimethylenecyclohexanes. 

The polymer of (VII) shows the characteristics of a cross-linked structure, indicating 
that the endocyclic double bond in the monomer takes part in the polymerisation. Poly- 
merisation would not be expected to occur at the endocyclic double bonds present in the 
polymers of (IV), (V), and (VI) because of the great steric hindrance afforded by the polymer 
chain. 


EXPERIMENTAL 

Preparation of the Monomers.—(a) 2,3-Dimethylenebicyclo[2,2,\|heptane. Bicyclo[2,2,1)- 
heptane-2,3-dicarboxylic anhydride was prepared by hydrogenation of the Diels-Alder adduct 
from cyclopentadiene and maleic anhydride. A slurry of the hydrogenated adduct (1-02 moles) 
in anhydrous ether (0-50 1.) was added slowly, with stirring, to a mixture of lithium aluminium 
hydride (1-45 moles) in anhydrous ether (1-5 1.); the mixture was heated under reflux for 
8 hr. Then the excess of hydride was destroyed with water, and the calculated quantity of 
dilute hydrochloric acid was added to decompose the complex. The ether layer was separated, 
and the aqueous layer extracted continuously with ether, the extract being added to the ether 
layer. The combined ether extracts were dried (K,CO,) and the ether was removed by distil- 
lation. After acetic acid and excess of acetic anhydride had been removed from the product 
obtained by acetylation of the crude diol with acetic anhydride, fractionation of the residue 
gave two fractions: (1) crude lactone (X), b. p. 140—160°/8mm., and (2) 2,3-di(acetoxymethy]l)- 
bicyclo[2,2,lJheptane, b. p. 160—161°/8 mm., n,,*° 1-4744, m. p. 26—27° (Found: C, 65-0; 
H, 8-4. Calc. for C,,H,,0,: C, 64-9; H, 83%). Bailey and Lawson 5 report b. p. 145°/4 mm., 
n,** 14728. The yield of diacetate was 50%. The diol, recrystallised, had m. p. 61—62°; 
Alder and Roth ? report m. p. 62°. The diol gave a dibenzoate, m. p. 127—-129° (Found: C, 75:8; 
H, 6-6. C,,H,,O, requires C, 75-8; H, 6-6%). 

2,3-Dimethylenebicyclo[2,2,l}heptane, prepared by pyrolysis of the diacetate as described 
by Bailey and Lawson,‘ and fractionated, had b. p. 76-0—76-1°/74 mm., n,*° 1-5040 (Found: 
C, 90-1; H, 10-4. Calc. for CgH,,: C, 90-0; H, 100%). Alder and Roth’ report n,,° 1-5033. 
The diene gave a Diels—Alder adduct, m. p. 116—118°, with maleic anhydride (Alder and Roth’ 
report m. p. 118°). Hydrogenation of the diene in the presence of Adams catalyst (2 mol. 
absorbed) gave dihydrosantene, b. p. 153°/758 mm., ,*° 1-4611 (Found: C, 86-8; H, 12-9. 
Calc. for CgH,,: C, 87-0; H, 13-0%) (Alder and Roth * give b. p. 150—152°/760 mm., n,* 
1-4636). 

The diene was also prepared as follows. A mixture of dicyclopentadiene (1-5 mol.) and 
1,4-dichlorobut-2-ene (3 mol.) was heated at 200° for 4 hr. The product gave two main 
fractions: (1) recovered dichlorobutene, b. p. 53—56°/15 mm., m,”° 1-4899, and (2) 5,6-di- 
(chloromethyl) bicyclo[2,2,1)hept-2-ene, b. p. 118—122°/15 mm., m,* 1-5161 (Found: C, 57-2; 
H, 6-6; Cl, 36-7. C,H,,Cl, requires C, 56-6; H, 6-3; Cl, 37-2%). The yield of the latter, 
based on unrecovered dichlorobutene, was 78%. Hydrogenation of this dichloride in the 
presence of Adams catalyst gave a 76% yield of 2,3-di(chloromethyl)bicycle{2,2,1|heptane, b. p. 
123—124°/15 mm., ,*° 1-5111 (Found: C, 55-5; H, 7-8; Cl, 37-1. C,H,,Cl, requires C, 55-9; 
H, 7:3; Cl, 36-7%). The saturated dichloride (0-75 mole) was heated under refiux for 40 hr. 
with potassium hydroxide (2-5 moles) in absolute ethanol (350 ml.). After being diluted with 
water the product was extracted with light petroleum, and the extract dried (CaCl,). Fraction- 
ation gave a 40% yield of 2,3-dimethylenebicyclo[2,2,1}heptane, b. p. 69°/70 mm., n,,*° 1-5040. 

(b) 5,6-Dimethylenebicyclo[2,2,1]hept-2-ene. Dehydrochlorination of 5,6-di(chloromethyl)- 
bicyclo[2,2, 1}hept-2-ene in a manner analogous to that described for its saturated analogue gave 


18 Diels and Alder, Annalen, 1928, 460, 113. 
4 Alder and Roth, Chem. Ber., 1954, 87, 161. 
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a 42% yield of the triene, b. p. 69-5°/67 mm., m,* 1-5190 (Found: C, 91-5; H, 83. Calc. for 
CyHyp: C, 91-5; H, 85%) (Alder e¢ al.* report m,* 1-5180). With maleic anhydride the triene 
gave an adduct, m. p. 116—122° (decomp.) (lit.,° 125°) (Found: C, 72:4; H, 5-8. Calc. for 
C,3H,,03: C, 72-2; H, 5-6%). Hydrogenation of the triene in the presence of Adams catalyst 
(3 mol. absorbed) gave dihydrosantene, b. p. 153°/758 mm., m,” 1-4612 (Found: C, 87-3; 
H, 12-8%). 

(c) 2,3-Dimethylene-7-oxabicyclo[2,2,l]heptane. 7-Oxabicyclo[2,2, l}heptane-2,3-dicarboxylic 
anhydride ** was made by catalytic hydrogenation in ethyl acetate of the Diels-Alder adduct 
from furan and maleic anhydride in dioxan.4* (i) The hydrogenated adduct was reduced with 
lithium aluminium hydride in ether (method of section a), and the product fractionally crystal- 
lised from tetrahydrofuran, giving the crude lactone (IX) (26%), m. p. 118—122°, and 2,3- 
di(hydroxymethyl)-7-oxabicyclo[2,2,l]heptane (74%), purified by sublimation at 80°/10—3 mm., 
m. p. 58—61° (Found: C, 60-6; H, 9-2. C,H,,O, requires C, 60-7; H, 89%). With acetic 
acid and acetic anhydride, the diol gave a diacetate, m. p. 104—106-5° (Found: C, 59-5; H, 
745%; sap. equiv., 467. C,,H,,0, requires C, 59-5; H, 7-4%; sap. equiv., 462). By other 
conventional methods the diol gave a dibenzoate, m. p. 172—174° (Found: C, 71-7; H, 6-2. 
Cy2H..O0, requires C, 72-1; H, 6-0%), and a di-p-nitrobenzoate, m. p. 182—183-5° (Found: 
N, 6-2. C,,H,.O,N, requires N, 6-1%). (ii) The hydrogenated adduct (0-41 mole) in tetra- 
hydrofuran (360 ml.) was added to a stirred solution of lithium aluminium hydride (0-73 mole) 
in tetrahydrofuran (350 ml.) at a rate such as to maintain gentle boiling. The mixture was 
boiled for 3 hr. and left in the cold overnight. Water (72 ml.) was slowly added with stirring 
and strong cooling, and the mixture filtered. Almost pure diol (0-193 mole) was obtained 
by evaporation of the filtrate, and more (0-213 mole) was recovered from the filtration residue 
by continuous extraction with chloroform. The total yield of diol was 99%. No lactone was 
found on attempted recrystallisation of the crude product from tetrahydrofuran. 2,3-Di- 
methylene-7-oxabicyclo[2,2,l)heptane, b. p. 75-5°/36 mm., n,,** 1-5055, d,?° 1-004 (Found: C, 78-6; 
H, 8-2; hydrogenation equiv., 76. C,H,,O requires C, 78-6; H, 8-2%; hydrogenation equiv., 
61), was made by pyrolysis of the diacetate by the method of Bailey and Lawson.5 

(d) 2,3-Dimethylenebicyclo[2,2,2]octane. Bicyclo[2,2,2]octane-2,3-dicarboxylic anhydride 
was prepared by hydrogenation of the Diels-Alder adduct of cyclohexadiene and maleic an- 
hydride.?” A slurry of the hydrogenated adduct in ether was treated with lithium aluminium 
hydride, and the product isolated as described in section (a). Fractionation of the crude diol 
gave crude lactone (XI), b. p. 163—180°/13 mm., and 2,3-di(hydroxymethy])bicyclo[2,2,2}- 
octane, b. p. 184—-190°/13 mm. On being recrystallised from ether-light petroleum, fraction 
(2) gave a 36% yield of the pure diol, m. p. 87—-88° (Found: C, 70-6; H, 10-5. Calc. for 
CipH,,0,: C, 70-5; H, 10-6%). 

This diol was also prepared, in 90% yield, by the method described in section (c, ii). The 
diol gave a diacetate (60%), b. p. 169°/7 mm., m. p. 24—25° (Found: C, 66-0; H, 8-6. Calc. 
for C,,H,,0,: C, 66-0; H, 86%). Fractionation of the liquid obtained by pyrolysis of the 
diacetate at 520—530° with repeated recycling of incompletely pyrolysed material gave a 26% 
yield of 2,3-dimethylenebicyclo[2,2,2]octane, b. p. 89°/58 mm., »,*° 15091 (Found: C, 90-1; 
H, 9-9. Calc. for CjH,,: C, 89-5; H, 105%) (Alder and Mills ® report m,,* 1-5106). With 
maleic anhydride the diene gave an adduct, m. p. 130—132° (Found: C, 72-9; H, 7-1. Calc. 
for C,,4H,,0,: C, 72-4; H, 6-9%) (lit.,8 m. p. 132°). 

Isolation of the Lactones (IX), (X), and (XI).—3-Hydroxymethylbicyclo[2,2,\)heptane-2- 
carboxylic acid lactone, m. p. 145°, was obtained by recrystallisation (from light petroleum) of 
the crude material, fraction (1), b. p. 140—160°/8 mm., described in section (a) [Found: C, 70-9; 
H, 7:°7%; M (ebullioscopic), 151. C,H,,0, requires C, 71-0; H, 7-°9%; M, 152]. Treatment 
of the lactone (0-10 mole) with lithium aluminium hydride (0-11 mole) in boiling tetrahydrofuran 
gave an 80% yield of 2,3-di(hydroxymethy])bicyclo[2,2,lJheptane, m. p. 60—62° (dibenzoate, 
m. p. 126—128°). 

3-Hydroxymethyl-7-oxabicyclo[2,2,1]heptane-2-carboxylic acid lactone was obtained as de- 
scribed in section (c) and, purified by recrystallisation from benzene, had m. p. 121—123° 
(Found: C, 62-9; H, 6-7. C,H, O, requires C, 62-4; H, 6-6%). 

3-Hydroxymethylbicyclo[2,2,2)octane-2-carboxylic acid lactone, m. p. 136—138°, was obtained 

18 Diels and Alder, Chem. Ber., 1929, 62, 554. 


16 Diels and Olson, J. prakt. Chem., 1940, 156, 285. 
1” Farmer and Warren, J., 1929, 907. 
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by recrystallisation (from light petroleum) of the crude material, fraction (1), b. p. 163—180°/13 
mm., described in section (d) [Found: C, 72-2; H, 8-5%; M (ebullioscopic), 171. C, H,,O, 
requires C, 72-2; H, 8-5%; M, 166). 

The infrared absorption spectra of the three lactones were recorded on a Hilger H800 
double-beam spectrometer as crystalline dispersions in potassium bromide discs. The frequency 
of the lactone carbonyl absorption band, however, was measured for carbon tetrachloride 
solutions by comparison with a water-vapour background. 
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Polymers.—All four monomers were polymerised in aqueous emulsion at 50° for 15 hr., 
the following recipe being used: monomer, 5 ml.; water, 9 ml.; sodium oleate, 0-25 g.; 
dodecane-1-thiol, 0-025 g.; potassium persulphate, 0-015 g. The polymers were coagulated 
by pouring the emulsions into potassium chloride solution. After being washed free from 
catalyst residues, the polymers were dried in a vacuum-desiccator. The softening points of 
moulded samples of each polymer were measured by the “ Vicat’’ method.%* The m. p. of 
the polymer of (VI) was measured by means of a hot-stage polarising microscope. The infrared 
spectra of the three polymers were recorded between 700 and 2000 cm. , both as dispersions 
in potassium bromide discs and as heat-pressed films about 0-002 inch in thickness. A spectrum 
of each polymer has been reproduced for inclusion in the D.M.S. Scheme. 

The spectra of the two homocyclic polymers in the 800—950 cm. region of the spectrum 
are shown in Fig. 1 to demonstrate the basis of the statement that the polymers do not show 
an absorption band at 883 cm.~! where the group —C°:CH, was found to absorb. In order to 

Ps See ‘‘ Kunstharzpresstoffe,”” W. Hehdorn, V.D.I., Forschungsheft V.D.I.-Verlag G.m.b.H., Berlin, 
1934. 
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investigate the detection limit of this group, solutions of the compound 2-acetoxymethy]l-3- 
methylenebicyclo[2,2,l]heptane were prepared in carbon tetrachloride. The spectra of these 
were recorded in the 800—950 cm." region by placing them together with a film of the polymer 
at the focus of the sample beam of the spectrometer. The spectral traces obtained from 2%, 
4%, and 10% concentrations of the methylene compound, calculated as volume percentages 
relative to the polymer, are shown in Fig. 2. If the density difference between the monomeric 
compound and the polymer is neglected, these concentrations represent the molar concentrations 
of the group >C:CH, which, if present, in the polymer would produce the spectra shown. 


The authors thank Dr. A. H. Willbourn for advice. Technical assistance was given by 
Messrs. B. Baxter, M. E. A. Cudby and M. L. Cooper, and X-ray measurements were made 
by Dr. D. R. Holmes. 
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311. The Nitration of p-Terphenyl in Glacial Acetic Acid. 
By P. CuLiinc, G. W. Gray, and D. Lewis. 


The nitration of p-terpheny] in glacial acetic acid with fuming nitric acid 
has been studied, and reproducible reaction conditions are given for the 
preparation of 4-nitro-, 4,4”-dinitro-, and 4,2’,4’’-trinitro-p-terphenyl. 
Methods previously reported in the literature for the preparation of these 
compounds are discussed, and, for the first time, 2- and 2’-nitro-p-terphenyl 
have been isolated by chromatography from the liquors of the mononitrations. 
The constitutions of the mononitro-isomers have been verified by un- 
ambiguous syntheses. 


FRANCE, HEILBRON, and Hey! have described the preparation of 2- and 4-nitro-, 4,3’- 
and 4,4’’-dinitro-, and 4,2’,4’’-trinitro-p-terphenyl by unambiguous routes. With these 
reference compounds available, they then studied the nitration of p-terphenyl in different 
media. For example, the hydrocarbon was nitrated at 100° with fuming nitric acid 
(@ 1-5) in glacial acetic acid to yield 4,4’’-dinitro-p-terphenyl (43%), m. p. 272—273°, 
together with 4,2’,4’’-trinitro-p-terphenyl (28%), m. p. 193—194°, which was obtained 
by dilution of the nitration mixture after separation of the dinitro-derivative. On the 
other hand, nitration with fuming nitric acid (d 1-5) in acetic anhydride at 45—50° gave 
4,4”-dinitro-p-terphenyl (68%), m. p. 272—273°. The authors comment that neither in 
these reactions nor in any other nitration experiments which they carried out was any 
mononitro-f-terphenyl isolated, even under nitration conditions which would have been 
suitable for the mononitration of biphenyl. 

In our hands, neither the nitration in glacial acetic acid nor that in acetic anhydride 
gave pure 4,4’’-dinitro-p-terphenyl, and the liquors from the acetic acid nitration did not 
contain the trinitro-isomer. 

The nitration in acetic acid seemed the more promising, and a large number of nitrations 
were carried out in this medium in order to ascertain the influence of several variables 
upon the nature, yield, and melting point of the nitration product. A standard procedure, 
described in the Experimental section, was adopted in all cases, so that the results would 
be as comparable as possible. 

With these standard conditions and an addition time within the limits 60—90 sec., 
the effect of increasing the volume of nitric acid over the range 0—70 ml. was first studied. 
The results are summarised in the Figure where the m. p.s and yields of the crude and 
crystallised products are plotted against the volumes of fuming nitric acid employed. 


1 France, Heilbron, and Hey, J., 1938, 1364. 
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The full curves for the m. p.s * of the crystallised (upper curve) and crude (lower curve) 
products each show two well-defined maxima. The first, occurring between 10 and 11 ml. 
of nitric acid, corresponds to the m. p. of 210—211-5° of 4-nitro-p-terphenyl (I). The 
volume of nitric acid required for mononitration is therefore critical, The second, broader 
maximum corresponds to the m. p. of 272—274-5° of 4,4’”’-dinitro-p-terphenyl (ITI), which 
is obtained in a pure state over a much wider range of nitric acid volumes (22—28 ml.). 
The product obtained with about 50 ml. of nitric acid is 4,2’,4’’-trinitro-p-terphenyl (III), 
m. p. 194—194-5°. The same product is obtained with 70 ml., and the volume of fuming 


Plots of the upper limits of the melting ranges (full lines) and the yields (broken lines) of the nitration products 
against the volumes of fuming nitric acid. (For the meaning of the duplicate lines see the text). 
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nitric acid required for its formation is not at all critical. This is to be expected, since 
each ring in the p-terphenyl molecule then contains one nitro-group, and the whole molecule 
will be deactivated to further substitution under these conditions. 

The minima in the m. p. curves, on either side of the maxima for mono- and di-nitration, 
correspond, in order of their appearance with increasing volumes of nitric acid, to mixtures 
of (a) p-terphenyl and (I), (8) (I) and (II), and (c) (II) and (III). The interpretation of 
these m. p. curves has been fully substantiated by obtaining the m. p.s of each of these 
binary mixtures over a range of composition, and plotting these m. p.s against the per- 
centage composition for each mixture. 

At this stage, it is convenient to mention that, while maintaining the volume of nitric 
acid constant at 24 ml., the following points were established: (a) When the internal 
reaction temperature was raised from 99° to 116-5°, the composition of the product passed 
from (II) + 20% of (I) to (II) + large quantities of (III). (b) When the volume of glacial 


(KK ves on XK Do on )-€_)-4_ pro 


NO, 
(I) (II) (111) 


acetic acid was reduced from 190 to 80 ml., the composition of the product changed from 
(II) + 40% of (I) to (II) + considerable quantities of (III). (c) Decreasing the total 
reaction time and increasing the rate of addition of the nitric acid were not at all critical. 
For example, an increase in addition time from 7 sec. to 7 min. was necessary in order to 
give a noticeable effect on the m. p. of the product. 


* Mixed products melted over a range of temperature, and in these cases the m. p.s plotted represent 
the upper limits of the melting ranges. 
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The conditions employed by France, Heilbron, and Hey,! by which they obtained a 
43°, yield of the dinitro-compound (II) from the hydrocarbon, appear at first sight to be 
equivalent to ours using acetic acid (120 ml.) and fuming nitric acid (14-5 ml.), conditions 
which yield mainly the mononitro-compound (I). Moreover, their lower reaction tem- 
perature of 100° would further favour the formation of mononitro-isomers. An experi- 
ment using their conditions did give mainly mononitration. Since France, Heilbron, and 
Hey obtained no mononitro-isomers, and isolated the trinitro-compound (III) from the 
liquors of such nitrations, their fuming nitric acid must have been a much more powerful 
nitrating agent than ours, although we both record a density of 1-5 for the acid. The 
fuming nitric acid used in the present experiments had d,® 1-5 and contained 94 + 0-5% 
of HNO;. This acid did contain 0-5% of nitrous acid (estimated volumetrically), which 
would retard our nitrations relative to those of France, Heilbron, and Hey if their acid 
contained a lower concentration of nitrous acid. 

It is clearly demonstrated by our experiments that #-terphenyl can be successfully 
nitrated in glacial acetic acid to give 4-nitro-p-terphenyl. Moreover, the liquors from 
such mononitrations have yielded 2-nitro-p-terphenyl (5—9%) and 2’-nitro-p-terphenyl 
(05%). The 2-nitro-isomer had already been prepared by France, Heilbron, and Hey ! 
from 2-nitro-4'-N-nitrosoacetamidobiphenyl and benzene, and the 2’-nitro-isomer by 
Basford * by dehydrogenation of 2-nitro-4-cyclohexylbiphenyl. The 2-, 2’-, and 4-nitro- 
p-terphenyls were, however, again synthesised by unambiguous routes in order to verify 
that these products had been obtained, in the case of the 2- and 2’-nitro-derivatives ‘for 
the first time, by direct nitration of the hydrocarbon. The low yields of the 2- and the 
2’-isomer arise from the poor separation which is achieved on an alumina chromatogram, 
and quantitative work now being undertaken on the ratio of the mononitro-isomers shows 
that much larger quantities of these ortho-isomers are in fact produced. 

The critical dependence of mononitration upon the volume of nitric acid means that 
the method of nitration in glacial acetic acid is of limited value for the preparation of 
4-nitro-p-terphenyl (I). However, details have been included in the Experimental section 
for the mononitration of the hydrocarbon (12 g.). The yield of (I) was 52—54%. Allen 
and Burness ® have reported that the 4-nitro-isomer is obtained in good yield (72%) by 
nitrating a suspension of the hydrocarbon in acetic acid with a mixture of red and yellow 
fuming nitric acid, and this method will be referred to below. 

The broken curves in the Figure indicate the change in yield of nitration product 
(crude material, upper curve; crystallised material, lower curve) with increasing volume 
of nitric acid. The lower curve is not shown for volumes of acid less than 30 ml., since 
in these experiments the products supersaturated on crystallisation, and the yields were 
variable. As nitration proceeds to an increasing extent up to 10-5 ml. of acid, the yield 
curve falls. 

Quantitative data to be published will show that the nitration of p-terpheny]l in glacial 
acetic acid gives 60% of the 4-nitro-isomer. This figure agrees with our practical yield 
of 52—54% of (I), and if the nitration of p-terphenyl is assumed to give the same ratio 
of ortho- to para-isomers as biphenyl,*® the yield of (I) would indeed be expected to be 
about 60%. The yield of 72% reported by Allen and Burness * seems high, though their 
conditions may give a different isomer ratio. Commercial red fuming nitric acid could 
not be purchased in order to reproduce their procedure, but using yellow fuming nitric acid, 
through which nitrous fumes had been passed, a yield of 57—60% of (I) was obtained, 
agreeing with the yield by our method and with that predicted on the basis of biphenyl. 

As the volume of fuming nitric acid is increased from 10 to 28 ml., only pure (I) or (II) 
or a mixture of the two compounds is isolated, other mono- and di-nitro-isomers remaining 


* Basford, J., 1937, 1440. 

* Allen and Burness, J. Org. Chem., 1949, 14, 175. 

* Bell, Kenyon, and Robinson, J., 1926, 1239. 

5 Jenkins, McCullough, and Booth, J. Ind. Eng. Chem., 1930, 22, 31. 
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dissolved in the cold nitrating medium. Since the dinitroterphenyl (I1) must arise from the 
4-nitro-p-terphenyl, and if the latter gives the same ratio of ortho- to para-isomers as does 4- 
nitrobipheny],® the optimum yield of 4,4’’-dinitro-p-terphenyl would be about 30%, agreeing 
with our practical yields for the dinitration. The 43% yield obtained by France, Heilbron, 
and Hey ! for the dinitration in acetic acid is somewhat greater than this, and their yield 
in acetic anhydride is considerably greater. The latter is surprising, and does not agree 
with our preliminary quantitative data which indicate a higher percentage of ortho-sub- 
stitution in acetic anhydride than in acetic acid. 

Since this work was undertaken, an excellent method for preparing 4,4’’-dinitro-p- 
terphenyl has been published by VanAllan.? Nitration in nitrobenzene gives a 59% yield, 
although our yields by this process again lay between 30 and 32-5%. 

The shapes of the yield curves for volumes of nitric acid in excess of 35 ml. are difficult 
to explain satisfactorily, particularly in the range 35—45 ml. of acid, where an increase 
in yield is observed. In this range, the product is a mixture of di- and tri-nitro-compounds, 
and gives marked supersaturation. The fall in yield with volumes greater than 45 ml. of 
acid is probably due to the fact that, although the trinitro-compound is produced in all 
cases, its solubility increases with increasing concentration of the fuming nitric acid. 

It has also been found that the fuming nitric acid used in the present work did not 
give the results obtained by France, Heilbron, and Hey * for the following nitrations: (a) 
nitration in fuming nitric acid at 100° of (I) to (IJ) (1 hr.), of (II) to (III) (15 min.), and 
of 4,3’-dinitro-p-terphenyl (a synthetic product) to (III) (2 hr.); (6) nitration of the hydro- 
carbon in fuming nitric acid alone (initially at room temperature, but rising to 75°), reported 
to give a 100% yield of (III); (c) nitration of the hydrocarbon in concentrated nitric acid- 
sulphuric acid-water medium at 45—50°, quoted as giving a 50% yield of (III). 

In all cases, our acid gave less extensive nitration, suggesting again that the acid used 
by France, Heilbron, and Hey was a stronger nitrating agent. The 100% yield of (III) 
reported in (0) is interesting, and requires that no nitration occurs, under these conditions, 
at the 2-position, which is shown by our quantitative data to be appreciably reactive. 


EXPERIMENTAL 

Standard Nitration Procedure.—A three-necked flask (500 ml.) fitted with a stirrer, condenser, 
and thermometer, and containing powdered p-terphenyl (2 g.) in glacial acetic acid (120 ml.) 
was heated in an oil-bath, also equipped with a stirrer and thermometer, until the hydrocarbon 
dissolved. The temperature of the solution was adjusted to 111°, and a given volume of fuming 
nitric acid (d 1-5) was delivered through a filter-funnel plugged with asbestos and glass wool 
previously moistened with fuming nitric acid. The compactness of the plug was adjusted in 
accordance with the required addition time. After a total time of 15 min., the reaction mixture 
was cooled rapidly to 0°, and the precipitate collected in a sintered-glass funnel. The product 
was washed with glacial acetic acid (2 x 10 ml.), water (4 x 10 ml.), and 96% ethanol (2 x 5 
ml.). The moist solid was dissolved in nitrobenzene (24 ml.), and the solution cooled to 25— 
26°. The crystals were washed with 96% ethanol (2 x 5 ml.), and dried, and the yield and 
m. p. were recorded. With volumes of fuming nitric acid greater than 40 ml., it was necessary 
to cocl the reaction mixture to —8°, and reproducible results were obtained only if the vessel 
walls were scratched continuously for 15 min. to minimise supersaturation of the product. The 
solvent for crystallisation was changed to xylene (20 ml.), and benzene was used for washing the 
crystals. 

4-Nitro-p-terphenyl: Nitration in Glacial Acetic Acid.—Fuming nitric acid (60 ml.; d 1-5) 
was added in 1—1-5 min. to a stirred solution of p-terphenyl (12 g.) in glacial acetic acid (720 
ml.) at 111° (bath-temperature 115°). After a total time of 15 min., the precipitate was filtered 
off and washed (see standard procedure). The crude product (7-4—7-8 g., 52—54%), m. p. 
206—210°, crystallised from nitrobenzene, giving very pale yellow, poorly crystalline 4-nitro- 
p-terphenyl, m. p. 210—211-5°. The conditions for the nitration are critical. Under-nitration 


* Gull and Turner, J., 1929, 491. 
7 VanAllan, J. Org. Chem., 1956, 21, 1154. 
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of the hydrocarbon gives a crude product which is difficult to filter off, whilst the liquors from 
the filtration of an over-nitrated product give a small amount of gum, together with solid 
product, when diluted with water. 

4-Nitro-p-terphenyl: Nitration by Red Fuming Nitric Acid.—The method is based on that 
of Allen and Burness.* Nitrous fumes, prepared by warming a mixture of concentrated nitric 
acid and starch, were dried (CaCl,) and bubbled into fuming nitric acid (d 1-505) maintained 
at about 10°. Eventually, two layers formed, and a portion of the lower layer (5 ml.) was added 
to fuming nitric acid (2-5 ml.; d 1-505). This mixture was added in 3 min. to a stirred suspen- 
sion of powdered p-terphenyl (11-5 g.) in glacial acetic acid (35 ml.) at 95°. Nitrous fumes 
were evolved copiously. After 30 min. at 95—98°, the reactants were cooled to 30°, and the 
product was filtered off and washed with acetic acid, water, and ethanol. The crude product 
(7-8—8-2 g., 57—60%), m. p. 199—207°, crystallised from nitrobenzene to give 4-nitro-p- 
terphenyl, m. p. 204—208°. 

4-Nitro-p-terphenyl: From 4'-Nitro-4-N-nitrosoacetamidobiphenyl.—Crude 4,4’-dinitrobi- 
phenyl * was reduced to 4-amino-4’-nitrobiphenyl,* which was obtained in a yield of 48%, 
with m. p. 195—-198-5° after crystallisation from ethanol. The acetyl derivative, m. p. 236— 
239° (from acetic acid), was obtained in 93% yield. The 4-acetamido-4’-nitrobiphenyl (9 g.) 
and sodium acetate (9 g. of the fused salt) were dissolved in hot glacial acetic acid (135 ml.) 
and acetic anhydride (67-5 ml.), and nitrosated with nitrosyl chloride; the procedure used was 
that described for 3-fluoro- and 3-iodo-4-octyloxyacetanilides.* The solid N-nitroso-compound 
was extracted with benzene (500 ml.), a fair amount of undissolved, unused acetyl-amine 
being discarded. After the reaction and removal of the benzene, the residue was distilled 
at 0-06 mm. Part of the 4-nitro-p-terphenyl (1 g.; m. p. 188—200°) sublimed at about 100°, 
and the remainder (2-7 g.) distilled at an indefinite temperature (about 200°). Crystallisation 
of the combined fractions from nitrobenzene gave 4-nitro-p-terphenyl (2-1 g., 22%), m. p. 209— 
210°, undepressed on admixture with the same compound obtained by nitration. 

4,4’’-Dinitro-p-terphenyl: Nitration in Glacial Acetic Acid.—Fuming nitric acid (60 m1.; 
d 1-5) was added all at once to a stirred solution of p-terphenyl (8 g.) in glacial acetic acid 
(300 ml.) at 115°. After the initial heat of reaction had subsided, the temperature was main- 
tained at 113—-114° for a total reaction time of 7 min., after which the reactants were cooled 
to 0°, and the product was filtered off and washed with acetic acid, water, and ethanol. The 
crude product (3-58 g., 32%), m. p. 270-5—274°, crystallised from nitrobenzene to give bright 
yellow needles of 4,4’’-dinitro-p-terphenyl, m. p. 272—274-5°. France, Heilbron, and Hey 
record the m. p. 272—273°. : 

4,4’’-Dinitro-p-terphenyl: Nitration in Nitrobenzene.—The method of VanAllan? gave the 
4,4’’-dinitro-p-terphenyl, m. p. 272—274-5°, in 30—32-5% yield after crystallisation. 

2- and 2’-Nitro-p-terphenyls: From Mononitration Liquors.—The liquors from the prepar- 
ation of 4-nitro-p-terphenyl by nitration in glacial acetic acid, together with the washings of 
the crude product, were diluted with water (1-51.). The dried product (20 g.) was dissolved 
in benzene and adsorbed on a column of alumina (800 g.). Elution was carried out with 
benzene, and fractions (each of 50 ml.) were collected from the chromatogram. The first 
fraction (0-7—1-2 g.), m. p. 106—118°, gave colourless prisms of 2’-nitro-p-terphenyl (0-2 g., 
05%), m. p. 129-5—130°, after three crystallisations from benzene. The second fraction 
consisted of a mixture of 2- and 2’-nitro-p-terphenyl (3 g.), m. p. 105—107°. The next eleven 
fractions were combined to give material (10 g.) of upper m. p. limits 113—124°. This was 
crystallised from benzene and then from benzene-ethanol (1: 5), to give bright yellow blades 
of 2-nitro-p-terphenyl (2—4 g., 5—9%), m. p. 127-5—128°. Further elution of the column 
gave crude 4-nitro-p-terphenyl, followed by yellow gums or solids, probably mixed dinitro-p- 
terphenyls. 

2-Nitro-p-terphenyl: From 2-Nitro-4’-N-nitrosoacetamidobiphenyl.—(a) 2,4’-Dinitrobiphenyl. 
2-Nitrobipheny] (25 g.) was added all at once to stirred concentrated nitric acid (340 ml.; d 1-42). 
Fuming nitric acid (225 ml.; d 1-50) was then added in about 10 min., and the solution stirred 
for a further 15 min., the temperature being maintained throughout at about 35°. Water 
(195 ml.) was then added with ceoling. The 2,4’-dinitro-isomer was allowed to crystallise, 
and was filtered off when the temperature reached 17—18°, or at a somewhat higher temperature 
if very small spherulites (presumably the 2,2’-isomer) appeared among the pale yellow needles 


%’ Marler and Turner, J., 1931, 1361. 
* Gray and Worrall, J., 1959, 1545. 








1552 The Nitration of p-Terphenyl in Glacial Acetic Acid. 


of the desired product. After washing with concentrated nitric acid and then with water, the 
yield was 8—10 g., m. p. 78—93°. Crystallisation from a mixture of fuming nitric acid (10 
ml./g.) and water (7 ml./g.) gave 2,4’-dinitrobiphenyl (6—8 g., 20—26%), m. p. 93-5—94-5° 
Gull and Turner * give m. p. 92-5—93-5°. 

(b) 4-Amino-2’-nitrobiphenyl was prepared from 2,4’-dinitrobiphenyl by the method em- 
ployed * for the selective reduction of 4,4’-dinitrobiphenyl. After crystallisation from methanol, 
the crude product, m. p. 94—96°, was obtained in 39-53% yield. Recrystallisation raised 
the m. p. to 97—97-5°, in agreement with the m. p. of 100° reported by Walls..° When the 
residue from the hydrochloric acid extractions of the nitro-amine was extracted with benzene 
and the solution was concentrated, orange-yellow needles (1-3%), m. p. 207—208°, were 
obtained. This product did not undergo the benzidine rearrangement with concentrated 
hydrochloric acid, and a solution in acetic acid was not oxidised by hydrogen peroxide, even 
in several days. It is likely that the product is 4-azoxy-2’-nitrobiphenyl, and not the corre- 
sponding azo- or hydrazo-compound. Further evidence is given by the combustion analyses 
[Found: C, 66-0; H, 3-5; N, 130%; M (Rast), 419. C,,H,,O,N, requires C, 65-4; H, 3-7; 
N, 12-7%; M, 440. C,,H,,O,N, requires C, 67-9; H, 3-8; N, 13-2%; M, 424. C,,H,,0,N, 
requires C, 67-6; H, 4-2; N, 13-1%; M, 426). 

(c) 4-Acetamido-2’-nitrobiphenyl was obtained by normal methods of acetylation. The 
product was crystallised from 50% aqueous alcohol, the yield being 94%, and the m. p. 153— 
154°. France, Heilbron, and Hey ! record m. p. 152—153°. 

(d) 2-Nitro-p-terphenyl. 4-Acetamido-2’-nitrobiphenyl (14-85 g.) was nitrosated and con- 
densed with benzene in the manner described above for 4-acetamido-4’-nitrobiphenyl. One- 
third of the residue obtained on removal of the solvent from the reaction mixture was dissolved 
in benzene and run down a column of alumina (70 g.). Elution with benzene gave crude 
2-nitro-p-terphenyl (3-3 g.), m. p. up to 125-5°. One crystallisation from benzene—methanol 
gave bright yellow blades (2-5 g., 47%), m. p. 126-5—127-5°. Further crystallisation raised 


the m. p. to 127-5—128° (Found: C, 78-6; H, 5-1; N, 5-0. Calc. for C,,H,,O,N: C, 78-5; 


H, 4-8; N, 5-1%), undepressed on admixture with 2-nitro-p-terphenyl obtained by nitration 
of the hydrocarbon. France, Heilbron, and Hey?! record the m. p. 127—128° for 2-nitro-p- 
terphenyl. 

2’-Nitro-p-terphenyl.—4-Acetamido-3-nitrobiphenyl, m. p. 132—133°, was prepared ™ from 
4-acetamidobiphenyl, m. p. 167—169°. An attempt to prepare 2’-nitro-p-terphenyl from 
3-nitro-4-N-nitrosoacetamidobiphenyl and benzene was however unsuccessful. 4-Acetamido- 
3-nitrobiphenyl was therefore deacetylated ™ and the 2’-nitro-p-terphenyl obtained from the 
4-amino-3-nitrobiphenyl by the Gomberg reaction. 

Concentrated sulphuric acid (8-3 ml.) was slowly added to a boiling solution of 4-amino- 
3-nitrobiphenyl (21-4 g.) in glacial acetic acid (107 ml.). A vigorous reaction occurred. The 
reactants were cooled, and the yellow suspension of the amine sulphate was stirred at 18—22° 
during gradual addition of nitrosylsulphuric acid [75 ml., 1-3 equivalents of a solution prepared 
by dissolving sodium nitrite (20-7 g.) in concentrated sulphuric acid (166 ml.)]. After the 
addition, the reactants were stirred for 1 hr., then a further quantity of nitrosylsulphuric 
acid (15 ml.) was added. After a few minutes, the viscous mixture was poured on ice (250 g.), 
and the vigorously stirred mixture, maintained at 6—10°, was neutralised with 10N-aqueous 
sodium hydroxide. Much solid was deposited, and water (400 ml.) was added to prevent 
the formation of a thick slurry. When the end-point had been reached, an excess of sodium 
hydroxide solution was added, the flask was loosely corked, and stirring was continued for 
80 hr., the reaction being allowed to proceed at room temperature (18—21°) after the first 
1-5 hr. The mixture was filtered, and the residual salts were washed with benzene (200 ml.), 
the washings being added to the filtrate. The benzene layer was separated from the filtrate, 
washed twice with water, and dried, and the solvent removed by distillation. Decomposition 
occurred throughout the distillation of the residue, b. p. 200—220°/0-05—0-2 mm., and the 
distillate (10-2 g.) melted indefinitely in the range 100—115°. The 2’-nitro-p-terphenyl may 
be obtained by crystallisation of the distillate from ethanol, or preferably by chromatography 
on alumina, with benzene as solvent. The 2’-nitro-isomer is contained in the lowest, pale 
yellow region on the column, and two crystallisations from ethanol afforded the pure product 
(Found: C, 78-4; H, 5-1; N, 4-7. Calc. for C,,H,,O,N: C, 78-5; H, 4-8; N, 5-1%), m. p. 

1” Walls, J., 1947, 72. 

11 Campbell, Anderson, and Gilmore, J., 1940, 449. 
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129-5—130°, undepressed when mixed with the same product prepared by direct nitration. 
The m. p. reported by Basford * was 125°. The yield of 2’-nitro-p-terphenyl was 4-73 g.'(17%). 
The above chromatogram also yielded 4-acetamido-3-nitrobipheny! (7%), contained in a broad 
yellow zone, and 4-amino-3-nitrobiphenyl (1—2%), in a red band at the top of the column. 

4,2’,4’’-Trinitro-p-terphenyl_—Powdered p-terphenyl (6 g.) was suspended in boiling glacial 
acetic acid (72 ml.), the source of heat was removed, and fuming nitric acid (60 ml., d 1-505) was 
added in 2—3 min. The hydrocarbon dissolved during the vigorous reaction, and 2—3 min. 
after completing the addition, the solution was cooled and maintained at 0° for 15—30 min. 
The product (3-08 g., m. p. 189-5—192-5°) was filtered off, washed with acetic acid, water, and 
ethanol, and was crystallised from xylene, yielding pale-yellow needles of 4,2’,4”-trinitro-p- 
terphenyl, 2-77 g. (29%), m. p. 194—194-5° (Found: C, 59-4; H, 3-0; N, 11-6. Calc. for 
CysH,,N3O,: C, 59-2; H, 3-0; N, 115%). France, Heilbron, and Hey! record the m. p. 
193—194°. 


The authors thank the Hull Local Education Authority and the North Yorkshire Education 
Authority for Maintenance Allowances to two of them (D. L. and P. C.), and the Distillers Co. Ltd., 
and Imperial Chemical Industries Limited for grants to the Department. 
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312. The Preparation and Physical Properties of Isopropyl 
Methylphosphonofluoridate (Sarin). 


By P. J. R. Bryant, (the late) A. H. Forp-Moore, B. J. Perry, 
A. W. H. Warprop, and T. F. WarKIns. 


The preparation of pure isopropyl methylphosphonofluoridate (Sarin) 
is described, together with certain of its physical properties. 


OnE of the most potent anticholinesterases! is isopropyl methylphosphonofluoridate ? 
(III). Of the various methods for its preparation %-* some were found to be tedious or to 
give impure products. The present communication deals with two satisfactory processes. 

In the first, di-isopropyl methylphosphonate* (I) with carbonyl chloride yielded 
isopropyl methylphosphonochloridate (II), which was converted into Sarin (III) by sodium 
fluoride in a hot inert diluent : 


Me*PO(OPr'), ——t» Me*POCI-OPr! ——g> Me*POF-OPr! 
(1) (I) (It) 


In the second process, propan-2-ol was treated with an equimolar mixture of methyl- 
phosphonic dichloride > (IV) and methylphosphonic difluoride (V) in an inert solvent: 


2Pr'OH + Me-POCI, + Me-POF, ——s» Me-POF-OPr! 
(IV) (V) 


Methylphosphonic difluoride was readily prepared by treating the dichloride with hydrogen 
fluoride. 


The physical properties of Sarin were determined with exhaustively purified samples. 
The results tabulated lead to the following relations: d,! = 1-1182 — 0-00118¢; n,' = 
13917 — 0-00043¢; the surface tension, y, = 28°76 — 0-113¢; logy, 4 = 705-4/T — 2-219; 
logy) P = 8-5916 — 2424/T. [R],* = 29-88. [Plore = 290-2. 


1 Davies and Green, Adv. Enzymology, 1958, 20, 283. 

2 (a) Sartori, Chem. Rev., 1957, 48; (b) Saunders, ‘‘ Phosphorus and Fluorine,’’ Cambridge Univ. 
Press, 1957, p. 93. 

% Bocquet, Ann. Soc. Roy. Sci. méd. nat. Bruxelles, 1956, 9, 188. 

4 Ford-Moore and Perry, Org. Synth., 1951, $1, 33. 

5 Kinnear and Perren, J., 1952, 3437. 
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Surface Surface 
Density tension Viscosity Density tension Viscosity 
Temp. (g./ml.) mp* (dynes/cm.) (10-* poise) Temp. (g./ml.) mp* (dynes/cm.) (10-* poise) 
10° 11-1064 — — = 30° + 1-0829 1-3789 25-4 1-28 
15 1:1005 = 1-3853 —- —- 35 ~=1-0768 — 24-8 1-17 
20 8 8=1-0946 = 11-3831 26-5 1-54 40 += 1-0710 — — 1-08 
25 1-0887 1-3810 25-9 1-40 
WRN. Sviaccagdeccsvigvucseccsoccuce 45° 50° 55° 60° 65° 70° 75° 80° 
Vapour pressure (mm.) ...... 9-4 12-2 16-2 20-6 26-4 33-5 42-9 53-2 


Certain of the toxic symptoms of phosphonofluoridates have been previously men- 
tioned. The precautions used in handling such materials are even more important in 
the case of Sarin. 


EXPERIMENTAL 


The exits of apparatus were protected by drying tubes. Glassware which had contained 
phosphonofluoridates was placed in 10% aqueous sodium hydroxide for at least 6 hr. before 
further washing. 

Isopropyl Methylphosphonochloridate (II).—A stream of carbonyl chloride was passed into 
di-isopropyl methylphosphonate (I) (270 g.) for 10 hr. with stirring at 20—30°. The mixture 
was left overnight, and excess of carbonyl chloride and isopropyl chloride were removed at 
>30°. Distillation gave the phosphonochloridate, b. p. 38—40°/2 mm., »,** 1-4282 (222 g.) 
(Found: Cl, 22-4. Calc. for CgH,,O,CIP: Cl, 22-65%). 

Isopropyl N-Phenylmethylphosphonamidate.—The phosphonochloridate (10 g.) in chloroform 
(30 ml.) was treated dropwise with aniline (12 g.) in chloroform (10 ml.). The mixture was 
refluxed for 0-5 hr., cooled, filtered, shaken with dilute hydrochloric acid and then water, 
dried (CaCl,), and evaporated. The residue crystallised on addition of light petroleum and, 
recrystallised from 50% aqueous ethanol, had m. p. 90—91° (Found: C, 56-6; H, 7-55. Calc. 
for C,gH,.O,NP: C, 56-35; H, 7-5%). 

Methylphosphonic Difluoride.—Methylphosphonic dichloride was melted at about 35° and 
treated with dry hydrogen fluoride at such a rate that the temperature rose to 75°. Hydrogen 
chloride was steadily evolved. If the system was completely dry, it was possible to carry out 
this reaction in Pyrex glass, the supply line from the gas cylinder being Polythene tubing, with 
a copper dip-pipe. The product was de-gassed under reduced pressure and the residue 
refluxed for 0-5 hr. The difluoride was then fractionated, having b. p. 98° (yield 90%). 
Hydrolysable chloride was not detected in carefully purified samples. 

Isopropyl Methylphosphonofluoridate.—(a) Crude isopropyl methylphosphonochloridate (from 
50 g. of diester) was refluxed in methylene chloride (50 ml.) with sodium fluoride (22 g.) for 4 hr. 
with stirring. After cooling, the whole was filtered and the residue washed with methylene 
chloride (2 x 20 ml.). The solvent was removed under reduced pressure and the product 
recovered at 46°/8 mm., 7,,** 1-3810 (Found: C, 34-2; H, 7-15; F, 13-6. Calc. for C,H,,O,FP: 
C, 34:3; H, 7-15; F, 13-6%). 

(b) Methylphosphonic dichloride (m. p. 33°; 66-5 g.), methylphosphonic difluoride (b. p. 
98°; 50 g.), and dry methylene chloride (130 ml.) were heated to reflux temperature and the 
source of heat removed. Propan-2-ol (59-6 g.) was then added, with stirring, at such a rate 
that the solvent boiled gently. Then the mixture was refluxed for a further hour, cooled some- 
what, and evaporated under slightly reduced pressure. The residue was fractionated and the 
product collected at 49-5°/11 mm. (85%; m,** 1-3810) (Found: C, 34:3; H, 7-3; F, 13-6%). 
There was a small amount (ca. 12 g.) of high-boiling residue from which a liquid (ca. 4 g.), 
b. p. 51°/1 mm., n,** 1-4082, was isolated. Ford-Moore and Perry ‘ gave b. p. 51°/1 mm., n,* 
1-4081, for di-isopropyl methylphosphonate. 

Physical Constants.—Isopropyl methylphosphonofluoridate, prepared by method (b), was 
twice fractionated, at a 10: 1 reflux ratio, through a lagged 24 in. Fenske column surmounted 
with a Whitmore—Lux head. Head and tail portions amounting to about 10% were separated; 
after the second process all three fractions showed physical properties which were identical 
within the limits of error. 

Surface tensions were determined by the maximum bubble-pressure method, viscosities 


* Saunders and Stacey, /., 1948, 695. 
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according to British Standard,’ and vapour pressures by the method of Smith and Menzies.* 
Densities were corrected and refractive indices were determined with a calibrated Abbé refracto- 
meter. Temperatures were corrected and thermostat baths were controlled within +0-01°. 


Thanks are offered to Mr. T. Gulwell for the preparations of methylphosphonic difluoride 
and to Mr. F. E. Charlton for microanalyses. 


CHEMICAL DEFENCE EXPERIMENTAL ESTABLISHMENT, 
Porton, WILTs. (Received, November 11th, 1959.] 


7 B.S.S. 188/1937, amended Jan. 1940. 
8 Smith and Menzies, J. Amer. Chem. Soc., 1910, $2, 1412. 


313. Reactions Between Quinones and Unsaturated Amines. Part IIT 
The Detection of N-Alkylvinylamines in Equilibria with Ethylidene- 
amines. 

By H. B. HENBEsT and P. SLADE. 


The less stable vinylamines (CH,~-CH-NHR) can be detected in admixture 
with their tautomers (CH,-CH=NR) by reaction with 2,3-dichloronaphtha- 
quinone which produces purple 2-chloro-3-2’-alkylaminovinylnaphtha- 
quinones (IV). 


QuINONEs with halogen substituents in the quinone ring react rapidly with NN-dialkyl- 
vinylamines (generated in situ from acetaldehyde and secondary amines), to give dialkyl- 
aminovinylquinones in high yield.1_ Thus the purple quinone (II) is produced in 90% 
yield from 2,3-dichloronaphthaquinone (I), acetaldehyde, and diethylamine in benzene 
at 20°. 

N-Alkylvinylamines (CH,=CH-NHR) should react with halogenated quinones in a 
similar way, giving monoalkylaminovinylquinones. Infrared and other evidence indicates 
that N-alkylvinylamines (in the absence of groups conferring stability by resonance) exist 


9° 9° 
Clo + CH,=CH-NEt, —> cl 
Cl 4 CH =CH-NEt, 
fe) 


ao." Me-CHO + NHEt, (Il) 


preferentially as N-ethylideneamines.2** In agreement, each of the ethylidene compounds 
(IIIA; R = Bu® and Et) used in the present study gave a strong C=N stretching band at 
1670 cm. and only weak NH absorption in the 3300 cm.*! region. However, there is some 
infrared evidence * for the presence of a small proportion of the vinylamine tautomer in 
N-cyclohexylidenecyclohexylamine, and the slow racemisation of the condensation product 
from primary amines and (-+-)-2-methylbutanal indicates 5 the existence of the equilibrium: 
EtMeCH-CH=NR =—> EtMeC=CH-NHR. Similar equilibrium between the tautomeric 
forms of ethylidene-amines (CH,-;CH=NR =—= CH,=CH-NHR) should lead, in the presence 
of a reactive quinone, to complete condensation of the ethylidene-amine in its vinylamine 
form. This was tested by adding N-ethylidenebutylamine (IIIA; R = Bu") to the 2,3-di- 
chloro-quinone (I) in benzene. The solution at 20° slowly became blue-violet: chrom- 
atography then gave, in order of elution, the red butylaminoquinone (V; R = Bu*), 


' The paper by Buckley, Henbest, and Slade, J., 1957, 4891, is regarded as Part I. 
* Witkop, J. Amer. Chem. Soc., 1956, 78, 2873. 

* Burckhalter and Short, J. Org. Chem., 1958, 23, 1278. 

‘ Bergmann, Zimkin, and Pinchas, Rec. Trav. chim., 1952, 71, 186. 

5 Wegler and Ruzicka, Ber., 1935, 68, 1059. 
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an unidentified blue quinone, and the expected purple butylaminovinylquinone (IV; R = 
Bu"). The structure of the last compound was confirmed by its infrared spectrum (NH 
band present) and by the close similarity of its ultraviolet and visible absorption to those 
of the dialkylaminoviny] series (cf. IT). 


° fe) 
(I) + CH,=CH-NHR (IIIB) —> cl + cl 
}? CH=CH-NHR NHR 
- vy ° 


CH;-CH=NR (IITA) (IV) 


The formation of the red quinone (V; R = Bu") may be connected with that of the 
blue quinone. Analysis of the latter gave the formula C,,H,,CIN,O,, corresponding to a 
product formed from one molecule of the dichloroquinone (I) and four molecules of 
ethylidenebutylamine with loss of two molecules of butylamine and one molecule of 
hydrogen chloride. 

Similar results were obtained when using ethylidene-ethylamine and the dichloro- 
quinone (I). The purple ethylaminovinylquinone (IV; R = Et) was obtained in some- 
what lower yield than its butyl analogue; it was accompanied by an approximately equal 
amount of the red ethylaminoquinone (V; R = Et) and a smaller amount of a blue quinone 
(not obtained pure). 

The initial prototropic rearrangement, occurring in the conversion of either ethylidene- 
amine into its tautomeric vinylamine, should be facilitated by hydroxylic solvents that can 
act as proton sources. A spectrophotometric study of the reaction between the dichloro- 
quinone (I) and N-ethylidenebutylamine showed that formation of the purple quinone 
(IV; R = Bu®*) occurred much more rapidly and in better yield (45%) in 1: 1 benzene- 
ethanol than in benzene alone (21%); conversely, thé yield of the unknown blue quinone 
fell to 7% (from 27% in benzene alone). 





EXPERIMENTAL 























M. p.s were determined on a Kofler hot stage. Alumina deactivated with dilute acetic acid * 
was used for chromatography. The infrared absorptions (in KBr discs) of compounds were 
consistent with the structures given. Light petroleum refers to the fraction (b. p. 40—60°) 
unless stated otherwise. 

Reaction between 2,3-Dichloronaphthaquinone (I) and N-Ethylidenebutylamine.—(a) In 
benzene. Freshly prepared N-ethylidenebutylamine ’ (3-96 g., 0-04 mole) was added to the 
quinone (2-27 g., 0-01 mole) dissolved in dry “‘ AnalaR ”’ benzene (120 c.c.). The mixture was 
kept at 20° for 4-5 hr., amine hydrochloride was removed, and the filtrate adsorbed on 
deactivated alumina (300 g.). Elution with benzene (250 c.c.) gave a red solid (0-35 g.), 
identified as 2-butylamino-3-chloronaphthaquinone (V; R= Bu") (see below), m. p. and 
mixed m. p. 113—114° (from light petroleum, b. p. 60—80°). Further elution with benzene 
afforded material (1-46 g.) that gave, after several crystallisations from light petroleum (pb. p. 
60—80°), a blue quinone, m. p. 118—121° (Found: C, 70-8; H, 7-35; N, 6-3; Cl, 8-65. 
C,,H,,CIN,O, requires C, 70-8; H, 7-55; N, 6-35; Cl, 8-05%), Amex. (in dioxan) 2460, 2770, 3710, 
and 6350 A (ec 13,200, 6500, 24,000, and 2000 respectively). Further elution gave the purple 
2-2’-butylaminovinyl-3-chloronaphthaquinone (IV; R = Bu®) (crude, 0-75 g.), m. p. 119—120° 
[from 1:3 toluene-light petroleum (b. p. 40—60°)] (Found, after heating at 55°/0-05 mm. to 
remove toluene of solvation: C, 66-2; H, 5-5. C,gH,,CINO, requires C, 66-35; H, 5-55%), 
Amax. (in dioxan) 2380, 3140, and 5460 A (e 10,200, 24,100, and 9870 respectively). An NH band 
(in KBr) was present at 2280 cm.*. 

(b) In ethanol. The reaction was carried between the quinone (0-227 g., 0-001 mole) and 
N-ethylidenebutylamine (0-396 g., 0-004 mole) in dry ethanol (200 c.c.) at 20° for 60 hr. The 
mixture was filtered, the filtrate evaporated, and the residue chromatographed on deactivated 


* Farrar, Hamlet, Henbest, and Jones, J., 1952, 2657. 
7 Campbell, Sommers, and Campbell, J. Amer. Chem. Soc., 1944, 66, 82. 
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alumina (100 g.). Separation as before gave the butylaminoquinone (V; R = Bu") (66 mg.) 
and the purple quinone (IV; R = Bu") (50 mg.) as the main isolable products. ' 

(c) In benzene-t-butyl alcohol. The quinone (0-227 g., 0-001 mole) and N-ethylidenebutyl- 
amine (0-395 g., 0-004 mole) were kept in benzene (25 c.c.) and t-butyl alcohol (25 c.c.) at 20° 
for 60 hr. More benzene (100 c.c.) was added and the alcohol was washed out with water. The 
benzene solution was chromatographed as before, to give the red quinone (V; R = Bu®) (64 mg.) 
and the purple quinone (IV; R = Bu") (81 mg.) as the main isolable products. 

Spectrophotometric Examination of the Reaction—N-Ethylidenebutylamine (0-396 g.) was 
added to the quinone (0-227 g.) in a purified solvent at 25°. Aliquot parts (1 c.c.) were removed 
periodically, diluted ten-fold, and examined spectrophotometrically (1 cm. cell) at the wave- 
length of maximal absorption of the purple quinone (IV; R = Bu®) (5410 A in benzene; 5750 A 
in benzene-ethanol, 1: 1), and at the wavelength of maximal absorption of the unknown blue 
quinone (6380 A in benzene; 6750 A in benzene-ethanol, 1:1). The results tabulated show 
that the purple quinone is formed more rapidly when ethanol is present. 

The yields of purple quinone (IV; R = Bu") and blue quinone were computed from the 
final values of the extinction coefficients at the long-wave maxima, allowances being made for 
the absorption of the other compound [the absorption of the red quinone (V) was negligible at 
these wavelengths]. The yields of purple quinone were 21% and 45% (respectively in benzene 


Wlenkt Ged sislnsita. pauhinri,.2sissidessieni 0 0-5 1 2 
EP) Se Ss 0 0-025 0-046 0-137 
In C,H,-EtOH: D at 5750 A. ...........ccceeeeeee 0 0-382 0-725 0-980 


and benzene-ethanol, 1 : 1) and the yields of blue quinone 27% and 7% (respectively in benzene 
and benzene-ethanol, 1: 1). ', 

Reaction between 2,3-Dichloronaphthaquinone (1) and N-Ethylidene-ethylamine.—A solution of 
the quinone (2-27 g., 0-01 mole) and N-ethylidene-ethylamine (2-84 g., 0-04 mole) in ethanol 
(2 1.) was kept at 20° for 124 hr. and then evaporated under reduced pressure. The residue 
was extracted with benzene, the extract being adsorbed on deactivated alumina (300 g.). 
Elution with benzene (1 1.) gave 2-chloro-3-ethylaminonaphthaquinone (0-49 g.), m. p. and 
mixed m. p. 131—132° (see below), followed by blue material. A purple fraction was finally 
eluted with benzene (2-5 1.); this yielded, after several crystallisations from 1 : 3 toluene-light 
petroleum (b. p. 40—60°), 2-chloro-3-ethylaminovinylnaphthaquinone (IV; R = Et) (0-31 g.), 
m. p. 154—155° (Found: C, 64-45; H, 4-6. _ C,,H,,CINO, requires C, 64-25; H, 4-6%); Amex. 
(in dioxan), 2340, 3140, and 5440 A (ec 8900, 26,400, and 10,900 respectively). 

2-Butylamino-3-chloronaphthaquinone (V; R = Bu®).—A solution of 2,3-dichloronaphtha- 
quinone (0-454 g.) and butylamine (0-30 g.) in benzene (20 c.c.) was kept at 20° for 48 hr., then 
filtered through deactivated alumina (50 g.). Removal of solvent gave material (0-504 g., 
96%), m. p. 111—112°, that on crystallisation from light petroleum (b. p. 60—80°) gave the 
butylaminoquinone as red needles, m. p. 112—114° (Found: C, 63-8; H, 5-4. C,,H,CINO, 
requires C, 63-75; H, 5-35%). 

2-Chloro-3-ethylaminonaphthaquinone (V; R = Et).—This was prepared as in the previous 
experiment from the dichloroquinone (0-454 g.) and ethylamine (0-2 g.) in benzene (25 c.c.). 
The quinone (95% yield) crystallised from benzene—light petroleum (b. p. 60—80°) as red needles, 
m. p. 1833—134° (Found: C, 61-7; H, 4:25; N, 5-75. Calc. forC,,H,,CINO,: C, 61-1; H, 4:25; 
N, 595%). This m. p. was consistently obtained although lower values ** (110° and 115° 
respectively) have been given previously for the compound. 


This work was carried out during the tenure (by P. S.) of a grant from the Ministry 


of Education and later a Musgrave Research Studentship from the Queen’s University of 
Belfast. 


Kinc’s CoLLeGcE, Lonpon, W.C.2. 
THE QUEEN’s UNIVERSITY OF BELFAST. (Received, July 13th, 1959.) 


§ Plagemann, Ber., 1882, 15, 484. 
® Kiprianov and Stetsenko, Ukrain. khim. Zhur., 1953, 19, 508; Chem. Abs., 1955, 49, 8263. 
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314. Amine Oxidation. Part V.* Dehydrogenation of Diethyl- 
amine in the Presence of 2,3-Dichloronaphthaquinone. 
By H. B. HEnBEsT and P. SLADE. 


The dehydrogenation of diethylamine (by benzoyl peroxide or by a 
quinone) is complicated by reaction of the initial product, ethylidene-ethyl- 
amine, CH,-CH=NEt, with unchanged diethylamine which gives ethylamine 
and the tertiary enamine, CH,-CH-NEt,. The last two compounds were 
detected in reaction mixtures as their coloured condensation products with 
2,3-dichloronaphthaquinone. 


DEHYDROGENATION of diethylamine may be expected to give ethylidene-ethylamine, 
CH,°CH=NEt, by analogy with, for exampie, the dehydrogenation of benzylaniline (by 
diphenylpicrylhydrazyl) to benzylideneaniline,! of pyrrolidine (via 1-chloropyrrolidine) to 
A!-pyrroline,? and of various secondary amines by silver persulphate.* It was decided to 
study the dehydrogenation of the simple secondary amine, diethylamine, in the 
presence of 2,3-dichloronaphthaquinone as the experiments described in the preceding 
paper demonstrated that the expected dehydrogenation product, ethylidene-ethylamine, 
reacts (in its tautomeric form) with this chloro-quinone to give a purple condensation 
product (IV). However, more complicated mixtures were generally obtained, owing to 
reaction of the first formed ethylidene-ethylamine with unchanged diethylamine. 


° ° ° 
cl cl cl 
+ NHE, —> + 
ci NHEt, CH=CH-NEt, 
fo) fo) 


a) ? (11) - (111) 


Reactions of Secondary Amines with Halogenated Quinones.—The usual reaction involves 
replacement of halogen by a dialkylamino-group. In this way, 2,3-dichloronaphtha- 
quinone (I) (1 mol.) and diethylamine (2 mols.) in benzene gave the red diethylamino- 
quinone (II) in 73% yield. Chromatography of the remainder of the product showed that 
ca. 8% of the diethylaminovinylquinone* (III) was also formed. This showed that 
vinyldiethylamine, CH,=CH-NEt,, must be formed, and to explain it, it was postulated 
that part of the diethylamine is dehydrogenated by the dichloroquinone (I) to N-ethylidene- 
ethylamine, which can then generate diethylvinylamine by reaction with another molecule 
of diethylamine: 


Me*CH=NEt + EtsNH > Me-CH(NEt,)*NHEt > CHy=CH:NEt, + NH,Et 


According to this scheme, the yield of the diethylaminovinylquinone (III) would be raised 
(at the expense of the ordinary replacement product, II) if N-ethylidene-ethylamine were 
added at the beginning of the reaction between the dichloro-quinone (I) and diethylamine. 
This was confirmed, a 31% yield of the diethylaminovinylquinone (III) being obtained 
from a reaction between 1 mol. each of the quinone (I), diethylamine, and N-ethylidene- 
ethylamine. In accord with the equilibrium between the amines postulated above, it 
was also possible to detect the formation of ethylamine, its reaction product (V) from the 
chloro-quinone (I) being isolated. The fourth product obtained was the ethylaminovinyl- 
quinone (IV), formed from ethylidene-ethylamine and the initial quinone (cf. preceding 


paper). 


















Part IV, J., 1957, 4905. 


* 
1 Braude, Brook, and Linstead, J., 1954, 3574. 

* Fuhlhage and Vander Werf, J. Amer. Chem. Soc., 1958, 80, 6249. 

* Bacon, Munro, and Stewart, unpublished work in these laboratories. 
* Buckley, Henbest, and Slade, J., 1957, 4891. 
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Et NH +  Me-CH=NEt => CH,=CH-NEt, +  NH,Et 


y \ v 





(II) (11%) (III) (31%) ° 
rel] cl 
CH=CH-NHEt NHEt 
© «v) (18%) (Vv) (18%) 9 


Reactions of Secondary Amines with Benzoyl Peroxide.—Gambarjan ® has shown that 
dialkylamines with benzoyl peroxide readily give NN-dialkyl-O-benzoylhydroxylamines 
(e.g., V1), often in high yields: 

EtyNH + Bz5O, ——m EtyN-OBz (VI) + BzOH 


The reaction between diethylamine (6 mols.) and benzoyl peroxide (2 mols.) in benzene 
has now been studied in the presence of 2,3-dichloronaphthaquinone (I) (1 mol.) with the 
following results: 


Bz,O, + Et,NH (excess) ——p» CH,*CH=NEt + Et,NH CH =CHNEt, + NH,Et 
=< 


7. 


(IT) (13%) (IIT) (61%) (V) 8%) 


The experiment indicates that the peroxide dehydrogenates the diethylamine [more 
quickly than the latter reacts with the dichloroquinone; cf. low yield of replacement 
product (II)}, giving a product (CH,-CH=NEt) that reacts as before with diethylamine to 
give the amine precursors of the substituted quinones (III) and (V). The relatively low 
yield of the ethylaminoquinone (V) may be due to loss of ethylamine by reaction with 
unchanged peroxide. The failure to detect the condensation product (IV) that could be 
expected from the postulated intermediate production of ethylidene-ethylamine may be due 
to its more rapid reaction with the excess of diethylamine present. 

O-Benzoyl-NN-diethylhydroxylamine (VI) is a possible intermediate in this reaction 
between diethylamine, benzoyl peroxide, and 2,3-dichloronaphthaquinone, for it could lose 
benzoic acid by a base-catalysed elimination to give ethylidene-ethylamine and thence 
the final products. However, addition of the hydroxylamine compound (VI) to a mixture 
of diethylamine and the dichloroquinone caused no appreciable difference to the reaction 
normally taking place between these two compounds, the diethylamino- and the diethyl- 
aminovinyl-quinones (II and III) being obtained in yields similar to those obtained in the 
first reaction described in this paper. It appears, therefore, that the presence of 2,3-di- 
chloronaphthaquinone in the reaction between diethylamine and benzoyl peroxide causes a 
diversion from the path that normally leads to O-benzoyldiethylhydroxylamine. 


EXPERIMENTAL 

General directions are given in the preceding paper. Yields of quinone products are based 
on the dichloronaphthaquinone that underwent reaction. 

Oxidation of Diethylamine by 2,3-Dichloronaphthaquinone.—(a) In benzene. The dichloro- 
quinone (0-227 g., 10° mole) and diethylamine (0-146 g., 2 x 10° mole) were mixed in benzene 
(20 c.c.) in the presence of anhydrous magnesium sulphate (1 g.). After being kept for 7 days at 
20°, the solution was filtered and chromatographed on deactivated alumina (100 g.). Elution 
with benzene-light petroleum (1:1) (250 c.c.) yielded a red solid (0-193 g., 73%), identified, 
after crystallisation from benzene-light petroleum, as 2-chloro-3-diethylaminonaphthaquinone 
(II), m. p. and mixed m. p. 57—60°. Further elution with benzene (350 c.c.) gave a mauve 
solid (25 mg., 8%), m. p. 89—93°, shown, by the identity of its infrared spectrum, to be 2-chloro- 
3-diethylaminovinylnaphthaquinone (III). 

(b) In ethanol. The reaction was repeated in ethanol (200 c.c.). After 7 days, the solution 
5 Gambarjan, Ber., 1925, 58, 1775; Gambarjan and Cialtician, Ber., 1927, 60, 390. 
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was evaporated under reduced pressure to dryness and the residue dissolved in benzene (20 c.c.). 
Chromatography gave 2-chloro-3-diethylaminonaphthaquinone (0-184 g., 70%) and 2-chloro-3- 
diethylaminovinylnaphthaquinone (35 mg., 12%). 

Reaction between 2,3-Dichloronaphthaquinone, Diethylamine, and Ethylidene-ethylamine.— 
Ethylidene-ethylamine (0-142 g., 2 x 10% mole) and diethylamine (0-146 g., 2 x 10 mole) 
were added to 2,3-dichloronaphthaquinone (0-454 g., 2 x 10° mole) in dry benzene (50 c.c.), 
After 24 hr. at 20°, the mixture was filtered to leave diethylamine hydrochloride, identified by 
its infrared spectrum. The filtrate was chromatographed on deactivated alumina (250 g.). 
Elution with benzene-light petroleum (1:1) (500 c.c.) yielded a mixed fraction (see below). 
Elution with benzene (500 c.c.) gave 2-chloro-3-diethylaminovinylnaphthaquinone (III) 
(0-128 g., 31%), m. p. 88—92°, and with more benzene (500 c.c.) gave 2-chloro-3-ethylamino- 
vinylnaphthaquinone (IV) (67 mg., 18%), m. p. 145—153°. These two products were further 
identified by their infrared spectra. 

The mixed fraction was rechromatographed on deactivated alumina (100 g.). Elution with 
light petroleum (400 c.c.) yielded dichloronaphthaquinone (0-126 g.), m. p. and mixed 
m. p. 190—194°; then benzene—light petroleum (1: 1) (200 c.c.) gave 2-chloro-3-diethylamino- 
naphthaquinone (II) (40 mg., 11%), m. p. 55—59°. Finally elution with benzene (200 c.c.) 
gave 2-chloro-3-ethylaminonaphthaquinone (V) (49 mg., 14%), m. p. 128—130°. The last two 
products were further identified by their infrared spectra. 

Oxidation of Diethylamine by Benzoyl Peroxide in the Presence of 2,3-Dichloronaphthaquinone. 
—The dichloroquinone (0-227 g., 10% mole) was dissolved in dry benzene (50 c.c.), and 
recrystallised benzoyl peroxide (0-484 g., 2 x 10% mole) and diethylamine (0-438 g., 
6 x 10% mole) were added. After 22 hr. at 20°, the mixture was filtered and chromatographed 
on deactivated alumina (200 g.). (The white crystals filtered off were identified as diethylamine 
hydrochloride by infrared spectroscopy.) Elution with benzene-light petroleum (1 : 1) (400 c.c.) 
gave a mixed fraction, and elution with benzene (500 c.c.) gave 2-chloro-3-diethylaminovinyl- 
naphthaquinone (III) (0-102 g., 61%), identified by its infrared spectrum. Rechromatography 
of the mixed fraction on deactivated alumina (100 g.) afforded unchanged dichloroquinone 
(95 mg.), 2-chloro-3-diethylaminonaphthaquinone (II) (20 mg., 13%), m. p. 50—55°, and 
2-chloro-3-ethylaminonaphthaquinone (V) (12 mg., 8%), m. p. 120—125°, the last two com- 
pounds being further identified by infrared spectroscopy. 

Attempted Reaction Between O-Benzoyl-NN-diethylhydroxylamine, Diethylamine, and 2,3-Di- 
chloronaphthaquinone.—A solution of 2,3-dichloronaphthaquinone (0-454 g., 2 x 10% mole), O- 
benzoyl-NN-diethylhydroxylamine (0-772 g., 4 x 10% mole), and diethylamine (0-584 g., 
8 x 10% mole) in benzene (50 c.c.) was kept at 20° for 7 days. Filtration and chromatography 
in the usual way gave 2-chloro-3-diethylaminonaphthaquinone (II) (0-379 g., 72%) and 2-chloro- 
3-diethylaminovinylnaphthaquinone (III) (48 mg., 8%). 


This work was carried out during the tenure (by P. S.) of a Musgrave Research Studentship 
from the Queen’s University of Belfast. 


THE QUEEN’s UNIVERSITY OF BELFAST. [Received, July 13th, 1959.) 





315. A Stereospecific Total Synthesis of p-(—)-Shikimic Acid. 
By R. McCrinpiz, K. H. Overton, and R. A. RAPHAEL. 


The Diels—Alder adduct derived from trans-trans-1,4-diacetoxybutadiene 
and acrylic acid has been elaborated to p-(—)-shikimic acid. An alternative 
route is also discussed. 


Tue levorotatory shikimic acid, first isolated from the fruits of IWicum religiosum,) was 
shown by Fischer and Dangschat? to possess the constitution and stereochemistry (I; 
R = R’ = R” =H). Since then this acid has been experimentally established as a 
biogenetic key link in the elaboration of aromatic amino-acids * and lignin * in vivo, and 

1 Eykman, Rec. Trav. chim., 1885, 4, 32. 

8 Fischer and Dangschat, Helv. Chim. Acta, 1934, 17, 1200; 1935, 18, 1206; 1937, 20, 705. 

* Davis, in McElroy and Glass, “‘ A Symposium on Amino Acid Metabolism,’ The Johns Hopkins 


Press, Baltimore, Maryland, 1955, p. 799. 
* Acerbo, Schubert, and Nord, J. Amer. Chem. Soc., 1958, 80, 1990. 
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1* more recently its biosynthetic intermediacy has been invoked in a wider context, albeit 
-3- on a speculative basis.® 
a co,R CO,H co co 
le) xe COH (>) \ HO \S 
). R'O“" oR" ° OH P HO 4 
by bn! 5 Aco © a co 
* (I) (11) (III) (IV) (Vv) 

Il) H OTs 
no- re) aN fe) CcO,H oO CcO,Me x 
her x re) x x ce) 

2 

ith | esd fe) te) Aco CO 
ced (VI) (VII) (VIII) (IX) 
no- Ts = p-C,H,Me-SO, 

i Consideration of its biological importance led us to undertake a synthesis of shikimic 
acid * in order to make possible the construction of a specifically labelled molecule and at 
0. the same time to confirm the constitution and stereochemistry revealed by Fischer and 
and Dangschat’s degradative work. 

g, Our first approach envisaged the dehydroshikimic acid corresponding to (II) as an 
hed intermediary stage although, by analogy with the isomeric, naturally occurring dehydro- 
ine shikimic acid § (III), we expected difficulties due to its potential ease of aromatisation. 
.C.) Hydroxylation by osmium tetroxide of the known adduct ® (IV) of 2-acetoxyfuran and 
iyl- maleic anhydride afforded the diol (V), whose probable stereochemistry is assigned on 
phy the basis of precedents.!° Treatment of this diol with acetone in the presence of anhydrous 
— copper sulphate converted it smoothly into the crystalline isopropylidene derivative (VI). 
saat The next projected step was hydrolysis of the anhydride (VI) to the dicarboxylic acid 

(VII), to be followed by selective decarboxylation and subsequent 6-elimination of the 
Di- tosyloxy-ester (VIII) to the dehydroshikimic acid derivative (II). In practice we were 
 O- unable to define conditions for the base-induced cleavage of the hemiketal acetate ™ (VI) 
ig which did not also result in aromatisatiori. Such a ring-opening was in fact accomplished 
phy in the course of model experiments with the related dihydro-adduct (IX) (see p. 1563) 
oro- but only in circumstances which rapidly aromatised the isopropylidene derivative (VI). 
The successful route to shikimic acid employed as starting material the Diels—Alder 
ship adduct (X) of trans-trans-1,4-diacetoxybutadiene  f and acrylic acid. Hydroxylation of 
the unsaturated acid (X) by osmium tetroxide furnished the cis-diol (XI; R = H), whose 
J stereochemistry may be predicted with certainty on the basis of the Alder rules * and 
1 the assumption of hydroxylation at the less hindered face of the molecule (for a close 
stereochemical analogy see a synthesis of alloinositol 4). With diazomethane the diol 
* The synthesis of quinic acid,* which had previously been transformed into shikimic acid,’ already 
constitutes a formal synthesis of the latter. 
+ We are grateful to Professor R. Criegee, Karlsruhe, for making a quantity of this compound 
available to us in the initial stages of this work. 
5 Wenkert, Experientia, 1959, 15, 165 and references cited therein; Chem. and Ind., 1959, 906. 
* Grewe, Lorenzen, and Vining, Chem. Ber., 1954, 87, 793. 
* Fischer and Dangschat, Biochim. Biophys. Acta, 1950, 4, 199. 

was * Salamon and Davis, ]. Amer. Chem. Soc., 1953, 75, 5567. 

* Clauson-Kaas and Elming, Acta Chem. Scand., 1952, 6, 560; Cava, Wilson, and Williams, /. 
(I; mer. Chem. Soc., 1956, '78, 2303. 
isa Ming Woodward and Baer, J. Amer. Chem. Soc., 1948, 70, 1161; Kwart and Vosburgh, ibid., 1954, 76, 
and 4 Cf. Kritchevsky and Gallagher, J. Amer. Chem. Soc., 1951, 78, 184; Criegee, Annalen, 1948, 560, 


133; Heymann and Fieser, J. Amer. Chem. Soc., 1951, 78, 5252. 
#2 Reppe, Schlichting, Klager, and Toepel, Annalen, 1948, 560, 1; Inhoffen, Heimann-Trosien, 
okins Muxfeldt, and Kramer, Chem. Ber., 1957, 90, 187. 
18 Alder, Schumacher, and Wolff, Annalen, 1950, 570, 230. 
14 Criegee and Becher, Chem. Ber., 1957, 90, 2516. 
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(XI; R = H) gave the crystalline methyl ester which was converted into its isopropylidene 
derivative (XII; R = Me). 


OAc OAc OAc ox 
CO,H HO:-.. Cco.R oO CcO,R 2) > .@) 
- Mo OAc pad 
HO: AcO CO,Me 
OAc OAc OAc CO,Me AcO OAc 
(X) (XI) (XII) (XIIa) (X IIb) 


Base-promoted elimination of acetic acid could now be expected to occur in the desired 
manner, consequent upon activation provided by the methoxycarbonyl group.” Addi- 
tionally, of the two chair conformations, (XIIa and b), which the ester can adopt, the former, 
preferred on the basis of non-bonded interactions, also affords the opportunity for trans- 
diaxial elimination. Although the desired elimination could be effected partially by 
the conventional procedure (see p. 1565), protracted experimentation established that it 
could be made to occur in 80% yield by heating the diacetate (XII; R= Me) with 
magnesium oxide at 290°. When heated alone at 450°, this compound was recovered 
unchanged in quantitative yield. The racemate of the unsaturated monoacetate (I; 
R = Me, R’ + R’ = >CMe,, R” = Ac) obtained in this way crystallised when seeded 
with the (—)-form;? the ultraviolet and infrared film spectra of the two compounds 
were identical. Hydrolysis of the (+)-form afforded (+-)-shikimic acid, m. p. 191—192°, 
whose ultra-violet and infrared (KCI disc) spectra were virtually identical with those of 
the natural acid.* Attempts to resolve the (+)-acid with a number of alkaloids were 
unsuccessful because of unfavourable solubility relationships. A satisfactory resolution 
was eventually effected on the triacetate (I; R= H, R’ = R” = Ac) via its quinine 
methohydroxy-salt whence the salt of (—)-tri-O-acetylshikimic acid, identical (m. p., 
mixed m. p., [a],, ultraviolet and infrared spectra) with thaterial prepared from natural 
shikimic acid, was obtained. Hydrolysis afforded p(—)-shikimic acid, identified by the 
same criteria with the naturally occurring material. 


EXPERIMENTAL 

M. p.s were taken on the Kofler block; [a], are in MeOH. Ultraviolet absorption spectra 
were determined for EtOH solutions with the Unicam S.P. 500 spectrophotometer, infrared 
spectra with the Perkin-Elmer 13 (by Dr. G. Eglinton and his colleagues) and the Infracord 
Spectrophotometer. Microanalyses were carried out by Mr. J. M. L. Cameron and his asso- 
ciates. Chromatographic alumina was prepared and standardised by Brockmann’s method.'* 
Light petroleum refers to the fraction of b. p. 60—80° unless otherwise stated. 

3-A cetoxy-3,6-epoxy-4,5-dihydroxycyclohexane-1,2-dicarboxylic Anhydride (V).—The adduct ® 
(IV) (950 mg.; m. p. 138—140°) in dry redistilled dioxan (20 ml.) was added to osmium tetroxide 
(1 g.) in dry ether (10 ml.) and kept at room temperature for 20 hr. Excess of hydrogen sulphide 
was passed into the suspension, the osmium sulphide was filtered off after 4 hr. and extracted 
with warm ethyl acetate (3 x 10 ml.), and the filtrate and washings were combined. Removal 
of solvent afforded the anhydride (V) as a wax (1-08 g.), which was not further purified. 

3- Acetoxy-3,6-epoxy -4,5-isopropylidenedioxycyclohexane -1,2-dicarboxylic Anhydride.—The 
above anhydride (1-08 g.), dissolved in dry acetone (40 ml.), was shaken with anhydrous copper 
sulphate (8 g.) for 80 hr. Separation of the copper sulphate and removal of acetone from the 
filtrate left a white residue, which was partly (350 mg.) insoluble in cold benzene (unchanged 
diol). Rapid filtration of the benzene extract through silica (20 g.) furnished on removal of 
solvent the isopropylidene derivative (VI) (755 mg.), needles (from benzene-light petroleum), 
m. p. 227—228° (Found: C, 52-1; H, 4-55. C,,;H,,O, requires C, 52-35; H, 4-75%). 

* While the work here described was nearing completion, the synthesis of (+)-shikimic acid by an 
essentially identical route was disclosed in the form of a preliminary communication.’ 


18 Linstead, Owen, and Webb, /J., 1953, 1211, 1218, 1225. 

16 Barton, J., 1953, 1027. 

17 Smissman, Suh, Oxman, and Daniels, ]. Amer. Chem. Soc., 1959, 81, 2909. 
18 Brockmann, Ber., 1941, 74, 73. 
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Attempted Cleavage of the Hemiketal Acetate (V1) and its Derivatives—(a) The anhydride 
(10 mg.) in dry ‘“‘AnalaR ”’ pyridine (2 ml.) was kept at (i) 20° for 16 hr., (ii) 100°-for 2 hr., 
and (iii) reflux for 5 hr. Removal of solvent in each case afforded a quantitative recovery of 
starting material. 

(6) The anhydride (45 mg.) was kept with triethylamine (2 ml.) and methanol (3 ml.) at 
20° for 3 days. Removal of solvent and treatment with ethereal diazomethane afforded the 
dimethyl ester corresponding to starting material. 

(c) The dimethyl ester [needles from ethyl acetate-light petroleum; sublimed for analysis 
at 0-1 mm.; m. p. 206—207° (Found: C, 52-25; H, 5-55. C,,H.,O, requires C, 52-3; H, 
5:85%)] (prepared from 300 mg. of anhydride) was dissolved in methanol (5 ml.) and treated 
with an excess of ethereal diazomethane for 3 days at 20°, in an attempt to bring about acetolysis 
(see Bredereck e¢ al.!*). The residue obtained on removal of solvents formed needles (from 
methanol), m. p. 127—128° (235 mg.) (Found: C, 52-45; H, 5-6; OAc, 17-25; OMe, 12-85. 
C,;HgpO, requires C, 52-3; H, 5-85; OAc, 18-0; OMe, 12-5%), and was an isomeric dimethyl 
estey (ultraviolet and infrared spectra). (For an analogy see Bergmann and Sprinzak *.) 

(d) The first dimethyl ester (98 mg.) in acetone (50 ml.) was treated with 0-02N-hydrogen 
chloride in acetone (0-5 ml.) for 16 hr. at 20°. Neutralisation with 0-01n-sodium hydroxide, 
removal of solvents, and extraction with ethyl acetate gave back starting material quantitatively. 

(e) The dried disodium salt (from 95 mg. of anhydride), suspended in dry methanol (30 ml.), 
was refluxed with sodium methoxide (2 mol.) in methanol for 4hr. Neutralisation with 0-02N- 
hydrochloric acid, removal of solvents, and extraction with ethyl acetate afforded a gum (63 
mg.) which had almost continuous absorption i in the ultraviolet region between 220 and 290 my 
and an intense band near 1600 cm." in the infrared spectrum. 

When a suspension of the sodium salt was stirred with the same proportion of sodium 
methoxide in methanol as above for 7 days at 20°, a product having almost identical spectral 
properties was obtained. Methylation and chromatography over activated alumina (grade 5) 
afforded only fractions exhibiting marked aromatic absorption in the infrared region. 

(f) The disodium salt was unaffected after it had been stirred in 1: 1 methanol—dimethyl- 
formamide with an excess of ethereal diazomethane for 3 days. 

(g) The anhydride (90 mg.) was treated at 20° with sodium hydroxide (36 mg.; 3 mol.) 
in absolute ethanol (30 ml.). The product obtained after 12 hr. showed Angx 218, 260, and 295 
my and gave a blue-green colour with ferric chloride (compare protocatechuic acid). 

(h) The diol (85 mg.), dissolved in a 2% solution of potassium hydroxide in ethanol (5 ml.), 
was kept at 50° for 45 min. Removal of solvent, dissolution of the residue in saturated aqueous 
ammonium sulphate, and continuous extraction with ethyl acetate afforded an oil (32 mg.), 
Imax, 255—260 (ec 5000) and 290—292 mu (e 2200). 

3-A cetoxy-3,6-epoxycyclohexane-1,2-dicarboxylic Anhydride (IX).—The adduct (IV) (2-0 g.) 
in “‘AnalaR ” ethyl acetate (50 ml.) was shaken with Adams catalyst (50 mg.) in an atmosphere 
of hydrogen until one mol. had been absorbed (10 min.). Removal of catalyst and solvent 
afforded the saturated anhydride (IX) (1-86 g.), needles (from ethyl acetate), m. p. 165—166° 
(Found: C, 52-8; H, 4:7. C, 9H, OQ, requires C, 53-1; H, 445%). 

2-Hydroxy-5-oxocyclohexanecarboxylic Acid.—The above anhydride (IX) (1-25 g., 0-0055 
mole) in aqueous potassium hydroxide (2-8 g., 0-05 mole, in 10 ml.) was heated on the steam- 
bath for lhr. The cooled solution was acidified, saturated with sodium chloride, and constantly 
extracted with ethyl acetate for 16 hr. The yellow oily residue remaining on removal of solvent 
afforded on trituration with chloroform the monocarboxylic acid named (510 mg.), hexagonal 
plates (from chloroform), m. p. 140—141° (Found: C, 53-3; H, 6-2. C,H,)O, requires C, 53-15; 
H, 6-35%). 

Treatment of this acid (340 mg.) in methanol (5 ml.) with an excess of ethereal diazomethane 
afforded the oily methyl ester (360 mg.). When this was kept with recrystallised toluene-p- 
sulphonyl chloride (600 mg.) in the minimum of dry pyridine, the corresponding toluene-p- 
sulphonate separated as prisms; these, when washed successively with water and ethyl acetate 
and dried (460 mg.), had m. p. 176—178° (Found: C, 55-35; H, 5-5. C,,H,,O,S requires C, 
55-2; H, 5-55%). 

The toluene-p- sulphonyloxy-ceter (160 mg.) and 2,4-dinitrophenylhydrazine (100 mg.) were 
heated together in pyridine (3 ml.) on the steam-bath for 1-5 hr. The pyridine was removed 


19 Bredereck, Sieber, and Kamphenkel, Chem. Ber., 1956, 89, 1169. 
20 Bergmann and Sprinzak, J. Amer. Chem. Soc., 1938, 60, 1998. 








1564 McCrindle, Overton, and Raphael: 


at 0-05 mm. and the residue in chloroform (15 ml.) filtered through bentonite-kieselguhr (4: 1). 
The dinitrophenylhydrazone so obtained (40 mg.) furnished orange needles (from ethanol), m. p. 
166—168°, Amex 360 my (ce 18,800) (Found: C, 50-05; H, 4:1; N, 16-45. C,,H,,O,N, requires 
C, 50-3; H, 4-2; N, 16-75%). 

2,5-Diacetoxycyclohex-3-enecarboxylic Acid (X).—trans-trans-1,4-Diacetoxybutadiene ™ (2-0 
g.), acrylic acid (freshly distilled; 2-0 g.) and quinol (100 mg.) were kept at 85—90° under 
nitrogen for 3 hr. Excess of unpolymerised acrylic acid was removed at 0-3 mm. and the 
residue extracted with warm benzene (2 x 30 ml.; polymer nearly insoluble). Addition of 
light petroleum to the concentrated benzene extract furnished the crystalline adduct. (X) 
(1-55 g.; m. p. 142—143°), after removal of contaminating oil with cold ether. The ether 
washings afforded a further crop (230 mg.; m. p. 140—143°). The analytical specimen (leaflets 
from benzene-light petroleum) had m. p. 141—143° (Found: C, 54-6; H, 5-85. C,,H,,0, 
requires C, 54-55; H, 5-85%). 

2,5-Diacetoxy-3,4-dihydroxycyclohexanecarboxylic Acid (X1).—The adduct (X; R = H) (1-0 
g.) in dry ether (50 ml.) was added to osmium tetroxide (1-0 g.) in dry ether (10 ml.) and dry 
pyridine (6 ml.). After 5 days in the dark at 20° the osmate suspension was saturated with 
hydrogen sulphide; filtration and removal of solvent left a dark oil (160 mg.) which, on treat- 
ment with benzene, afforded crystalline diol (30 mg.) and starting material (110 mg.). The 
hard residual cake of solid was readily broken up on addition of methanol (15 ml.), and the sus- 
pension again saturated with hydrogen sulphide. Working up in the usual way yielded the 
major amount of (dark, gummy) diol (690 mg.). Sublimation 200—210° (bath-temp.)/0-8 mm. 
then afforded the pure diol (XI; R =H) (310 mg.) in prisms, m. p. 225—226° (Found: C, 
48-0; H, 5-8. (C,,H,,O, requires C, 47-8; H, 5-85%). 

This acid was converted quantitatively by ethereal diazomethane into the methyl ester, 
plates (from benzene-light petroleum), m. p. 161—163° (Found: C, 49-75; H, 6-1. C,,H,,0, 
requires C, 49-65; H, 6-25%). 

Hydrogen chloride was passed for 15 sec. into the methyl ester (480 mg.) dissolved in dry 
acetone (50 ml.). After 16 hr. the solution was shaken with excess of solid sodium hydrogen 
carbonate for 10 min. Removal of solid and solvent, chromatography of the residue in 
benzene over activated alumina (15 g.; grade V) and elution with benzene afforded methyl 
2,5-diacetoxy-3,4-isopropylidenedioxycyclohexanecarboxylate (XII; R = Me) (280 mg.) and, by 
elution with ethyl acetate, unchanged diol (170 mg.). Sublimed (130°/0-1 mm.) for analysis, 
the product (XII; R = Me) formed prisms, m. p. 146—147° (Found: C, 54-65; H, 6-6. C,;H,.O, 
requires C, 54-55; H, 6-7%). 

The derivative (XII; R = Me) was more conveniently and profitably prepared as follows: 
The adduct (X) (900 mg.) was kept with osmium tetroxide (1-0 g.) in dry ether (20 ml.) for 3 
days. Methanol (30 ml.) was added, and the suspension saturated with hydrogen sulphide. 
Removal of solid and solvent left the diol (1-1 g.) as a dark oil. Conversion into the diacetate 
(XII; R= Me) without isolation of intermediates afforded the compound (740 mg., 59%) 
with m. p. 145—147°. 

Isopropylidene Derivative (I; R = Me, R’ + R’ = >CMe,, R” = Ac) of (+)-Methyl Shikimate 
Acetate.—(a) The diacetate (XII; R = Me) (100 mg.) was mixed with magnesium oxide (500 
mg.) and kept at 290°/760 mm. for 2min. The volatile material was then distilled off at 10 mm., 
the distillate melted and allowed to run back into the magnesium oxide, and the sequence 
repeated twice. 

The colourless oil (65 mg.) so obtained crystallised when seeded with the ester (I; R = Me, 
R’ + R’ = >CMe,, R” = Ac) prepared from naturally derived shikimic acid (m. p. 75—76°) 
and had m. p. 68—72° (mixed m. p. 66—70°). The ultraviolet spectrum (Ags, 211—212 mp; 
¢ 9000) and infrared spectrum (film) were virtually identical with those of the natural material, 
and proved the absence of aromatic products (Found: C, 58-1; H, 6-65. Calc. for C,3;H,,0,: 
C, 57-75; H, 67%). 

(6) 10 mg. portions of the diacetate (XII; R = Me) sublimed unchanged when heated 
under the following conditions: (i) 150° at 0-1, 15, or 760 mm.; (ii) 300° and 450° at 0-1 or 760 
mm. in nitrogen; (iii) intimately mixed with five times its weight of powdered soft glass and 
kept at 300°/0-1 mm. in nitrogen. 

(c) Heating at 560°/0-1 mm. in nitrogen afforded a colourless oil which was judged by its 
infrared spectrum to be aromatic. 

(d) Heated at 290°/15 mm., mixed with five times its weight of magnesium oxide and 
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suspended in silicone fluid, the diacetate (XII; R = Me) afforded the desired product (20— 
30%) which could be separated from contaminating silicone fluid only with difficulty. - 

Base-induced Elimination of Acetic Acid from the Diacetate (XI; R = Me).—The diacetate 
(50 mg.) was kept in dry methanol (10 ml.) containing dissolved sodium (40 mg.) at 20° for 
3 days. Distilled water (3 ml.) was then added and after 6 hr. the solution was passed through 
an ion-exchange column of Amberlite I.R.-120(H). The resulting oil, which failed to crystallise, 
was methylated and acetylated and the oily product (78 mg.) adsorbed on activated alumina 
(83g.; grade V). Benzene eluted a fraction (22 mg.) which, on hydrolysis, afforded (-)-shikimic 
acid identical with material obtained as below. 

(+)-Shikimic Acid.—The isopropylidenedioxy-ester (I) (90 mg.) obtained as in (a) above 
was kept in 1 : 4 aqueous acetic acid (5 ml.) for 26 hr., the solvents were removed at 0-1 mm., 
and the residue was treated with 1 : 4 aqueous-methanolic 0-02N-potassium hydroxide for 16 hr. 
at 20°. Filtration through an acidic ion-exchange resin [Amberlite I.R.-120 (H); 10 g.] 
afforded an oil (40 mg.) which crystallised on trituration with methanol-ethyl acetate as needles, 
m. p. 191—192°; the mixed m. p. with natural (—)-shikimic acid of m. p. 190—191° was 
188—191°. It had A,,, 212 my (e 8200) [(—)-shikimic acid has ),,, 213 my (¢ 8900)]. The 
infrared spectrum (KCl disc) showed very minor differences in the fingerprint region from that 
of (—)-shikimic acid. 

Attempted Resolution of (+)-Shikimic Acid.—(a) (+)-Shikimic acid (20 mg.) and (+-)-quinid- 
ine (14 mg.; 0-8 equiv.) were dissolved in the minimum of methanol. When the solution 
was seeded with (+-)-quinidine (—)-shikimate {(m. p. 215—218°; [a],, +133° (c 0-51)} and kept 
for 50 hr., crystals {3-7 mg.; m. p. 194—195°; mixed m. p. 170—200°; [aj,, —50° (c 0-25); 
infrared spectrum (KCl disc) virtually identical with that of (-)-shikimic acid} sepatated 
which were apparently shikimic.acid resolved to the extent of about 20%. [a], was not sub- 
stantially improved by further crystallisation. 

(6) (+)-Shikimic acid (23 mg.) and (—)-quinine methohydroxide (2 ml. of a standard 
solution containing 1-01 mol. of the base prepared and estimated by the method of Major 
and Finkelstein *") were taken to dryness and the residue crystallised three times from methanol— 
ethyl acetate, affording needles (32 mg.), m. p. 205—206°, [aj], —144° (c 0-68). Further 
crystallisation or change of solvent did not improve this [a],. The salt prepared from 
(—)-shikimic acid had m. p. 200—202°, [a],, —211° (c 0-37) and mixed m. p. 195—202°. 

Resolution of (+)-Tri-O-acetylshikimic Acid.—(+)-Shikimic acid (56 mg.) was kept with 
acetic anhydride (1 ml.) and pyridine (1 ml.) for 16 hr. Removal of solvent afforded an oil 
(86 mg.) whose infrared spectrum (film) was essentially identical with that of naturally derived 
material. To this oil (86 mg.) in aqueous methanol (5 ml.) was added one equivalent of 
(—)-quinine methohydroxide in water (see above). Removal of solvent left a colourless froth 
(164 mg.) which was dissolved in methanol (3—4 drops), ethyl acetate (5 ml.), and ether (2—3 
ml.); an amorphous fraction (33 mg.) (A) separated. Addition of ether (3—4 ml.) to the 
filtrate gave crystals (38 mg.) (B), forming long plates, m. p. 189—191°, [a],, —189° (c 0-35 in 
MeOH), from methanol-ethyl acetate; after two further crystallisations, these had m. p. 
189—191°, {a],, —200° (Found: C, 62-45; H, 6-6; N, 4-65. C,H,,O, 9N,,CH,-OH requires 
C, 62-75; H, 6-85; N, 4:2%); the m. p. was not depressed on admixture with naturally derived 
material. The latter, after three crystallisations, had m. p. 190—192°, [a],, — 203° (c 0-38). 

The mother-liquors from (B) afforded a further quantity (36 mg.) of semi-crystalline solid 
(C) and a gum (48 mg.) (D). Fractions (A) and (D), after passage through Amberlite I.R.-120 
(H), furnished essentially tri-O-acetylshikimic acid (infrared spectrum) of [a], respectively 
—60° and + 45°. 

(—)-Shikimic Acid.—The above salt (B) (40 mg., [a], —200°) was kept with potassium 
hydroxide (220 mg.) in 1 : 4 aqueous methanol (10 ml.) for 16 hr. and the solution filtered through 
Amberlite I.R.-120(H). Removal of solvent from the filtrate and crystallisation from methanol- 
ethyl acetate furnished substantially pure (—)-shikimic acid (8 mg.), m. p. 190—191°, [a),, — 161° 
(c 0-57). The mixed m. p. with natural shikimic acid {m. p. 190—191°; [a], —157° (c 0-94)) 
was 190—191°. The infrared spectra (KCI discs) of the two substances were superposable. 
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316. Aromatic Reactivity. Part X.* Relative Rates of Cleavage of 
Aryl-Silicon, -Tin, —Germanium, and -Lead Bonds by Aqueous- 
ethanolic Perchloric Acid. 


By C. Easorn and K. C. PANDE. 


We have measured the rates of cleavage of some ArMR, compounds, 
where M = Si, Ge, Sn, and Pb, by aqueous-ethanolic perchloric acid. The 
relative reactivities of PhMEt, compounds are approximately (M =) Si 1, 
Ge 36, Sn 3-5 x 105, Pb 2 x 108, a reactivity sequence which appears to be 
unrelated to the electronegativities of the metals concerned. The predomi- 
nant effects in the series (M =) Si, Ge, Sn, Pb may be increasing availability 
of d-orbitals in the valency shell and decreasing C—M bond strength. Possible 
mechanisms for the cleavage are discussed. 


THE great majority of studies of electrophilic aromatic substitution have been concerned 
with hydrogen as the leaving group along with a large variety of entering groups. We 
now concentrate attention on the leaving group in a study of the acid-catalysed solvolysis 
of some ArMR, compounds, where M = Si, Ge, Sn or Pb: 


ArMR, + YOH tg. ArH + RyM‘OH (Y =H or Et) 
Applying the spectrophotometric technique used for aryltrimethylsilanes,! we have 


measured the rates of cleavage at 50-0° of the ArMR, compounds in ethanol containing 


TABLE 1. Rates of cleavage of AYMR, compounds at 50-0° in ethanol containing 16-7%, 
of aqueous perchloric acid. 
(i) Cleavage of p-MeO-C,H,’MR;: 


(HCI1O,] * (m) MR, 108% (min.~) [HCIO,] ¢ (m) MR, 10° (min.~*) 

8-01 SiEt, 26-3 4:10 Ge(C,H,,;)5 11-3 
8-01 Si(C,H,,)5 2-53 2-05 SiEt, 0-74 
8-01 Ge(C,H,;)5 103 2-05 GeEt, 11-9 
4:10 SiEt, 3-03 0-01 SnEt, 19-6 
4-10 Si(C,H,,)s 0-28 0-01 Sn(C,H,,)3 9-7 
4:10 GeEt, 46-7 

(ii) Cleavage of ArMR;: 

[HC1O,}) * (m) Compound 108% (min.~) [HC1O,] ¢ (m) Compound 10% (min.~) 
0-970 C,H,.SnEt, 64-2 0-0057 p-MeO:C,H,’SnEt, 10-6 
0-970 2,4,6-Me,C,H,°SiMe, 20-3 0-0057 C,H,°PbEt, 101 


* Strength of acid, 1 vol. of which was added to 5 vol. of an ethanolic solution of ArMR;,. 


16-7 vol.-°% of aqueous perchloric acid. From the pseudo-first-order rate constants listed 
in Table 1, relative reactivities listed in Table 2, section (i), have been calculated. Section 
(ii) of Table 2 lists some reactivity ratios available from other work, and section (iii) lists 
reactivity ratios derived by combining the figures of sections (i) and (ii), making some 
assumptions, implicit in the statements in parentheses in section (ii), which are not likely 
to introduce serious error. We thus arrive at the following approximate relative 
reactivities for C,H;MEt, compounds: ¢ (M =) Si, 1; Ge, 36; Sn, 3-5 x 105; Pb, 2 x 10%. 
The ArMR,: ArM’R, ratios depend on the nature of the aryl group, as shown, for 
example, by the fact that change from C,H,;"MR, to -MeO-C,H,’MR, causes a 1500-fold 
increase in reactivity when MR, = SiMe, (in aqueous-methanolic perchloric acid) 1 but 
* Part IX, J., 1960, 1482. 


+ It should be noted that the Et,Si-C,H, : Et,Ge-C,H, ratio refers to cleavage by aqueous-methanolic 
perchloric acid. 


1 (a) Eaborn, J., 1956, 4858; (b) Deans and Eaborn, J., 1959, 2299. 
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TABLE 2. Relative rates of cleavage of ATMR, compounds. 
(i) Observed relative rates: 


p-MeO-C,H,-GeEt, : p-MeO-C,H,SiEt, = 15-5 (15-4 with 4-Im-acid; ~16-1 with 2-05m-acid). 

p-MeO-C,H,Ge(C,H,,) : p-MeO-C,H,'Si(C,H,;)3 = 40-5 (40-7 with 8-Om-acid; 40-2 with 4-1m-acid). 

p-MeO-C,H,SiEt, : p-MeO-C,Hy'Si(C,H,,)s 10-6  C,H,-SnEt, : 2,4,6-Me,C,H,SiMe, = 3°15 

p-MeO-C,Hy-GeEt, : p-MeO-C,H,-Ge(C,H,, 1  (C,H,*PbEt, : p-MeO-C,H,SnEt, = 9-5 
0 


0- 
4- 
p-MeO-C,H,SnEt, : p-MeO-C,H,’Sn(C,H;;) 2- 


iid 


(ii) Other relative rates used: 
C,H,GeEt, : C,H,*SiEt, = 35-6 (in aqueous-methanolic perchloric acid). 
2,4,6-Me,C,H,"SiMe, : C,H,*SiMe, = 53,600 (in aqueous-methanolic perchloric acid *). 
C,H,y'SiMe, : CsH,*SiEt, = 2-1 (actually ratio for p-MeO compounds in aqueous-methanolic perchloric 

acid °). 
p-MeO-C,H,SnR, : C,H,’SnR, = 63 (for R = C,H,, in ethanol containing 3-8 vol.-% of aqueous per- 

chloric acid °). 

(iii) Derived relative rates: 
C,H,*SnEt, : C,H,*SiEt, = 3-15 x 2-1 x 53,600 = 3-5 x 105. 
C,H,*PbEt, : C,H,"SnEt, = 63 x 9-5 = 598. 

* Ref. la. * Unpublished work by Miss P. M. Greasley. Ref. 2. 


only a 60-fold increase when MR, = Sn(C,H,,), (in aqueous-ethanolic perchloric acid).? 
(The change in R and in the medium contribute very little to this difference.) 
Again, the C,H,*GeEt, : C,H,*SiEt, ratio is 35-6 (in aqueous-methanolic acid) but the 
p-MeO-C,H,°GeEt, : p-MeO-C,H,SiEt, ratio is only 15 (in aqueous-ethanolic acid). 

An ArMR,: ArM’R, ratio also depends on the nature of R. In particular, large R 
groups hinder reaction more the smaller is M, as shown by the ~-MeO-C,H,-MEt, : p- 
MeO-C,H,°M(C,H,,)3 ratios in Table 2(i). 

It is interesting to include Ar-CR, and Ar-H bonds in the reactivity comparisons, even 
though the figures for them can only be approximations. De-deuteration of mono- 
deuterobenzene in 79-2 wt.-°% sulphuric acid has a rate constant of 4:53 x 10° sec. 
at 25°. Cleavage of the compound p-NO,°C,H,’SiMe, in this acid has a rate constant of 
of 2-2 x 10% sec.1 at 35°, and thus (using the temperature coefficient of 2-9/10° 
measured in sulphuric acid-acetic acid-water™) of ca. 8 x 10“ at 25°. The ratio 
p-NO,°C,H,’SiMe, : CsH;D is thus ca. 18. Using the ratio C,H,*SiMe, : p-NO,°C,H,’SiMe, 
of ca. 0-8 x 10 observed in sulphuric acid-acetic acid—water,” and assuming a 
C,H,"H : C,H;D ratio of ca. 4 * we arrive at a CgH,*SiMe, : C,H,*H ratio of ca. 4 x 104, 

In bromination by Br* or BrOH,*, the C,H;-CMe, bond is broken 1-4 times as readily 
as a C,H;-H bond,® and a factor of the same order of magnitude is likely to apply when 
the electrophilic reagent is oxonium ion and the displaced group is CEt;. We can thus 
write the complete series of relative reactivities of Ar-X compounds towards acid very 
roughly as follows: 


"BR a ER H CEt, SiEt, GeEt, SnEt, PbEt, 
Rel. reactivity ............... 1 (1) 10* 10° 19% 108 

The main factors which might be expected to influence the relative reactivities of 
ArMR, compounds in the series M = Si, Ge, Sn, and Pb are (i) the electronegativity of M, 
(ii) the strength of the Ar—M bond, (iii) the accessibility of d-orbitals in the valency shell 
of M (which increases with increasing atomic number), and (iv) the size of M. The 
information available on factors (i) and (ii) requires discussion. 

The question of the electronegativities of the Group IVB metals, which is in dispute, 


* Compare the [*H,]benzene : [H,]benzene ratio of 1-5.5 
* Eaborn and Waters, unpublished work. 

% Gold and Satchell, J., 1955, 3619. 

* Deans and Eaborn, unpublished work. 

5 Melander and Olsson, Acta Chem. Scand., 1956, 10, 879. 
* de la Mare and Harvey, /J., 1957, 131. 
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has been reviewed by Allred and Rochow.’? From thermochemical data, the values 
on the Pauling scale § (extended by Haissinky ® to include Pb") are: Si, 1-8; Ge, 1-7; 
Sn, 1-7; Pb, 2-4 (C, 2-5; H, 2-1), and on the Huggins ® scale: Si, 1-9; Ge, 1-9; Sn, 1-9 
(C, 2-60; H, 2-2). From nuclear quadrupole resonance studies, Gordy ™ obtains: Si, 1-99; 

Ge, 2-03; Sn, 1-92 (C, 2-54). On the basis of Sanderson’s “ stability ratio,” 1 the values 
are Si, 1-74; Ge, 2-31; Sn, 2-02; Pb, 2-37 (C, 2-47; H, 2:31). Pritchard and Skinner ® 
select ‘‘ best values” of Si, 1:8—1-9; Ge, 1-8—1-9; Sn, 1-8—1-9; Pb, 1-8 (C, 2-5—2-6; 
H, 1-8—1-9). Values obtained by Allred and Rochow’ from nuclear magnetic resonance 
studies of Me,M compounds (assuming values of 2-60 for C and 1-90 for Si) are: Ge, 2-00; 
Sn, 1-93; Pb, 2-45. These last values, which have been shown to be consistent with many 
physical and chemical properties,’ are derived from a direct measure of electron-release 


Ar crser MR, 
Pes 
H--+++-OH, 


H MR; H MR,OH, ert 
(I) (II) (IIT) (IV) 


from a Me,M group to the carbon atom of a CH, group, and thus appear to be most suitable 
for our purposes, since we are concerned with the ability of R,M groups to release electrons 
to a carbon atom [which is mainly of the sp*-bonded type in the intermediate (I) and 
transition states close to it]. All the measures of electronegativity show little difference 
between silicon and tin, and, where figures are available, show lead to have a distinctly 
higher electronegativity than either. 

Cottrell 14 lists the following C-M average bond-energies (in kcal. mole, determined 
with Et,M compounds): (M =) Si, 60; Sn, 54; Pb, 31 (cf. 82-6 for M = C). While these 
figures may not be very accurate it seems clear that the C-M bond energy decreases in the 
series (M =) Si, Sn, Pb. 

The order of reactivity of the ArMR, compounds, viz., (M =) Si < Ge <Sn < Pb, 
conforms to the generalisation that the reactivity of a C-M bond increases with increasing 
atomic number of M within a sub-group of the Periodic Table,“ but conflicts with the 
reasonable proposal that such increase in reactivity results mainly from decreasing 
electronegativity of M, 1.e., from increasing polarity of the C-M bond.” The order of 
reactivity, including the very sharp rise from Ge to Sn, is that expected from increasing 
metallic character of M as revealed by the electrical properties of the solid elements, but 
not from the variation of metallic character as revealed in chemical properties of the 
quadrivalent compounds and in various measures of electronegativity.’? In particular, 
the great reactivity increase on going from the Ar-SiR, to the Ar-SnR, bond, and the 
very high reactivity of Ar-PbR, compounds, are completely out of keeping with electro- 
negativity values on any scale. 

It is interesting to consider possible mechanisms for the cleavage in terms of the 
observed reactivities. Since the reactions are, by definition, electrophilic aromatic 


7 Allred and Rochow, J. Inorg. Nuclear Chem., 1958, 5, 269. 

® Pauling, ‘‘ The Nature of the Chemical Bond,” Cornell Univ. Press, Ithica, N.Y., 2nd edn., 1940, 
p- 64. 

* Haissinky, J. Phys. Radium, 1946, 7, 7; Wells, ‘ Structural Inorganic Chemistry,’’ Oxford Univ. 
Press, 1950, p. 36. 

10 Huggins, J. Amer. Chem. Soc., 1953, '75, 4123. 

11 Gordy, Discuss. Faraday Soc., 1955, 19, 14. 

12 Sanderson, J. Chem. Phys., 1955, 28, 2467. 

13 Pritchard and Skinner, Chem. Rev., 1955, 55, 745. 

14 Cottrell, ‘‘ The Strengths of Chemical Bonds,’”’ Butterworths Scientific Publications, London, 1958, 
pp. 275—278. 

18 Gilman, ‘‘ Organic Chemistry,”” Wiley and Sons, New York, 2nd edn., Vol. I, p. 520. 

16 Rochow, Hurd, and Lewis, ‘‘ The Chemistry of Organometallic Compounds,”” Wiley and Sons, 
New York, 1957, pp. 21—25. 
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substitutions, it is reasonable to postulate intermediates of type (I).27_ We can, however, 
rule this out in the case of the lead compounds for the following reasons: (i) The ease of 
forming the intermediates of type (I) should increase with increasing base-strength of the 
ArMR, compounds, and so with the electron-releasing ability of MR,; if the intermediate 
were formed in the slow step we should expect the lead compounds to be less reactive than 
the silicon and germanium compounds; (ii) in acid-catalysed aromatic hydrogen exchange, 
the rate of formation of the intermediate (II) approximates (within one power of 10) to the 
rate of reaction, and thus, when M = Pb, formation of the intermediate (I) would 
(irrespective of whether it were a fast or slow step) have to occur at least 10 times as fast 
as formation of the ion (II). The fact that Pb'Y is reported to be more electronegative 
(and thus less electron-releasing) than hydrogen seems to exclude such rapid formation 
of the ion (I) when M = Pb,* even after allowance for the large polarisability of the lead 
atom and for uncertainty in the electronegativity values. 

We suggest that the jump in reactivity from germanium to tin corresponds with a 
change in mechanism, and that this occurs at the point at which increased size and readier 
accessibility of d-orbitals lead to a marked increase in the co-ordinating ability of the metal 
atom. When M = Si or Ge, intermediates of type (I) could be concerned, either formed 
or destroyed in the rate-determining step. (The latter possibility, involving rate-deter- 
mining nucleophilic attack by solvent at M, seems more likely, since steric effects from big 
R groups on silicon can cause large reductions in the rate of cleavage.4®) Where M = Sn 
or Pb, initial co-ordination of solvent might occur rapidly to give complexes of the type 


ArMR, =< OH,, which would then be destroyed by attack of oxonium ion at carbon, 


via intermediates of the type (III). (Intermediates of the type ArMR, ~<— OH, would 
not be expected to form very rapidly where M = Si. The most convincing single item 
of evidence in support of this is that oxygen exchange between triphenylsilanol and H,!*O 
is slow in neutral aqueous dioxan,” although in this case co-ordination of water to silicon 
would effectively constitute reaction, subsequent proton-transfer being rapid in the medium 
used.) This mechanism is consistent with the relatively small effect of ring substituents 
when M=Sn or Pb. An electron-releasing substituent, for example, would hinder 


formation of the complex ArMR, <— OH, but facilitate subsequent electrophilic attack 
on this complex, and overall a small effect would be observed. 

A possibility which cannot be discounted is that reaction occurs through a four-centre 
transition state such as (IV) (another solvent molecule possibly being needed to accept a 
released proton), the emphasis on the forming of the M-O bond and breaking of the C-M 
bond increasing in the series Si, Ge, Sn, Pb. The fraction of positive charge on the metal 
atom in the transition state would increase in the same order, and the effects of ring 
substituents thus decrease. At present, however, there is no reason to believe that the 
cleavages involve a process so fundamentally different from familiar aromatic substitutions 
in which C-H bonds are broken. 


EXPERIMENTAL 


Triethyl-p-methoxyphenylgermane.—Triethylgermanium bromide (7 g.) and the Grignard 
reagent from p-bromoanisole (11 g.) and magnesium (1-5 g.) in ether (120 ml.) were boiled 
together for 8 hr. Addition of aqueous acid followed by separation, washing, drying (Na,SO,), 


* Hyperconjugation from the C-H bonds is important in stabilising the ion (II) (Muller, Pickett, and 
Mulliken, J. Amer. Chem. Soc., 1954, 76, 4770). Hyperconjugation from the C-PbEt, bond in the ion 
(I) should certainly not be more effective than that from a C-H bond. 

: 17 Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” Bell and Sons, Ltd., London, 1953, 
hap. VI. 
18 Unpublished work by Miss P. M. Greasley. 


1® Eaborn, “‘ Organosilicon Compounds,” Butterworths Scientific Publications, London, 1960, pp. 
107—110. 


© Allen and Modena, J., 1957, 3671. 
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and fractionation of the ethereal layer gave triethyl-p-methoxyphenylgermane (6 g., 79%), b. p. 
141°/10 mm., 118°/3 mm., »,*° 1-5217._ The product was refractionated and the middle fraction 
(2 g.) was used (Found: C, 58-9; H, 8-3. C,,;H,,OGe requires C, 58-5; H, 8-3%). 

Triethyl-p-methoxyphenylstannane.—This compound was made from triethyltin bromide by the 
method used for the corresponding germanium derivative, except that 5% aqueous ammonium 
chloride solution was used in the hydrolysis. The fraction (52%) of b. p. 157—158°/12 mm., 
139°/5 mm., ,*° 1-5410, was used (Found: C, 50-2; H, 6-9. C,3H,,OSn requires C, 49-9; 
H, 7°1%). 

Triethylphenylstannane.—When this compound was prepared from triethyltin chloride. and 
phenylmagnesium bromide it could not be freed from traces of biphenyl. 

Triethyltin chloride (20 g. mole) was boiled for 14 hr. with phenyl-lithium made from bromo- 
benzene (0-08 mole) and m-butyl-lithium (0-08 mole) in ether. Addition of water followed by 
separation, drying, and fractionation of the ethereal layer gave triethylphenyltin (18 g., 77%), 
b. p. 128-5°/12-5 mm., m,,”° 1-5349 (lit.,24 b. p. 128-5°/12 mm.). The ultraviolet absorption 
spectrum showed it to be free from biphenyl. 

Triethylphenyl-plumbane.—This compound, b. p. 126—130°/5—6 mm., »,”° 1-5732, was 
obtained from triethyl-lead chloride by the method described in the previous paragraph. Some 
decomposition occurs during fractionation. Previously recorded ** physical constants are: b. p. 
135°/12 mm., ,*° 1-5762; b. p. 137—140°/13 mm., m,*° 1-5532; b. p. 137—140°/13 mm., n,™ 
1-5752. 

Tricyclohexyl-p-methoxyphenylsilane.—Tricyclohexylsilyl fluoride (5 g.) was added to 
p-methoxyphenyl-lithium made from p-bromoanisole (31 g.) and lithium (2-5 g.) in ether 
(80 ml.). The ether was replaced by benzene (100 ml.), and the mixture was boiled for 2 hr. 
Excess of lithium was filtered off and dilute hydrochloric acid was added to the solution. 
Separation of the organic layer, followed by removal of the solvent and recrystallisation of the 
residue from ethanol, gave tricyclohexyl-p-methoxyphenylsilane (3-6 g., 52%), m. p. 150° (Found: 
C, 78-05; H, 10-2. C,,;H,OSi requires C, 78-05; H, 10-5). 

Preparation of Tricyclohexyl-p-methoxyphenylgermane.—This compound, m. p. 132-5° (Found: 
C, 69-95; H, 9-3. C,;H,OGe requires C, 69-96; H, 9-4%), was prepared in 84% yield from 
tricyclohexylgermanium chloride by the method described in the previous paragraph. 

Rate Measurements.—The general method has been described.1 The reaction mixture was 
made up by adding 1 vol. of aqueous perchloric acid to 5 vol. of an ethanolic solution of the 
ArMR, compound of concentration shown in Table 3. The change in absorption was recorded 
at the wavelengths shown in Table 3. 


TABLE 3. 
10* x Concn. 10* x Concn. 
Compound (mM) A (mp) Compound (m) A (mp) 

p-MeO-C,H,’SiEt, ......... 14 284 p-MeO-C,H,’Sn(C,H,,)5 7 284 
p-MeO-C,H,’Si(C,H,;), .«.- Ss 284 CoH g*Snk te, .....0.8s-r200- 17 259 
p-MeO:C,H,’GeEt, ...... 13 284 Rgete Ee MEe. acscesccectcces 4 295 
p-MeO:C,H,°Ge(C,H;,);... 13 284, 285 2,4,6-Me,C,H,SiMe, ... 37 259 
p-MeO:C,H,’SnEt, ...... 14 288 


In the case of p-MeO-C,H,’SnEt, with added 0-0057m-perchloric acid, rate constants fell 
off in the later stages of the reaction because the concentration of the organotin compound was 
comparable with that of the acid and triethyltin hydroxide is sufficiently basic to remove a 
significant amount of the acid. In this case the rate constant quoted in Table 1 was derived 
from the first 40% of reaction. In all other cases satisfactorily constant first-order rate 
coefficients were observed for more than 70% of reaction. 

It should be noted that for M = Si, Ge, and Sn, the ultraviolet absorption utilised arises 
mainly from the aryl groups, the absorption of which is modified by the attached MR, groups. 
With C,H,*PbEt, the absorption arises from the lead atom, and is much greater than that of 
benzene in the same region. The final absorption on cleavage of this compound agreed 


*1 Luijten and van der Kerk, “‘ Investigations in the Field of Organotin Chemistry,”’ Tin Research 
Institute, Greenford, 1958, p. 114. 

*2 Calingaert and Shapiro, U.S.Pat. 2,535,190 (1950); Chem. Abstracts, 1951, 45, 3864; Gilman and 
Bindschadler, J. Org. Chem., 1953, 18, 1675. 
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(within 5% over the range 250—257 my and within 1% over the range 257—280 my) with that 
obtained when an equivalent amount of triethyl-lead chloride was dissolved in the same medium. 
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Ethyl Co. Ltd. for a gift of triethyl-lead chloride. The support of the International Tin 
Research Council is gratefully acknowledged. 
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317. Polycyclic Systems. Part VI.* Synthesis of Hydrochrysene 
and Hydrophenanthrene Derivatives. 


By D. Nasipurt and J. Roy. 


Syntheses of octahydro-8-methoxy-l-oxo- and -1,11-dioxo-chrysene (IV; 
R = O) from 2-acetyl-6-methoxynaphthalene are reported. An extension of 
the general method has resulted in a new synthesis of phenanthrene 
derivatives. 


MANNICH-BASE condensation of the methiodide of 2-dimethylaminoethyl §-naphthyl 
ketone with methyl $-oxoadipate (I) was shown earlier! to provide a simple route to 
valuable chrysene and hydrochrysene derivatives. In continuation of this work, 2-acetyl- 
6-methoxynaphthalene ? was converted into its Mannich base (II), the methiodide of which 
on condensation with the potassium derivative of methyl 6-oxoadipate gave methyl 2-(6- 
methoxy-2-naphthyl)-6-oxocyclohex-l-enylacetate (III) in 35—38% yield. The ester on 
catalytic hydrogenation in presence of palladium and subsequent hydrolysis afforded an 


MeO,C-CH,-CO- -[CH,] CO,Me 
(I) 


oxy -[CH,]NMe, 
7) 


2 








os cu CO, Et 
CO-[CH,]-CO,E 
‘[eHa}e-conte co-[CHJNMe, ° 
MeO Ha 
(VI) CO.Me (Vil) 
Ore. oa ot « ; 
wit) © (LX) (XI) 


acid, which was cyclised to the diketone (IV; R = O) with polyphosphoric acid in 30% 
yield. The diketone was further reduced by the use of platinum—palladium® to the 
octahydro-8-methoxy-l-oxochrysene (IV; R = H,) obtained finally with m. p. 159— 
160°. By analogy with the demethoxy-series,} these compounds are assumed to have 
a trans-ring junction. The ketone (IV; R = H,) was first synthesised by Bachmann 


* Part V, J. Indian Chem. Soc., 1959, 36, 817. 

1 Nasipuri, Chaudhuri, and Roy, J., 1958, 2734. 

? Robinson and Rydon, J., 1939, 1394. 

° Zelinsky, Ber., 1933, 66, 872; Koebner and Robinson, J., 1938, 1994. 
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et al.4 who reported m. p. 139—140° for their compound. In view of very small amount 
of compound obtained by them, it is probable that their ketone was not stereochemically 
homogeneous. The corresponding phenol, however, had the same melting point (273— 
275°) as reported by Bachmann ef al. The present synthesis involves fewer steps and has 
the advantage of using easily accessible 6-substituted naphthalene derivative as starting 
material. 

An alternative synthesis of this ketone (IV; R = H,) starting from the ester (V) and 
involving cyclodehydration, aromatisation, and Dieckmann cyclisation (cf. ref. 1) was 
also effected, and gave the same ketone. 

In another series of experiments, the methiodide of 6-dimethylaminopropiophenone 5 
(VI) was likewise condensed with methyl 6-oxoadipate and the product on hydrolysis and 
esterification afforded the keto-ester (VII), m. p. 82-5°, in about 50% yield. This is 
probably identical with a compound, m. p. 77—78°, obtained by Turner® by Stobbe 
condensation of ethyl y-benzoylbutyrate and represented by the isomeric formulation 
(VIII) (see, however, Johnson, Christiansen, and Ireland’). The ultraviolet absorption 
and the dinitrophenylhydrazone of the present compound agree well with those reported 
by Turner. The ester (VII), on catalytic hydrogenation, gave a crystalline methyl ester 
in almost quantitative yield. An attempt to determine the configuration of the corre- 
sponding acid (IX) by conversion into the known cis- and trans-2-phenylcyclohexylacetic 
acid * by Huang-Minlon reduction ® proved inconclusive, a mixture of easily separable 
cis- and trans-acid being obtained in almost equal amount: evidently, epimerisation took 
place during reduction in strongly alkaline medium. Clemmensen reduction of the keto- 
acid (IX) by Martin’s procedure ! was always incomplete but cyclisation by polyphosphoric 
acid was almost quantitative, and the resultant diketone (X) on reduction with lithium 
aluminium hydride followed by dehydrogenation with 30% palladium-charcoal ™ afforded 
phenanthrene in excellent yield. The present synthesis of phenanthrene differs from most 
of the current methods in the way the c-ring of the phenanthrene nucleus is built up: sub- 
stituents in the phenyl group which may have adverse orienting effect in the phenanthrene 
ring-closure (as shown in XI) in classical methods, will favour cyclisation of compounds 
of the type (IX). The method is, therefore, expected to be useful. 


EXPERIMENTAL 


Methyl B-Oxoadipate (I).—Methy] B-oxoadipate was prepared by Bardhan’s procedure # with 
a slight modification. The crude methyl «-acetyl-f-oxoadipate (70 g.), b. p. 140—142°/3 mm., 
prepared from $-methoxycarbonylpropionyl chloride (75-5 g.), methyl acetoacetate (58 g.), 
sodium (11-5 g.), and dry ether (800 ml.), and consisting mainly of C-acyl and only a little 
of O-acyl compound was dissolved in anhydrous ether (120 ml.), and dry ammonia passed in 
for 1 hr. Next day, after removal of most of the ether at the water-pump, the residue was 
shaken repeatedly with cold dilute hydrochloric acid. The acid washing was extracted with 
ether (3 x 100 ml.), the combined ethereal extracts were washed with water, dried (Na,SO,), 
and evaporated, and the residue was distilled im vacuo. After a few ml. of fore-run, methyl 
6-oxoadipate was collected as a colourless oil (35—36 g., 37—38%), b. p. 125—126°/3 mm., 
100°/0-3 mm. (Found: C, 51:2; H, 6-5. Calc. for C,H,,0,: C, 51-1; H,6-3%). The pyrazolone 
derivative obtained by heating the ester with phenylhydrazine, crystallised from ethyl acetate- 
light petroleum (b. p. 40—60°) in needles, m. p. 80° (Found: C, 63-2; H, 5-9. Calc. for 


* Bachmann, Gregg, and Pratt, J. Amer. Chem. Soc., 1943, 65, 2314. 

5 Vogel, “ Practical Organic Chemistry,”” Longmans, Green & Co., Ltd., London, 3rd edn., p. 911. 

* Turner, J. Amer. Chem. Soc., 1951, 78, 3017. 

? Johnson, Christiansen, and Ireland, J. Amer. Chem. Soc., 1957, '79, 1995. 

8 (a) Cook, Hewett, and Lawrence, J., 1936, 71; (b) Blumenfeld, Ber., 1941, 74, 524; (c) Linstead, 
Whetstone, and Levine, J]. Amer. Chem. Soc., 1942, 64, 2014; (d) Gutsche and Johnson, ibid., 1946, 68, 
2239; (e) Buchta and Ziener, Annalen, 1956, 601, 155. 

* Huang-Minlon, J. Amer. Chem. Soc., 1946, 68, 2487. 

10 Martin, J. Amer. Chem. Soc., 1936, 58, 1438. 

11 Linstead and Thomas, /., 1940, 1127. 

12 Bardhan, J., 1936, 1848. 
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C,;H,,O3N;: C, 63-4; H, 5-7%). This method proved superior in our hands to that described 
by Korman. . 

Methyl 2-(6-Methoxy-2-naphthyl) -6-oxocyclohex-1-enylacetate (III).—2-Acetyl-6-methoxy- 
naphthalene (20 g.), dimethylamine hydrochloride (8-3 g.), paraformaldehyde (4-5 g.), absolute 
ethanol (30 ml.), and concentrated hydrochloric acid (0-5 ml.) were refluxed for 5 hr. After 
removal of most of the alcohol at the water-pump, the crystalline hydrochloride was dissolved 
in the minimum quantity of water, any unused ketone removed by ether, and the cooled solution 
basified with 40% potassium hydroxide solution. The amino-ketone was extracted with 
ether, dried (K,CO,), and recovered; it (23-5 g.) melted at 72—74°. 

To a chilled solution of this Mannich-base (21-3 g.) in dry thiophen-free benzene (100 ml.) 
methyl! iodide (6-5 ml.) was added during 1 hr. Stirring was continued for 4 hr. more and the 
mixture left overnight at 0°. Next day, to the methiodide so formed, a solution of methyl 
§-oxoadipate (20 g.) in dry benzene (100 ml.) was added, followed by cold ethanolic potassium 
ethoxide, prepared from potassium (6 g.) and ethanol (100 ml.). Stirring was continued for 
6 hr. and reaction completed by refluxing the mixture on the water-bath for l hr. The solution 
was cooled, then decomposed with 2n-sulphuric acid, and the product extracted with benzene. 
The gummy residue (35 g.) obtained on removal of the benzene was hydrolysed by a boiling 
solution of potassium hydroxide (30 g.) in water (900 ml.) in 10 hr. The alkaline solution was 
once extracted with ether, then acidified, and the crude acid (23 g.) was esterified with 3% 
methanolic hydrochloric acid (150 ml.). The ester (III) (11—12 g.) had b. p. 220—230°/0-2 
mm. and formed colourless plates, m. p. 96°, from methanol (Found: C, 73-9; H, 6-1. CygH yO, 
requires C, 74-1; H, 6-2%). 

2-(6-Methoxy-2-naphthyl)-6-oxocyclohexylacetic Acid.—The ester (III) (11 g.) in ethanol 
(200 ml.) was hydrogenated at 40° in presence of palladium chloride (0-2 g.) and gum arabic 
(0-2 g.) (1 H, absorbed in 4hr.). The solution was filtered and hydrolysed by refluxing alcoholic 
10% potassium hydroxide. The crude acid (10 g.), crystallised several times from aqueous 
acetic acid, formed needles, m. p. 168—170° (Found: C, 73:3; H, 6-3. C,,H,,O, requires 
C, 73-1; H, 64%). 

1,2,3,4,4a,11,12,12a-Octahydro-8-methoxy-1,11-dioxochrysene (IV; R = O).—The above acid 
(9 g.) was kept in polyphosphoric acid [from phosphoric oxide (33 g.) and 89% phosphoric 
acid (29 ml.)] at 70° for 3 hr. The dark brown solution was decomposed with ice and worked 
up in the usual way, to give the diketone (2-6 g.), m. p. 170—175°, which, crystallised several 
times from methanol, gave needles, m. p. 196—197° (Found: C, 77-3; H, 6-0. C, ,H,,0, 
requires C, 77-6; H, 61%). The dinitrophenylhydrazone had m. p. 267° (Found: N, 11-7. 
C,;H,.0O,N, requires N, 11-9%). The semicarbazone, crystallised from ethanol, had m. p. 260° 
(Found: C, 68-0; H, 6-2; N, 11-9. C,9H,,O,N; requires C, 68-4; H, 6-0; N, 12-0%). 

1,2,3,4,4@,11,12,12a-Octahydro-8-methoxy-1-oxochrysene (IV; R = H,).—The foregoing di- 
ketone (2 g.), m. p. 170—175°, in ethanol (70 ml.) was reduced by hydrogen in presence of 
palladium—platinum-charcoal.* The monoketone was worked up in the usual way and crysial- 
lised from benzene-light petroleum in nodules, m. p. 140—142°. After a few more crystal- 
lisations from the same solvent, the ketone was obtained in fine needles having a constant m. p. 
159—160° (Found: C, 81-2; H, 6-9. Calc. for C,,H,,O,: C, 81-4; H,7-1%). Bachmann, Gregg, 
and Pratt ¢ give m. p. 139—140°. The dinitrophenylhydrazone formed a yellow powder, m. p. 
245—246° (Found: C, 65-5; H, 5-0; N, 12-1. C,;H,,O,N, requires C, 65-2; H, 5-2; N, 12:2%). 

Ethyl «a-2-(6-Methoxy-1-naphthyl)ethyl-B-oxopimelate (V).—$-(6-Methoxy-1-naphthyl)ethyl 
bromide was prepared from 6-methoxy-l-tetralone “ via ethyl 3,4-dihydro-6-methoxy-1- 
naphthylacetate.1® The latter (50 g.) was heated with powdered sulphur (6-5 g.) at 240—250° 
for 2 hr. and the product on hydrolysis afforded 6-methoxy-1-naphthylacetic acid, m. p. 150° 
(Found: C, 72-1; H, 5-7. C,s3H,,O, requires C, 72-2; H, 56%). The derived ethyl ester, 
b. p. 175°/0-5 mm. (46 g.), was reduced by lithium aluminium hydride (10 g.) in ether (200 ml.) 
to 2-(6-methoxy-1l-naphthyl)ethyl alcohol (35-6 g.), b. p. 162—165°/2 mm., which was converted 
into the bromide with phosphorus tribromide in carbon tetrachloride. 

To a solution of potassium (4-4 g.) in t-butyl alcohol (90 ml.), was added diethyl 2-oxo- 
pentane-1,5-dicarboxylate 1* (25 g.). Then the above bromide (30 g.) was rapidly added and 


‘3 Korman, J. Org. Chem., 1957, 22, 848. 

4 Stork, J. Amer. Chem. Soc., 1947, 69, 576. 

18 Burnop, Elliot, and Linstead, J., 1940, 730. 

#® Nasipuri and Guha, unpublished work; Hunter and Hogg, J. Amer. Chem. Soc., 1949 71, 1922. 
3F 
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the whole heated under reflux in an atmosphere of nitrogen for 20 hr. After removal of most 
of the t-butyl alcohol at the water-pump, the residue was diluted with water, and the heavy 
organic layer was taken up in ether. The ethereal solution was washed with water, dried, 
and evaporated. The product was distilled carefully in an oil-bath up to 150°/0-2 mm. in 


order to eliminate low-boiling impurities as far as possible and the residual B-oxo-ester (V) . 


(36 g.) was used in the next operation. 

y-(2-Carboxy-3,4-dihydro-7-methoxy-1-phenanthryl)butyric Acid.—The crude ester (6 g.) from 
the foregoing experiment was cyclised by concentrated sulphuric acid (15 ml.) at —10° during 
30 min. The dark brown mass was decomposed with ice and worked up in the usual way. 
The product on hydrolysis with alcoholic potassium hydroxide gave the acid (2-6 g.) which 
crystallised from acetic acid in plates, m. p. 220° (Found: C, 70-3; H, 5-7. C.9H9O,; requires 
C, 70-6; H, 5-9%). 

Synthesis of the Ketone (IV; R = H,).—The foregoing acid (5 g.) was dissolved in 2% 
aqueous potassium hydroxide (100 ml.) and reduced by gradual addition of 2:5% sodium 
amalgam (200 g.). The product was worked up in the usual way, to give a gummy acid (5 g.), 
evidently a mixture of cis- and trans-isomerides, which was converted directly into dimethyl 
ester (4:8 g.), b. p. 200—210°/0-15 mm., with methanolic sulphuric acid. A mixture of the 
ester (4-8 g.), pulverised sodium (0-32 g.), benzene (20 ml.), and anhydrous methanol (0-2 ml.) 
was heated under reflux for 4 hr. on the water-bath. The resultant B-oxo-ester was then 
heated with potassium hydroxide (5 g.) in 90% methanol (100 ml.) for 2 hr. The alkaline 
solution was next acidified with concentrated hydrochloric acid (15 ml.), heated (reflux) for 
6 hr., and diluted with water. Methanol was removed by distillation, and the organic matter 
taken up in benzene, and washed with water, N-sodium hydroxide, and again water. After 
evaporation of solvent, the ketone (IV; R = H,) crystallised from benzene-light petroleum in 
needles (1-8 g.), m. p. 1569—160° (Found: C, 80-9; H, 7-2%) dinitrophenylhydrazone, m. p. 
245—247° (Found: N, 12-0%). The furfurylidene derivative, prepared by allowing the ketone 
(1 g.) in methanol (25 ml.) to react with freshly distilled furfuraldehyde (5 ml.) in presence of 
33% sodium hydroxide solution (90 ml.), crystallised from ethyl acetate in light yellow needles, 
m. p. 158—160° (Found: C, 80-1; H, 5-9. C,,H,.O, requires C, 80-4; H, 6-1%). 

Methyl 6-Oxo0-2-phenylcyclohex-1-enylacetate (VII).—$-Dimethylaminopropiophenone (VI) 
(18 g.) in dry benzene (50 ml.) was converted into its methiodide as described before. Toa 
cooled suspension of the methiodide in benzene, was added a methanolic solution of potassio- 
derivative of methyl $-oxoadipate (I), prepared from potassium (4 g.), methyl 8-oxoadipate 
(22-5 g.), and methanol (100 ml.), and stirring was continued for 8 hr. at room temperature, 
the solid methiodide being gradually replaced by a fine suspension of potassium iodide. The 
reaction was completed by refluxing the mixture for 30 min. The product was worked up in 
the usual way, and on hydrolysis and esterification (see below) afforded methyl 6-oxo-2- 
phenylcyclohex-l-enylacetate (VII) (12-3 g., 50%), b. p. 160—162°/0-4 mm., prisms, m. p. 82-5° 
{from benzene-light petroleum (b. p. 40—60°)] (Found: C, 73-6; H, 6-5. Calc. for C,;H,,0;: 
C, 73:8; H, 66%). The ultraviolet absorption spectra showed a broad band with its centre 
at 258 my (log ¢ 4-13) in ethanol The dinitrophenylhydrazone crystallised from ethyl acetate- 
ethanol in orange needles, m. p. 174° (Found: C, 59-4; H, 4-9; N, 13-1. Calc. for C,,H,.0,N,: 
C, 59-4; H, 4-7; N, 13-2%). Turner ® reports m. p. 77—78° and 174° for the ester and its 
dinitrophenylhydrazone respectively. The corresponding unsaturated acid was not obtained 
crystalline but gave a dinitrophenylhydrazone which crystallised from ethyl acetate in red 
needles, m. p. 240° (Found: N, 13-5. Calc. for Cy5H,,0,N,: N, 13-7%) (Turner reports m. p. 
239°). 

6-Ox0-2-phenyleyclohexylacetic Acid (IX).—The unsaturated ester (VII) (5 g.) was hydro- 
genated in presence of colloidal palladium as before; the reduced ester, b. p. 155—160°/0-3 mm., 
crystallised from ethyl acetate-light petroleum (b. p. 40—60°) in needles, m. p. 77° (Found: 
C, 73-4; H, 7-3. Cy, ;H,,O, requires C, 73-2; H,7:3%). The dinitrophenylhydrazone crystallised 
from ethyl acetate-ethanol in yellow needles, m. p. 213—214° (Found: N, 12-9. C,,H,.O;N, 
requires N, 13-1%). The acid, obtained by hydrolysing the ester with 5% alcoholic sodium 
hydroxide, crystallised from ethyl acetate-light petroleum (b. p. 40—60°), m. p. 140—141° 
(Found: C, 72-2; H,6-6. C,,H,,O, requires C, 72-4; H, 6-9%), and gave a semicarbazone, plates 
(from ethanol), m. p. 209—210° (Found: C, 62:0; H, 6-4; N, 14:3. C,,H,,O,N, requires 
C, 62-3; H, 6-6; N, 14-5%), and a dinitrophenylhydrazone, yellow needles (from ethyl acetate- 
methanol), m. p. 245° (Found: N, 13-4. C. 9H,.O,N, requires N, 13-6%). 
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1,2,3,4,4a,9,10,10a-Octahydro-1,9-dioxophenanthrene (X).—The acid (1X) (1-7 g.) was treated 
at.75° for 3 hr. with polyphosphoric acid, prepared from phosphoric oxide (8-4 g.) and 89% 
phosphoric acid (7-5 ml.). The product was decomposed with ice and extracted with ether, 
and the ethereal layer washed with 5% sodium hydroxide solution and then with water. 
The diketone (1-6 g.) obtained on evaporation of the ether crystallised from ethyl acetate-light 
petroleum (charcoal) in colourless plates, m. p. 150—152° (Found: C, 78-2; H, 6-7. C,,H,,O, 
requires C, 78:5; H, 65%). The dinitrophenylhydrazone crystallised from benzene-cyclo- 
hexane as an orange powder, m. p. 263—264° (Found: N, 14-4. C,9H,,0,;N, requires N, 14-2%). 

Phenanthrene.—The above diketone (0-5 g.) was reduced by lithium aluminium hydride 
(0-5 g.) in ether. The crude diol (0-5 g.) was distilled over anhydrous potassium hydrogen 
sulphate and finally dehydrogenated by 30% palladium-charcoal (0-1 g.) at 300° for 1 hr. 
The resultant phenanthrene was worked up in the usual way and on crystallisation from ethanol 
formed plates (0-2 g.), m. p. and mixed m. p. 99°. The picrate had m. p. and mixed m. p. 
142—143°. 

Huang-Minlon Reduction of the Keto-acid (IX).—The keto-acid (1 g.), potassium hydroxide 
(1 g.), 85% hydrazine hydrate (1-5 ml.), and diethylene glycol (7 ml.) were heated under reflux 
for 2hr. Water was then removed by distillation until the internal temperature reached 195°. 
The residue was refluxed for 8 hr. more. The cooled solution was diluted with water, then 
acidified, and the product taken up in ether. The residue (0-8 g.) obtained by evaporation of 
ether was dissolved in a few drops of ethyl acetate, and then light petroleum (b. p. 40—60°) 
was added until turbidity appeared. The cis-acid crystallised first and on recrystallisation 
melted at 168—170° (Found: C, 76-9; H, 8-2. Calc. for C,,H,,0,: C, 77-1; H, 83%). The 
mother-liquor on further dilution with light petroleum (b. p. 40—60°) afforded the érans-acid, 
m. p. 112—114° (Found: C, 76-8: H, 8-4%). 


UNIVERSITY COLLEGE OF SCIENCE, 92 Upper CriRCULAR Roan, 
CatcuTta-9, INDIA. (Received, September 30th, 1959.} 





318. Stereochemical Investigations of Cyclic Bases. Part VI.* Reduc- 
tion Products of 3,4-Cyclopentenopyridine and their Hofmann Degrad- 
ation: Cyclisation of the Derived Methines and Related Steroidal Bases 
in Hot Acetic Acid. 


By K. JEwers and J. McKENNA. 


cis-1-Dimethylamino-2-vinylcyclopentane, derived from cis-3,4-cyclo- 
pentanopiperidine by Hofmann degradation, yields a 1,2-dimethylpyrrol- 
idinium methoacetate on being heated in acetic acid, but the reaction is 
much slower than for the steroidal analogues, conessimethine and dihydro- 
conessimethine, which cyclise readily to yield pyrrolidines with predominantly 
the less stable configuration at the asymmetric centre >CHMe developed 
on cyclisation. In agreement with Ayerst and Schofield! (but see Prelog 
and Metzler*) we find that reduction of 3,4-cyclopentenopyridine with 
sodium and alcohol gives an unsaturated mixture containing some cis-3,4- 
cyclopentanopiperidine. Hofmann degradation of this mixture is also 
described. 


AccorDING to Prelog and Metzler,” reduction of 3,4-cyclopentenopyridine (I) catalytically 
or with sodium and ethanol yielded respectively the cis- (II; R = H) and the trans-isomer 
(III) of 3,4-cyclopentanopiperidine.t We briefly record experiments which show that 

* Part V, J., 1960, 945. Much of the experimental work in this paper is described by Jewers 


(Thesis, Sheffield, 1958). 

+ Where the formule of mono- and bi-cyclic bases represent one enantiomer, only the racemates 
were prepared. 

1 Ayerst and Schofield, J., 1958, 4097. 

* Prelog and Metzler, Helv. Chim. Acta, 1946, 29, 1170. 
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while catalytic hydrogenation of the pyridine (I) yields a saturated base, reduction with 
sodium and ethanol affords a mixture of this with at least one unsaturated base, the latter 
being converted into the former by catalytic hydrogenation. During the course of our 
work Ayerst and Schofield? reached similar conclusions, the unsaturated base being 
formulated as (IV) or ¥ R = H); there was some experimental evidence (not regarded 
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as conclusive) favouring (IV), although our infrared spectroscopic results favour the 
isomer (V; R=H) as the chief unsaturated component. Ayerst and Schofield 
synthesised the cis-isomer (II; R = H) and showed it to be identical with the product of 
catalytic hydrogenation of the pyridine (I), and they converted this isomer by Hofmann 
degradation into the methine (VI). We had also obtained this methine, together with a 
little recovered cyclic tertiary base (II; R= Me) by the same method; its infrared 
spectrum accords with formula (VI), but further investigation of its structure was rendered 
unnecessary by the work of Ayerst and Schofield. We also obtained a methine containing 
a conjugated diene system by Hofmann degradation of the unsaturated sodium-ethanol 
reduction product, and we have examined the cyclisation of the methines and related 
bases in hot acetic acid. 

Cyclisation of the methine (VI) is much slower than reaction of the structurally 
analogous steroidal bases, conessimethine and dihydroconessimethine * (each with partial 
structure VII), probably because the axial 8- and 11-hydrogen atoms in the bases (VII) 
prevent free rotation of the (axial)-CH,*NMe, chain, thus keeping the basic and the 
unsaturated groups always close together. Cyclisation of the steroidal methines in acetic 
acid is now * shown to yield mainly the less stable * salts (VIII) rather than the more 
stable salts (IX); evidently there is little progress towards equilibration between methine 
and quaternary salts in the acid solution. Cyclisation of the methine (VI) gives no 
observable proportion of the methoacetate of the original piperidine (II; R = Me); the 
product is formulated as the pyrrolidinium isomer (X; R = OAc) in which the stereo- 
chemical arrangement around the >CHMe group is possibly as in the analogously prepared 
steroidal methoacetates (VIII). A general study of the cyclisation of methines to 
quaternary salts is in hand. 

The formation of the methine (VI) rather than the isomer (XI) in the Hofmann 
degradation of the base (II; R = Me) is of interest. Hofmann fission of a piperidine ring 

* It was not possible to determine this point conclusively in earlier work,? using only m. p.s of 
methiodides as criteria. 


* Favre, Haworth, McKenna, Powell, and Whitfield, ]., 1953, 1115. 
* Haworth and McKenna, Chem. and Ind., 1957, 1510. 
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(in the normally more stable chair conformation) by the E2 process should involve 
anionoid attack preferentially on an equatorial rather than an axial §-hydrogen atom; ® 
this will of course be available as part of any 6-methylene group in the piperidine ring, 
but not necessarily in a 6-methine group. When a piperidine ring in a chair conformation 
is trans-fused through adjacent carbon atoms to another small reduced ring, both angular 
hydrogen atoms (in absence of angular substitution) are axial; one is axial and one 
equatorial in the corresponding cis-systems, but in such systems the conformation (XII; 
axial angular $-hydrogen atom) for metho-salts is expected to be preferred to (XIII; 
equatorial angular $-hydrogen atom) because of steric interaction in the conformation 
(XIII) between the asterisked alkyl groups.f 

King and Booth’ obtained methines structurally analogous to (VI) on Hofmann 
degradation of cis- and trans-decahydroisoquinoline. 


EXPERIMENTAL 


Hofmann Degradation of cis-3,4-Cyclopentanopiperidine.—cis-3,4-Cyclopentanopiperidine * 
was characterised as the picrate, m. p. 142—143° (lit..»% m. p. 142—143°, 143—144°). 
Methylation with formaldehyde and formic acid gave the N-methyl derivative, b. p. 200° 
(bath)/760 mm., which afforded a picrate, yellow needles (from ethanol), m. p. 211—212° 
(lit.,.1 m. p. 210-5—211-5°) (Found: C, 48-8; H, 5-9; N, 15-5. Calc. for C,,H,,»0,N,: C, 48-9; 
H, 5-5; N, 15-2%), picrolonate, yellow prisms (from ethanol), m. p. 178—180° (Found: C, 56-2; 
H, 6-1; N, 17-0. C,gH,,O;N, requires C, 56-5; H, 6-2; N, 17-4%), and methiodide, prisms 
(from water or acetone), m. p. 248—250° (lit.,1 m. p. 254—255°) (Found: C, 42-6; H, 7-5; 
N, 5-5. Calc. for CygH,yNI: C, 42-7; H, 7-2; N, 5-0%). Pyrolysis of the related metho- 
hydroxide at 140—200° (bath-temp.) gave a distillate consisting largely of cis-1-dimethyl- 
aminomethyl-2-vinylcyclopentane (VI). This base exhibited two strong infrared bands at 
907 and 993 cm.-! (CH:CH,) * which were absent in the spectrum of the hydrogenated methine. 
The methine picrate was obtained as yellow needles (from ethanol), m. p. 121—122° (lit.,} 
m. p. 123-5—124-5°) (Found: C, 50-1; H, 5-7; N, 14-6. Calc. for C,,H,,0,N,: C, 50-2; 
H, 5-8; N, 147%). As shown below, the pyrolysis distillate also contained a little 1-methyl- 
cis-3,4-cyclopentanopiperidine. 

Cyclisation of cis-1-Dimethylamino-2-vinylcyclopentane and Steroidal Analogues in Acetic 
Acid.—(a) The foregoing pyrolysis distillate (0-25 g.) in acetic acid (2 c.c.) was heated under 
reflux for 4 hr., the solution was made strongly basic with concentrated aqueous potassium 
hydroxide and extracted with ether, and the aqueous layer then treated with excess of potassium 
iodide and extracted with chloroform. The infrared spectra of the basic residue (60 mg.) from 
the ether extract and of the derived crude picrate, m. p. 109—112°, indicated that the residue 
consisted of uncyclised cis-1-dimethylaminomethyl-2-vinylcyclopentane (inter al. from the 
strong bands at 907 and 993 cm."!) with some 1-methyl-cis-3,4-cyclopentanopiperidine (II; 
R = Me) which had evidently been present in the original pyrolysis distillate and had been 
concentrated through cyclisation of most of the methine into methoacetate. Fractional 
crystallisation of the crude picrate from ethanol gave pure samples of the picrates of 1-methyl- 
cis-3,4-cyclopentanopiperidine and of cis-1-dimethylaminomethyl-2-vinylcyclopentane, m. p. 
209—210° and 121—122° respectively, which were identified by mixed m. p.s and infrared 
spectra. 

The chloroform extract yielded 1,2&-dimethyl-cis-3,4-cyclopentanopyrrolidine methiodide 
(X; R = I) (0-30 g.) which separated from water as prisms, m. p. 280—282° (Found: C, 43-1; 
H, 7-2; I, 45-1. C,H, NI requires C, 42-7; H, 7-2; I, 45-1%). The crude product had the 


+ If the Hofmann degradations were controlled inductively by the different degrees of alkylation 
at the £-carbon atoms, preferential attack at B-methylene groups would also be expected, but the 
importance of steric (including stereoelectronic) factors in controlling the Hofmann degradation of cyclic 
bases has been emphasised by results described in earlier papers of this series (cf. also ref. 6). 

5 McKenna, Chem. and Ind., 1954, 406. 


* Dauben, Tweit, and Mannerkantz, J. Amer. Chem. Soc., 1954, '76, 4420; Dauben and Jiu, ibid., 
p. 4426. 


? King and Booth, /J., 1954, 3798. 
* Bellamy, ‘‘ The Infra-Red Spectra of Complex Molecules,” 2nd edn., Methuen, London, 1958, p. 34. 
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same m. p. and infrared spectrum as a twice recrystallised specimen, and this spectrum differed 
considerably (particularly in the 800—1000 cm. region) from that of the methiodide of the 
piperidine (II; R = Me). 

(b) When a drop of a solution of conessimethine (20 mg.) in acetic acid (1 c.c.) was added to 
an excess of aqueous alkali there was an immediate heavy precipitate of the almost water- 
insoluble base. A similar test after refluxing of the solution for 2 min. yielded only a slight 
precipitate, and no uncyclised base was observable after 10 minutes’ refluxing. 

A solution of conessimethine (78 mg.) in acetic acid (2 c.c.) was refluxed for 30 min., cooled, 
treated with an excess of aqueous potassium hydroxide and potassium iodide, and extracted 
with chloroform. The monomethiodide mixture thus obtained was reduced with lithium 
aluminium hydride ® (0-2 g.) in boiling tetrahydrofuran (30 c.c.) for 72 hr.; the resulting basic 
mixture was refluxed in acetic acid (2 c.c.) for 30 min., and the solution was cooled, basified 
with potassium hydroxide, and extracted with ether; the aqueous layer was then treated with 
an excess of potassium iodide and extracted with chloroform. The chloroform extract yielded 
a product (5 mg.) identical in infrared spectrum with the monomethiodide mixture obtained 
by cyclisation of conessimethine; this is a further example of partial Hofmann degradation 
during the reduction of a 1,2-methylpyrrolidinium methiodide with lithium aluminium 
hydride.” The ether extract yielded a basic mixture (65 mg.), [a], —8° (conessine and hetero- 
conessine have {a],,— 1° and —25° respectively *) from which conessine, m. p. and mixed m. p. 
122—-124°, was obtained by several recrystallisations from acetone. Chromatography of the 
mother-liquors yielded a little crude heteroconessine, m. p. 117—119°, undepressed on 
admixture with an authentic specimen of m. p. 129—131° (conessine and heteroconessine show 
large depressions on admixture). 

Dihydroconessimethine was also rapidly cyclised in boiling acetic acid; working up as 
above gave a monomethiodide which on methylation gave a dimethiodide identical in infrared 
spectrum with dihydroconessine dimethiodide; the spectrum of dihydroheteroconessine 
dimethiodide is slightly different. Reduction of the monomethiodide (0-20 g.) with lithium 
aluminium hydride in tetrahydrofuran again resulted in partial Hofmann fission (estimated 
5 mg. of methine) but yielded mainly a mixture (115 mg.) of saturated bases, {«],, +46°; this 
mixture was mainly dihydroconessine, pure samples of which (m. p. and mixed m. p. 104—105°) 
were readily obtained by recrystallisation from acetone or by chromatography. The tail 
fractions from these processes had a melting range of 85—-90°, undepressed on admixture with 
either dihydroconessine (m. p. 104—105°, [a], + 50°) or dihydroheteroconessine (m. p. 102—103°, 
fa], +17°).34 

Heating conessimethine or dihydroconessimethine in neutral or alkaline solution or treating 
their dimethiodides with alkali in ethylene glycol has been shown ° qualitatively to yield mainly 
the hetero-bases. In recent experiments the diacid non-m thine basic mixture obtained by 
heating conessine dimethiodide in alkaline glycol had [a], —20°; the corresponding fraction 
from dihydroconessine dimethiodide had [a],, + 24°. 

Reduction of 3,4-Cyclopentenopyridine with Sodium and Ethanol, and Hofmann Degradation 
of the Products.—The pyridine (6 g.) in boiling ethanol (300 c.c.) was reduced by addition of 
sodium (24 g.). The basic product yielded a picrate, m. p. 156°, evidently identical with that 
obtained by Prelog and Metzler * (m. p. 158°) and by Ayerst and Schofield ? (m. p. 153—154°). 
The crude reduction product was methylated with formaldehyde and formic acid; the resulting 
mixture of tertiary bases was unsaturated and had a moderately strong infrared band at 796 
cm." [>C°CH as in formula (V; R = Me)?].8 The tertiary basic mixture remained unsaturated 
on attempted reduction with sodium and ethanol, but catalytic hydrogenation in ethanol in 
presence of Adams catalyst gave a saturated product; the infrared spectrum of this product 
lacked the band at 796 cm.! and was identical with that of 1-methyl-cis-3,4-cyclopentano- 
piperidine. Some of this saturated base was already present in the original tertiary basic 
mixture, which yielded the cis-1-methyl picrate, m. p. and mixed m. p. 211—212°; the tertiary 
base recovered from this picrate was also identified as 1-methyl-cis-3,4-cyclopentanopiperidine 
by its infrared spectrum. The tertiary basic mixture also yielded 1-methyl-cis-3,4-cyclo- 
pentanopiperidine picrolonate, m. p. and mixed m. p. 178—180°, by way of the picrate (m. p. 
211—212°), but this picrolonate is rather readily soluble in ethanol and direct treatment of the 


* Cf. Cope and Bumgardener, J. Amer. Chem. Soc., 1957, 79, 960. 


10 McKenna and Tulley, J., 1960, 945. 
41 The optical rotations quoted are given by Favre and Mariner, Canad. J. Chem., 1958, 36, 429. 
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tertiary basic mixture with ethanolic picrolonic acid gave the picrolonate, m. p. 200—202° 
(Found: C, 56-5; H, 5-9; N, 17-1. C,gH,,0,N, requires C, 56-9; H, 5-7; N, 17-5%), of an 
unsaturated base as yellow needles. The same salt was obtained by converting the picrate, 
m. p. 156°, of the unsaturated secondary base into its base, methylation, and treatment of 
the tertiary base with picrolonic acid. Ayerst and Schofield have described a picrate, m. p. 
151—152°, of an unsaturated tertiary base. Dr. Schofield kindly provided us with a sample of 
this picrate, which we have converted into the picrolonate, m. p. 200—202°, through the 
unsaturated tertiary base, which has the infrared band at 796 cm.-! mentioned above. A 
picrate of presumed identical structure (no mixed m. p. depression) but slightly higher m. p. 
(155—157°) was prepared by Ayerst and Schofield! by synthesis, starting from N-methyl- 
cyclopent-l-enylacetamide. We have compared the infrared spectra (potassium bromide 
discs) of samples of each picrate provided by Dr. Schofield, and find them identical. 

Hofmann degradation of the mixture of cyclic tertiary bases (via the mixed methiodides) 
gave a mixture of methines, b. p. 200—210° (bath), which had strong bands at 892, 907, 980, 
and 993 cm.?; the second and fourth of these correspond to bands of the methine derived from 
cis-3,4-cyclopentanopiperidine in the starting mixture. The methine mixture also exhibited a 
peak at 241 my in ethanol or ethanolic hydrochloric acid (conjugated diene). Separation of 
the methines by fractional crystallisation of the picrates or fractional cyclisation in acetic acid 
was only partly successful (it is of interest that the cyclisation rates were comparable), but an 
apparently homogeneous methiodide, m. p. 166° (Found: C, 45-0; H, 7-1; I, 43-2. C,,H, NI 
requires C, 45-1; H, 6-8; I, 43-4%), was isolated as plates (from acetone); the corresponding 
methochloride had Amax, 241 my (e 17,000). 


We thank the Department of Scientific and Industrial Research for a maintenance grant 
(to K. J.), and Dr. K. Schofield for providing samples. 


THE UNIVERSITY, SHEFFIELD. (Received, October 28th, 1959.) 


319. The Reaction of 8-Picoline and Dimethyl Acetylenedi- 
carboxylate. 


By L. M. Jackman, A. W. JoHNson, and J. C. TEBBy. 


One of the five adducts obtained from 8-picoline and dimethyl acetylene- 
dicarboxylate in ether has been formulated as a derivative of the non-basic 
9aH-quinolizine and two of the others as derivatives of the basic 4H- 
quinolizine. The fourth adduct, which decomposed spontaneously at room 
temperature, may possess an “‘ ylid ”’ structure, and the fifth is an analogue of 
“ Kashimoto’s compound ’”’ described earlier by Diels.1 Reactions of the 
quinolizine adducts are described, including dehydrogenation to a dehydro- 
quinolizinium perchlorate and a base-exchange reaction of the 4H-quinolizine. 
Adducts from dimethyl acetylenedicarboxylate with y-picoline and 3-methyl- 
isoquinoline are also described. 


IN a series of papers dating from 1932, Diels and his associates ! investigated the structure 
and reactions of an interesting group of adducts formed from dimethyl acetylenedi- 
carboxylate and pyridine. Similar reactions were also observed with «-picoline, quinoline, 
stilbazole, isoquinoline, acridine, and other heterocyclic bases.? 

In ethereal solution at room temperature three products were isolated from pyridine, the 
first-formed being a red, relatively unstable compound formulated by Diels as the “ ylid ’’ 
(I; R= R’=H). This so-called “labile adduct ” (I; R = R’ = H) was easily trans- 
formed into a yellow stable adduct, formulated as the quinolizine derivative (II; R= 
R’ = H), and a third product, known as “ Kashimoto’s compound” and formulated as 


? Diels et al., Annalen, 1932, 498, 16; 1933, 505, 103; 1934, 510, 87; 518, 129; 1937, 580, 68; 
1944, 556, 38; Ber., 1942, 75, 1452. 


* Diels et al., Annalen, 1935, 516, 45; 519, 140; 1936, 525, 73; 1937, 580, 87; 1939, 543, 79; J. 
prakt. Chem., 1940, 156, 195. 
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(III; R= R’=H). Our interest in these reactions originated from Diels’s view of the 
mechanism; he believed that a dimer of the acetylenic ester was an intermediate and he 
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formulated the dimer at various times as the diradical (IV) and the corresponding 
zwitterion. If this view is correct, the intermediate could be regarded as a derivative of 
cyclobutadiene, a substance of current theoretical interest. 

We have carried out the condensation of dimethyl acetylenedicarboxylate with 6- 
picoline in ether at room temperature, as we found that the adducts are easier to isolate 
and purify than those from pyridine. Measurement of the ultraviolet absorption of the 
reaction mixture at intervals by means of a self-recording spectrophotometer gave no 
evidence for the existence of an intermediate corresponding to (IV). The product was a 
mixture of an orange compound, m. p. 120—121°, corresponding to the red pyridine 
“labile adduct,” and two yellow compounds, the first, m. p. 224°, corresponding to the 
yellow pyridine “stable adduct” and the second, m. p. 175—176°, corresponding to 
“ Kashimoto’s compound.” When a benzene solution of the orange adduct was heated, 
there was formed a second yellow “ stable adduct,” m. p. 207°, which was isomeric with 
the first (m. p. 224°) and differed from it only in the position of the methyl group, as will be 
shown below. 

Two other groups of investigators recently have examined the reaction of $-picoline 
and dimethyl acetylenedicarboxylate. Wiley and Knabeschuh * obtained only a yellow 
adduct, m. p. 117—119-5°, for the structure of which they reserved a final decision but 
suggested tentatively the indolizine formulation (V). More recently, Acheson and Taylor ® 
have prepared the same “ labile”’ and “ stable”’ adducts from §-picoline as ourselves; 
they do not accept the Diels formulations and regard the labile orange adduct as (II; R = 
Me, R’ = H), the stable adduct of m. p. 224° as (VI; R = H, R’ = Me) or (VII; R= H, 


CO;Me 
Cy R  CO,Me 
Diced 7~—— CO.Me ONA corte 
cee Core ~ N. 7 CO Me RK’ N. Jco Me 
| CO,Me 
CO.Me 2 H’ ‘CO,Me 
(IV) (V) (V1) 


R’ = Me), and the stable adduct, m. p. 207° as (VI; R = Me, R’ = H) or (VII; R = Me, 
R’ =H). There are thus two suggested structures, (I) and (II), to be considered for the 
orange labile adduct from 6-picoline apart from the precise position of the methyl group 
and three, (II), (VI), and (VII), for the yellow stable adducts. Our experiments, and 
particularly the interpretation of the nuclear magnetic resonance spectra of these com- 
pounds (see below), have led us to accept structure (VI) for the stable adducts and structure 
(II; R= Me, R’=H) for the labile adduct as suggested by Acheson and Taylor.’ 
van Tamelen et al.* recently have studied the nuclear magnetic resonance spectra of the 
quinoline-dimethyl acetylenedicarboxylate adducts and, like ourselves, explained the 
results in terms of the analogues of structures (II) and (VI) respectively for the labile and 

Baker and McOmie, Chem. Soc. Spec. Publ., 1958, No. 12, p. 49. 

Wiley and Knabeschuh, J. Org. Chem., 1953, 18, 836. 


3 

4 

5 Acheson and Taylor, Proc. Chem. Soc., 1959, 186; J., 1960, 1691. 

* van Tamelen, Aldrich, Bender, and Miller, Proc. Chem. Soc., 1959, 309. 





the 
he 


e of 


1 B- 
late 
the 
> no 
as a 
dine 
» the 
g to 
ited, 
with 
ll be 


oline 
sllow 
. but 
ylor § 
lves; 





[1960] and Dimethyl Acetylenedicarboxylate. 1581 


the stable adduct, the latter being regarded as a ring-chain tautomer of the monocyclic 
structure (VIII; R = H) which is stated to accommodate the nuclear magnetic resonance 
results more simply. We are very grateful to Professor van Tamelen for informing us of 
his results before their publication. 


R CO,Me R CO,Me . 
f SYS) cOo.Me ¢. SS) CO,Me o~— 
R’ N._ 7 CO Me ~N ~/COMe Mew N_4/COH 
H, CO,Me H ‘CO,Me 


(VII) (VII (IX) 


Theoretically, two labile 6-picoline adducts should exist, but the isomer corresponding 
to the stable adduct, m. p. 224°, has not been isolated in the present work. The two series, 
i.¢., the labile adduct, m. p. 121°, and the corresponding stable adduct, m. p. 207°, on the 
one hand, and the stable adduct, m. p. 224°, on the other, differed by the position of the 
methyl group on the nucleus and this has been determined as follows. Oxidation of the 
stable adduct, m. p. 224°, with dilute nitric acid gave trimethyl 6-methylindolizine-1,2,3- 
tricarboxylate, the structure of which was proved by hydrolysis and decarboxylation 
to 6-methylindolizine-2-carboxylic acid which was synthesised by condensation of 2,5- 
lutidine and bromopyruvic ester by the method of Burrows and Holland.? Hence the 
methyl group in the quinolizine ring of the yellow stable adduct is in the 7-position, if we 
accept the existence of the quinolizine ring in these compounds on the degradative evidence 
of Diels 1 and Acheson and Taylor.® 

Similar oxidation of the stable adduct, m. p. 207°, gave trimethyl 8-methylindolizine- 
1,2,3-tricarboxylate which was converted by alkaline hydrolysis into 8-methylindolizine-2- 
carboxylic acid. The structure of this acid was proved in the same way as before, by its 
synthesis from 2,3-lutidine and bromopyruvic ester. Thus if we assume structure (II; 
R = Me, R’ = H) for the labile 6-picoline adduct, the reason that it can be isolated so 
easily is the steric hindrance caused by the 9-methyl and the 1-methoxycarbony] groups to 
the detachment of the angular proton. When the methyl group is in the 7- or 8-position 
(the adduct from y-picoline) or is absent (the adduct from pyridine), the labile adducts can 
be isolated only with difficulty, if at all. 

The nuclear magnetic resonance spectra of the stable pyridine adduct, and of both the 
stable adduct, m. p. 224°, and the labile adduct from $-picoline have been examined and 


R  CO,Me R  COMe R  CO,Me 
fie. — a SjCO,Me _. 7% SS) CO,Me 
~ JN. JCOMe ~ \ Nt oll ~~ ont ++-co.me 
, “ “OMe - : 
H’ CO,Me Ho Me H’ CO,Me 
(VI) (X) (XI) 


the relevant band positions are given in the Table. The positions of the C-CH, and 
olefinic protons in the spectrum of the labile adduct are consistent with structure (IT) in so 
far as they accord with the positions of the absorptions of analogous protons in simple 
olefinic systems. Further, a band of intensity equivalent to one proton is found at 5-0 
which may be assigned to the proton at the ring junction. The fact that this proton is not 
involved in spin-coupling confirms the orientation of the methyl group. 

The related bands in the spectra of the two stable adducts exhibit a marked para- 
magnetic shift relative to the labile 6-picoline adduct. Shifts of this order can reasonably 
be ascribed to the operation of long-range shielding arising from an induced ring current 
in a cyclic conjugated system.§ This evidence allows formulation of the stable adducts as 


7 Burrows and Holland, J., 1947, 673. 
® Schneider, Bernstein, and Pople, J. Chem. Phys., 1958, 28, 601. 
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(VIII) or (VI). The structure (VIII) contains a pyridine ring and can obviously give rise 
to a ring current. It is possible that structure (VI) can likewise develop a ring current 
since ring A contains a complete cyclic x-orbital system which may be rather similar to 
that of pyridine if canonical structures such as (X) and (XI) make a significant contribution 
to the ground state of the molecule. The basicity of the stable adducts can also be 
explained in terms of such canonical structures. We believe that the nuclear magnetic 
resonance evidence quoted here does not at present distinguish between structures (VI) 
and (VIII), and that as the chemical evidence favours (VI) this structure is the more 
acceptable. 


Proton chemical shifts for adducts and model compounds. 


Measurements were made at 40 Mc./sec. on 4—5% solutions of the adducts in deuterochloroform, with 
tetramethylsilane as the internal reference. Band positions are quoted as r-values (cf. Tiers *). 


C-Me >CH =CH- 
ae BAM ibis EAS 8-22 5-00 3-6—4-5 
p-Picoline adducts{ stable 1-77 3-99 2-4—3-4; 1-456 
Pyridine adduct (stable) ..............:.:.se0+ — 3-96 2-3—3-7; 1-40¢ 
TRREUND — | —*:i«*ét ens ecnsnccnevecevese ne 8-17 
NN ETA A Rested etetcitacb ites 7-70 2-4—3-1; 1-6—1-8 
De. tins: chew htt heen hss teteertene 3-01, 2-64,* 1-50 * 


* Doublet (J ~7-°5 c./sec.). % The 7-values of the three types of protons which give rise to the 
complex spectrum of pyridine. These values are based on the detailed analysis by Schneider, Bern- 
stein, and Pople.’® 


The genesis of the acetylenic ester—pyridine adducts is visualised as follows with “‘ ylid ” 
structure (I) as the first-formed adduct. The reaction is related to the addition of 
diphenylketen and pyridine ™ to give the adduct (XII). With regard to the Diels formul- 
ation } (I) of the labile adducts, it should be stressed that the stability of the orange adduct 
is much greater than that expected of an “ ylid,” ” ¢.g., it can be crystallised from hot 
methanol. When 6-picoline was treated with the acetylenic ester in ether or in toluene 
at —10°, another adduct, a very unstable pale cream-coloured solid, was obtained in high 
yield. Similar unstable products have been obtained from 8-picoline and diethyl acetylene- 
dicarboxylate as well as from pyridine and dimethyl acetylenedicarboxylate. Because of 
the instability of these adducts, satisfactory analytical results were not obtained but the 
observed figures suggested that two molecules of the acetylenic esters had reacted with 
each molecule of 8-picoline. It is possible that these compounds are the true ylids (I). 
When kept at room temperature the unstable adduct from §-picoline and dimethyl 
acetylenedicarboxylate rapidly decomposed to a dark resin with the evolution of 8-picoline 
and one mol. of carbon dioxide. Both the orange labile adduct and the yellow stable 


CO,Me CO,Me 
¢ - H Ph, 
A™~ C¥c-co.Me A™~~ S\cO.Me 7 0 
SN, GC-CO.Me s N27 CO.Me ~ UN. JPh, 
“¢ CO,Me b 


adduct, m. p. 224°, were isolated, albeit in small yield, from the resinous decomposition 
product, and in addition dimethyl fumarate and a small quantity of another unsaturated 
ester which has not yet been identified. It is clear that these unstable picoline—acetylenic 
ester adducts can rearrange or decompose by more than one mechanism. The formation 
of fumaric esters and free 6-picoline suggests a decomposition approximating to the reverse 

* Tiers, J. Phys. Chem., 1958, 62, 1151. 

10 Schneider, Bernstein, and Pople, Ann. New York Acad. Sci., 1958, 70, 806. 

11 Staudinger, Klever, and Kober, Annalen, 1910, 374, 1; Berson and Jones, J. Amer. Chem. Soc., 
1956, 78, 1625. 

12 Wittig, Angew. Chem., 1951, 68, 15. 
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of the mode of formation, although the cause of the evolution of carbon dioxide is still not 
clear. The rearrangement to the labile and stable isomers is an alternative reaction. 

The structures of the labile and the stable adducts thus differ only in the position of the 
hydrogen atom and the extent of the conjugated system. It was thus somewhat surprising 
to find that when the adducts were titrated against perchloric acid in acetic acid solution, 
the yellow stable adducts behaved as monoacid bases whereas the orange labile adduct was 
non-basic. Warming the labile adducts with perchloric acid caused isomerisation to the 
stable adducts and formation of the corresponding salts. The basic character of the 


R age H__CO,Me : 
ASB, CoE On, On 
Ch 2 co.M nt 
~ VN — ‘c. ‘a ~CH(CO,Et), 
H oats 
-o ome 2 . 
(XIII) (XIV) (XV) oot (XVI) 


yellow stable adducts was also revealed by the effect of acid on the ultraviolet absorption 
spectra and by the isolation of crystalline perchlorates. A possible explanation for this 
difference in basic character is that the conjugate acid (XIII) derived from the stable 
adduct is a pyridinium salt when the proton is added in the manner established for cyclic 
enamines,!* whereas protonation of the labile adduct in a similar manner can give rise only 
to non-basic dihydropyridine structures. In this connection, certain dihydropyridines ™ 
were prepared for comparison. Zwitterion structures (e.g., XIV) were considered for the 
labile adduct but these were rejected as they did not accord with the nuclear magnetic 
resonance spectra; moreover, the dipole moment (4-05 D) of the labile adduct from 6- 
picoline was actually less than that (4-80 D) of the corresponding stable adduct. These 
measurements were made by Dr. J. Chatt, to whom we are very grateful. A structure 
(XV) somewhat related to (XIV) has been proposed ™ for the yellow adduct derived from 
pyridine and bromomalonic ester after treatment with sodium carbonate, and the adduct 
readily forms the perchlorate (XVI). In this respect, it differs from the labile 8-picoline 
adduct (II; R = Me, R’ = H). : 

Another consequence of the position of the methyl group on the nucleus was revealed 
in the properties of the perchlorates (XIII) of the stable adducts. In most cases, these 
salts were easily hydrolysed in the absence of excess of perchloric acid, but a methyl group 
in the 9-position (XIII; R = Me) presumably hindered the approach of the base and 
consequently the perchlorate of the stable adduct, m. p. 207°, was relatively stable 
compared with that derived from the adduct, m. p. 224°. These labile and stable adducts 
are derivatives of the quinolizine ring systems '* and are almost the sole representative of 
this class. The parent compounds 9aH-quinolizine and 4H-quinolizine are unknown 2” 
although several methods now are available for the preparation of the corresponding 
aromatic series, the dehydroquinolizinium salts 8 (XVII). Diels? has already shown that 
such compounds can be prepared from the stable adducts by treatment of the corre- 
sponding perbromides with perchloric acid and this has been confirmed in the -picoline 
series. The same dehydroquinolizinium perchlorate was obtained from the “ Kashimoto 
compound ”’ after treatment with methanolic sodium methoxide and then perchloric acid. 

When the £-picoline labile adduct (II; R = Me, R’ = H) was heated in methanol with 

18 Leonard, Fulmer, and Hay, J. Amer. Chem. Soc., 1956, 78, 1984, 3457. 

—“— and Karrer, Helv. Chim. Acta, 1958, 41, 2066; Karrer, ‘‘ Festschrift A. Stoll,’’ Basle, 1957, 
Pls Krohnke, Ber., 1987, 70, 543+ 

16 Thyagarajan, Chem. Rev., 1954, 54, 1019. 

17 Boekelheide et al., J. Amer. Chem. Soc., 1951, 78, 3681; 1954, 76, 1832. 

18 Woodward and McLamore, J. Amer. Chem. Soc., 1949, 71, 379; Bradsher and Beavers, ibid., 1955, 


77, 453; Boekelheide et al., ibid., 1954, 76, 1882; 1955, 77, 5691; Richards and Stevens, J., 1958, 3067; 
Glover and Jones, J., 1958, 1750, 3021. 
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another pyridine base it was observed that the product was the stable adduct of the new 
base. Thus pyridine and y-picoline gave the corresponding stable adducts and, when the 
8-picoline labile adduct was heated with methanolic 8-picoline, the stable adduct, m. p. 
224° (VI; R = H, R’ = Me), was formed, #.e., the isomer of the stable adduct, m. p. 207°, 
corresponding to the labile adduct. 

With «-picoline the adducts are more difficult to form, and the product from the 
8-picoline labile adduct and methanolic «-picoline was the stable $-picoline adduct, m. p. 


S Me SS) Me 
ZA \ N N. JH 
| H CO,Me CO,Me 
~ Nig MeO,c. /7COMe Med0,cC\ 4 CO.Me 
CO,Me CO,Me 
(XVII) (XVIII) (XIX) 


207° (VI; R = Me, R’ = H) 2.e., only a prototropic rearrangement had occurred. These 
reactions, which involve the fission and re-forming of both bonds to the pyridine ring, 
stress the lability of the 9aH-quinolizine system. Similar rearrangements did not occur 
with the isomeric 4H-quinolizines, i.e., the stable adducts. 

In another series, 3-methylisoquinoline was treated with dimethyl acetylenedi- 
carboxylate in ether: the sole product was the labile adduct (XVIII). When this was 
heated with methanolic §-picoline, it was converted into the corresponding stable adduct 
(XIX) by a straightforward prototropic shift, although in this case the rearrangement 
could not be brought about by heating a benzene solution as in the §-picoline series. 


EXPERIMENTAL ° 

Ultraviolet absorption spectra refer to ethanolic solutions except where otherwise stated. 

Reaction of 8-Picoline and Dimethyl Acetylenedicarboxylate.—Purified B-picoline (20 c.c.) was 
added with stirring to a solution of dimethyl acetylenedicarboxylate (50 c.c.) in dry ether 
(280 c.c.), and the mixture was kept in an open conical flask for 3 days. Methanol (50 c.c.) was 
added to dissolve the precipitated solid, and the solution was then cooled in the refrigerator for 
l hr. The precipitated solid was separated, washed with a little methanol, and dried in air. 
This crude product (33 g.) was dissolved in the minimum quantity of hot methanol (100 c.c.), 
ether (500 c.c.) was added, and the solution stirred while cooling. The crystallised solid was 
separated and the filtrate (A) treated separately (see below). The solid (16-5 g.), m. p. 196— 
210°, was washed with a little methanol, dried, and then crystallised twice from methanol 
(650 c.c.), to yield the tetramethyl 7-methyl-4H-quinolizine-1,2,3,4-tetracarboxylate (VI; R =H, 
R’ = Me) as dark yellow needles (7-5 g.), m. p. 224—225° (Found: C, 57-1; H, 5-35; N, 4-0. 
CygH NO, requires C, 57-3; H, 5-1; N, 37%), Amax, 266, 308, 352, and 448 my (log « 3-97, 4-17, 
4-06, and 4-04 respectively), Amax. (in 8% methanolic perchloric acid) 226 and 319 my (log e 4-22 
and 4-13), Vmax, (KBr disc) 797, 848, 960, 992, 1038, 1072, 1121, 1143, 1158, 1210, 1237, 1297, 
1340, 1361, 1383, 1426, 1438, 1495, 1532, 1569, 1640, 1682s, 1690s, 1731s, 1747s, 2955, and 
3465 cm.}. 

The perchlorate formed colourless needles, m. p. 163—164° (Found: C, 45-3; H, 445; N, 
3-0; Cl, 7-8. C,gH, CINO,, requires C, 45-2; H, 4-2; N, 2-9; Cl, 7-4%), which were unstable 
and decomposed slowly in presence of methanol and more rapidly with water to generate the 
free base. It had vag, (KBr disc) 767, 790, 829, 849, 868, 978, 1007, 1099s, 1143, 1166, 1202, 
1222, 1347, 1398, 1433, 1476, 1520, 1541, 1623, 1647s, 1657s, 2960, and 3078 cm.?. 

The methanolic mother-liquors from the quinolizine crystallisations were evaporated and 
the residue (4-5 g.) crystallised from methanol. The labile isomer, m. p. 120°, was then removed 
by extraction with cold 1: 4 methanol-ether (250 c.c.), and the residue crystallised twice from 
methanol to give the $-picoline analogue of Kashimoto’s compound ? as small bright yellow 
crystals (0-7 g.), m. p. 175—176° (Found: C, 56-8; H, 3-9; N, 3-7. C,,H,,NO, requires C, 56-6; 
H, 4:2; N, 3-9%), Amax. 223, 273, 343, and 435 muy (log e 4-32, 4-16, 3-85, and 4-36 respectively), 
Vmax, (KBr disc) 689, 801, 839, 858, 922, 932, 951, 1001, 1047, 1096, 1157, 1193, 1214, 1246, 1279, 
1® Diels, Alder, Kashimoto, Friedrichsen, Eckardt, and Klare, Annalen, 1932, 498, 16. 
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1289, 1309, 1338, 1375, 1391, 1427, 1445, 1489, 1527, 1564, 1632, 1648s, 1691s, 1715s, 1744s, 
2600, 3480, and 3620 cm.*. ; 

The ether—methanol filtrate (A) from the above purification was evaporated to remove the 
ether, and then further methanol (total volume, 150 c.c.) was added. The solution was heated 
to dissolve any precipitated solid and, after cooling, orange needles were obtained which were 
recrystallised from methanol. The labile adduct, tetramethyl 9-methyl-9aH-quinolizine-1,2,3,4- 
tetracarboxylate (II; R = Me, R’ = H) (10-25 g.), m. p. 121—122°, was washed with a little 
methanol and dried (Found: C, 57-1; H, 5-25; N, 3-85. C,H, NO, requires C, 57-3; H, 5-1; 
N, 3:7%). It had Aggy 234, 291, and 441 my (log ¢ 4-17, 4-19, and 3-67 respectively) Ags, (in 

% methanolic perchloric acid) 233, 289, and 403 my (log ¢ 4-15, 4-15, and 3-65 respectively), 
Vmax. (KBr disc) 730, 781, 817, 856, 880, 933, 993, 1013, 1033, 1090, 1140, 1179, 1211, 1237, 1252, 
1320, 1332, 1364, 1444, 1525, 1578, 1619, 1707s (infl.), 1721s, 1738s, 2958, and 3600 cm.*. 
Addition of the labile adduct to 60% perchloric acid did not cause decolorisation, and crystallis- 
ation of the salt could be induced only by warming, presumably by causing a preliminary 
rearrangement to tetramethyl 9-methyl-4H-quinolizine-1,2,3,4-tetracarboxylate (see below). 
Recrystallisation gave a perchlorate, m. p. 197—198°, identical with that obtained from the 
stable adduct, m. p. 207° (see below). 

Tetramethyl 9-Methyl-4H-quinolizine-1,2,3,4-tetracarboxylate (VI; R = Me, R’ = H).—The 
labile adduct (5 g.) from the previous experiment was dissolved in benzene (100 c.c.) and heated 
under reflux for 16 hr. After removal of the solvent the residue was crystallised twice from 
methanol, to give the product as yellow rods (3-2 g.), m. p. 207° (Found: C, 57-1; H, 5-45; N, 
40. C,,H,,NO, requires C, 57-3; H, 5-1; N, 37%), Amex, 265, 313, 360, and 441 my (log « 3-90, 
4-03, 4:12, and 4-00 respectively), Amax (in 8% methanolic perchloric acid) 276 and 316 mp 
(log « 3-82 and 2-80 respectively), vnax, (KBr disc) 790, 825, 976, 999, 1024, 1073, 1122, 1187. 
1207, 1247, 1270, 1382, 1440, 1476, 1551, 1570, 1661s, 1687s, 1733m, 1749s, and 3460 cm.?. 
The perchlorate (XIII; R = Me) formed colourless needles, m. p. 197—198° from methanol 
containing a small quantity of perchloric acid (Found: C, 45-0; H, 4-1; N, 3-2; Cl, 7-45. 
CygHapCINO,, requires C, 45-2; H, 4-2; N, 2-95; Cl, 7-4%). 

Tetramethyl 7-Methyldehydroquinolizinium-1,2,3,4-tetracarboxylate Perchlorate-——(i) Tetra- 
methyl 7-methyl-4H-quinolizine-1,2,3,4-tetracarboxylate (0-5 g.) was dissolved in boiling acetic 
acid (3 c.c.), and a solution of bromine (0-5 g.) in acetic acid (1-5 c.c.) was added. Crystalline 
material began to separate after 1 hr. and next morning the brick-red crystals of the perbromide 
(0-5 g.), m. p. 104—105° (decomp.), were separated and washed with a little acetic acid. The 
perbromide (0-3 g.) was heated with 60% aqueous perchloric acid (1 c.c.) on the steam-bath for 
5 min. and a current of air passed through the solution in order to remove the bromine. The 
hot solution was filtered and then diluted with water to bring about separation of the perchlorate. 
The colourless crystals were removed, washed with aqueous methanol, and then crystallised 
from aqueous methanol to yield colourless needles, m. p. 165—166° (Found: C, 45-9; H, 4-2; 
N, 3-4; Cl, 7-7. CygH,gCINO,, requires C, 45-5; H, 3-8; N, 3-0; Cl, 7-45%), Amex, 231, 252, 
300, 335, 346, and 458 my (log e« 4-32, 4-31, 3-77, 3-98, 4-06, and 3-43 respectively), vmax (KBr 
disc) 760, 813, 837, 876, 889, 945, 957, 989, 1001, 1105s, 1163, 1178, 1226, 1260s, 1287s, 1325, 
1343, 1378, 1411, 1449, 1530, 1589, 1638, 1753, 2371, 2968, and 3115 cm.*}. 

(ii) The 6-picoline analogue of Kashimoto’s compound (0-5 g.) was dissolved in methanol 
(5 c.c.), and a concentrated solution of sodium methoxide (3 g.) in methanol was added. After 
10 min., the product was acidified with 10% perchloric acid; the crystalline perchlorate was 
separated, washed with aqueous methanol, and crystallised from methanol, forming colourless 
needles, m. p. 165—166°, not depressed on admixture with the product from the previous 
experiment (Found: C, 45-2; H, 3-8; N, 3-05; Cl, 7-65%). 

Trimethyl 8-Methylindolizine-1,2,3-tricarboxylate.—Tetramethyl 9-methyl-4H-quinolizine- 
1,2,3,4-tetracarboxylate (1-6 g.) was dissolved in 2n-nitric acid (5 c.c.) by gentle warming. 
Reaction occurred rapidly with evolution of carbon dioxide and nitrous fumes. The volume of 
the solution was reduced to one-half by evaporation and then, on cooling, the product separated 
as colourless rods (0-6 g.) which after crystallisation from methanol had m. p. 106—108° (Found: 
C, 59-2; H, 5-0; N, 4-9. C,,;H;,O,N requires C, 59-0; H, 4-95; N, 46%), Amex. 241, 274, 321, 
and 336 my (log ¢ 4-58, 3-96, 4-18, and 4-18 respectively), inflection at 265 my (log ¢ 3-91), Vmax. 
(KBr disc) 694, 735, 760, 777, 794, 862, 910, 945, 978, 1000, 1022, 1073, 1103, 1208, 1247s, 
1280s, 1320, 1357, 1380, 1392, 1414, 1450, 1490, 1540, 1559, 1712s, 1748s, and 2860 cm.*. 

Trimethyl 6-Methylindolizine-1,2,3-tricarboxylate (V).—By a similar oxidation, tetramethyl 
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7-methyl-4H-quinolizine-1,2,3,4-tetracarboxylate (3 g.) gave trimethyl 6-methylindolizine-1,2,3- 
tricarboxylate as colourless rods, m. p. 146—147° (from methanol; charcoal) (Found: C, 59-3; 
H, 5-3; N, 49%), Amax, 246, 265, 275, and 326 mu (log ¢ 4-53, 4-11, 4-17, and 4-21 respectively), 
inflection 220 my (log ¢ 4-26), Vmax. (KBr disc) 659, 700, 762, 775, 787, 819, 886, 947, 1009, 1027, 
1048, 1084, 1142, 1173, 1240s, 1327, 1340, 1400, 1459, 1523, 1543, 1699, 1708, 1742, 2869, 2930, 
2963, and 3010 cm.*}. 

8-Methylindolizine-2-carboxylic Acid.—(i) Trimethyl 8-methylindolizine-1,2,3-tricarb- 
oxylate (200 mg.) was heated with potassium hydroxide (1 g.) in water (2 c.c.) under reflux 
until a clear solution was obtained (30 min.). The product was diluted with water (10 ¢.c.) and 
acidified with 2N-sulphuric acid. After 4 hr., the acid was separated and crystallised from 
aqueous methanol (charcoal), forming colourless needles (40 mg.), m. p. 240—242° (Found: C, 
68-8; H, 5-3; N, 7-7. CyH,NO, requires C, 68-6; H, 5-2; N, 8-0%), Amax, 233, 290, 301, 337, 
353, and 371 my (log ¢ 4-34, 3-43, 3-47, 3-34, 3-35, and 3-14), inflection 320 my (log « 3-26). 

(ii) Ethyl bromopyruvate ” (3 c.c.) and 2,3-lutidine (2-5 c.c.) were heated in dry ethanol 
(20 c.c.) for 3 hr. After the product had been kept for 4 days, the solvent was removed under 
reduced pressure, the residue was diluted with water (20 c.c.), and the solution extracted with 
chloroform (2 x 20c.c.). The chloroform extracts were washed with water and the washings 
added to the main aqueous solution which was treated with saturated aqueous sodium hydrogen 
carbonate solution until effervescence ceased, and then extracted with ether (3 x 20c.c.). The 
aqueous layer was next treated with solid sodium hydrogen carbonate (1-5 g.) and heated 
on the steam-bath for 4 hr. Charcoal (0-5 g.) was added, and after a further 15 min. on the 
steam-bath the hot solution was filtered, acidified with dilute sulphuric acid, and kept overnight. 
The acid which separated was removed and crystallised twice from methanol (charcoal), forming 
colourless needles (30 mg.), m. p. 238—240° with previous sintering, not depressed on admixture 
with the product from the previous experiment (Found: C, 68-3; H, 5-3; N, 7-7%). The 
ultraviolet absorption was identical with that of the previous product. 

6-Methylindolizine-2-carboxylic Acid (IX).—(i) Trimethyl 6-methylindolizine-1,2,3-tri- 
carboxylate (800 mg.) was hydrolysed with aqueous potassium hydroxide as described above for 
the 8-methyl analogue. The monocarboxylic acid (150 mg.) was crystallised twice from methanol 
(charcoal), forming colourless needles (20 mg.), m. p. 230—232° (decomp.) (Found: C, 68-7; 
H, 5-3; N, 7-95. C,,H,NO, requires C, 68-6; H, 5:2; N, 8-0%), Amax 238, 294, 305, 342, and 
356 my (log ¢ 4-70, 3-34, 3-48, 3-38, and 3-38 respectively), inflection 375 my (log ¢ 3-13). 

(ii) Ethyl bromopyruvate (11 c.c.) and 2,5-lutidine (10 c.c.) in dry ethanol (50 c.c.) were 
treated in the manner described above for 2,3-lutidine. 6-Methylindolizine-2-carboxylic acid 
crystallised from methanol (charcoal) as needles (50 mg.), m. p. 230—232° (decomp.) not 
depressed on admixture with the product from the foregoing experiment. The light absorption 
was also identical with that of the previous acid. 

Unstable Adduct from 8-Picoline and Dimethyl Acetylenedicarboxylate.——(i) Dimethyl 
acetylenedicarboxylate (12 c.c.) was added to dry ether (50 c.c.) and cooled to —50°. £-Picoline 
(5 c.c.) was added in a thin stream and the temperature of the mixture was allowed to rise 
slowly to 0° in the refrigerator for 2—3 hr. The cream-coloured solid was separated and washed 
with ether without the precipitate being allowed to dry. The ether was then quickly removed 
by filtration and finally in a vacuum, while the temperature was kept below 10°. The adduct 
(12 g.) was an amorphous cream solid (Found: C, 56-6; H, 4-85; N, 4:35. C,sH,NO, requires 
C, 57-3; H, 5-1; N, 3-7. C,H,,NO, requires C, 62-6; H, 5-65; N, 6-1%). 

(ii) In another experiment dry toluene was substituted for ether in the above preparation 
with a similar result. 

(iii) By a similar method the adduct from 8-picoline and diethyl acetylenedicarboxylate was 
prepared. It decomposed (see below) in a similar manner. 

Decomposition of the 8-Picoline Unstable Adduct.—(i) The dry adduct from the foregoing 
experiment (i) was allowed to warm to room temperature. After a few minutes an exothermic 
decomposition occurred whereby the adduct formed a dark brown gum with copious evolution 
of gas. The gas was shown to be carbon dioxide by chemical tests and this was confirmed by 
the infrared spectrum. Quantitative decompositions showed that one mole of carbon dioxide 
was evolved per mole of adduct. 

(ii) The unstable adduct (20 g.) was decomposed in the same manner, and the oily residue 
dissolved in methanol (35 c.c.) and kept for 3 days. The yellow crystals (1-3 g.) were separated 
and then by fractional crystallisation there were obtained the labile 8-picoline adduct (0-3 g.), 
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m. p. 121°, and the stable 6-picoline adduct, m. p. 224° (0-3 g.), both identical with the products 
described earlier. The combined mother-liquors were distilled in steam until 125 c.c of distillate 
had been collected. The distillate was acidified and extracted with di-isopropyl ether 
(3 x 200c.c.). After removal of solvent from the dried extract, the residue partly crystallised. 
The solid was separated and crystallised from methanol as colourless needles (7 mg.), m. p. 105°. 
The ultraviolet (log ¢ 4-22 at 209 my) and the infrared absorption were in accord with those of 
authentic dimethyl fumarate. The oil (270 mg.) had b. p. 210°, equiv. wt. (by saponification) 
89, and absorbed at 237 my (E}%, 355) [Found: C, 48-2; H, 6-15%; M (Rast), 172]. The 
infrared absorption also showed a strong band at 1725 cm. («8-unsaturated ester). Alkaline 
hydrolysis gave the corresponding acid as a colourless solid, m. p. 156—157° [Found: C, 42-4; 
H, 47%; equiv. (by titration), 73; M (Rast), 142, 150], Amsx 243 my (E1%, 464). 

The acidified steam-distillate, after extraction, was made alkaline and extracted with ether. 
After removal of the solvent from the dried extract, the oily residue was treated with picric 
acid, giving the picrate of B-picoline, m. p. 151—152° (0-3 g.). 

Unstable Adduct from Pyridine and Dimethyl Acetylenedicarboxylate.—This was obtained by 
the method described above for B-picoline. It (10 g.) decomposed in a similar manner, giving 
carbon dioxide, the yellow stable pyridine adduct (0-9 g.), m. p. 187—188°, not depressed on 
admixture with an authentic specimen, and free pyridine, isolated as the picrate (2-5 g.), m. p. 
166—167°. 

Reaction of ®-Picoline Labile Adduct with Bases.—(a) B-Picoline. The $-picoline labile adduct, 
m. p. 120—121° (1 g.), was dissolved in 8-picoline (5 c.c.) and methanol (5 c.c.) and heated under 
reflux for 3 hr. After removal of the methanol, the residue was acidified with dilute sulphuric 
acid and extracted with benzene (3 x 30c.c.). The benzene extract was washed with aqueous 
sodium hydrogen carbonate, dried and evaporated to small volume; the yellow stable adduct 
(0-55 g.), m. p. 222—223°, not depressed on admixture with an authentic specimen (above), was 
obtained. 

(b) «-Picoline. By a similar method there was obtained the yellow $-picoline adduct, m. p. 
207—208° (0-4 g.). 

(c) Pyridine. The product was the yellow stable pyridine adduct (0-5 g.), m. p. 187° alone 
and mixed with an authentic specimen (see below). 

(d) y-Picoline. The product (0-3 g.) was the orange stable y-picoline adduct, m. p. 190° 
alone and mixed with an authentic specimen (below). 

Reaction of y-Picoline and Dimethyl Acetylenedicarboxylate.—y-Picoline (10 c.c.) was added to 
a solution of dimethyl acetylenedicarboxylate (25 c.c.) in dry ether (140 c.c.) at room temper- 
ature. After 24 hr. the ether was removed by distillation and the residue dissolved in warm 
methanol (25 c.c.) and then cooled. The orange crystals of tetramethyl 8-methyl-4H-quinolizine- 
1,2,3,4-tetracarboxylate were separated and crystallised twice from methanol; they had m. p. 
190° (1-5 g.) (Found: C, 57-4; H, 5-25; N, 4:0. C,,H, NO, requires C, 57-3; H, 5-1; N, 
3°7%), Amax, 213, 258, 309, 347, and 438 my (log e 4:19, 3-92, 4-19, 3-99, and 4-08), inflection 
218 my (log e 4-19). 

Reaction of «-Picoline and Dimethyl Acetylenedicarboxylate.—Prepared by the foregoing 
method for y-picoline, the yellow stable «-picoline adduct * (3-5 g.) had m. p. 238—239° (Found: 
C, 57-0; H, 5-3; N, 3-75%), Amax, 266, 307, 347, and 445 my (log e 3-98, 4-06, 4-06, and 4-04 
respectively), Vmax, 683, 706, 736, 773, 803, 823, 862, 968, 982, 1008, 1026, 1042, 1089, 1137, 1164, 
1180, 1220, 1240, 1286, 1337, 1354, 1419, 1446, 1483, 1507, 1549, 1588, 1627, 1670, 1707, 1741, 
2955, 3020, and 3470 cm.*}. 

Reaction of Pyridine and Dimethyl Acetylenedicarboxylate.—Prepared similarly from pyridine, 
the yellow stable adduct ** (7-5 g.) had m. p. 187° (Found: C, 56-3; H, 5-1; N, 4-05. Calc. for 
C,,H,;NO,: C, 56-2; H, 4-7; N, 385%), Amax 215, 261, 307, 350, and 443 my (log ¢ 4-10, 3-95, 
4:18, 4-00, and 4-02 respectively), Vmax, 750, 792, 831, 882, 994, 1036, 1072 1130, 1162, 1218, 
1240, 1298, 1342, 1360, 1399, 1440, 1489, 1535, 1573, 1633, 1675, 1697, 1747, 2961, 
and 3470 cm.*}, 

Reaction of 3-Methylisoquinoline and Dimethyl Acetylenedicarboxylate.—Dimethy] acetylene- 
dicarboxylate (5 c.c.) was added to a solution of 3-methylisoquinoline * in dry ether (30 c.c.), 
and the mixture kept for 3 days at room temperature. After removal of the solvent, warm 
methanol (10 c.c.) was added to dissolve the residual gum and, after cooling, the orange-brown 


2° Diels and Pistor, Annalen, 1937, 530, 87. 
21 Mills and Smith, J., 1922, 121, 2732. 
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crystals (3 g.) were separated and washed with methanol. After recrystallisation from 
methanol, the labile adduct, tetramethyl 6-methyl-11bH-benzo[a]quinolizine-1,2,3,4-tetracarboxylate 
(XVIII) (2-5 g.) had m. p. 200—200-5° (Found: C, 61-8; H, 5-05; N, 3-3. C,,.H,,NO, requires 
C, 61-8; H, 4:95; N, 3-3%), Amax 204, 241, 291, and 422 my (log « 4-45, 4-30, 4-13, and 3-69 
respectively), Vmax, 655, 701, 723, 737, 759, 766, 771, 785, 820, 837, 857, 899, 952, 998, 1025, 
1142, 1178, 1191, 1214, 1253, 1329, 1362, 1443, 1481, 1516, 1611, 1703, 1718, 1739, and 2955 
cm., Titration of an acetic acid solution against perchloric acid showed that the adduct 
was non-basic. It was unchanged after being heated under reflux in benzene. 

When heated with §-picoline in methanolic solution as described for the §-picoline labile 
adduct, the product from 3-methylisoquinoline formed the stable adduct, tetramethyl 5-methyl- 
4H-benzo[a]quinolizine-1,2,3,4-tetracarboxylate (XIX), which was obtained as red rods, m. p. 
215°, from methanol (Found: C, 61-7; H, 5-05; N, 3-5. C,,.H,,;NO, requires C, 61-8; H, 
4:95; N, 33%), Amax. 204, 231, 262, 324, and 468 my (log « 4:34, 4-55, 3-91, 4:08, and 4-07 
respectively), inflection 350 my (log ¢ 3-91). 

Condensation of 8-Picoline and Bromomalonic Estey —Bromomalonic ester (12-15 g.) was 
added to £-picoline (4-65 g.) and kept at room temperature for 24 hr. The resulting red gum 
was dissolved in chloroform and washed with saturated aqueous sodium carbonate. The 
product was precipitated by addition of light petroleum (b. p. 60—80°), and the yellow solid 
(6 g.) crystallised from acetone; it was obtained as yellow needles, m. p. 186—188° (Found: 
C, 61-8; H, 7-0; N, 5-8. C,,H,,NO, requires C, 62-1; H, 6-8; N, 56%), Amax. 247 and 398 mu 
(log ¢ 4-39 and 3-21). The zwitterion was very soluble in methanol and chloroform, moderately 
soluble in acetone, benzene, and water, and insoluble in light petroleum. 


We thank the Glaxo Triangle Trust for financial support (to J. C. T.) and the Distillers 
Company for a gift of B-picoline. We are grateful to Dr. B. D. Shaw, Dr. R. M. Acheson, and 
Mr. G. A. Taylor for discussions and advice on various aspects of this work. 
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320. The Preparation of Pyrazoles by Reaction between 8-Diketones 
and Ethyl Diazoacetate. 


By I. L. Finar and B. H. WALTER. 


The preparation of pyrazoles by reaction between $-diketones and ethyl 
diazoacetate, first used by Klages, has been modified and two isomers have 
been isolated on use of unsymmetrical diketones. The orientations of these 
isomers have been established by oxidation of acetylpyrazoles with sodium 
hypoiodite and of aroylpyrazoles by oxidation with peracetic acid. It has 
been shown that 3-carboxyl groups in the pyrazole nucleus can be replaced 
by bromine, and that methylation of N-unsubstituted pyrazoles produces 
both N-methyl isomers. 


KiaGEs! showed that acetylacetone and propionylacetone condense with ethyl diazo- 
acetate in dilute aqueous sodium hydroxide solution to give 3,4,5-trisubstituted pyrazoles. 
We have now found that using ethanolic potassium hydroxide gives better results and 
we have examined the reaction with acetylacetone, benzoylacetone, p-methoxybenzoyl- 
acetone, and dibenzoylmethane. Two products may be produced from unsymmetrical 
diketones, and these have been isolated, but in each case there was very little of one 
isomer. Benzoylacetone gave ethyl 5-acetyl-4-phenylpyrazole-3-carboxylate ? (isolated as 
the corresponding acid) with a small amount of ethyl 5-benzoyl-4-methylpyrazole-3- 
carboxylate ? and 4-phenylpyrazole-3-carboxylate.2 The last product is believed to arise 
1 Klages, J. prakt. Chem., 1902, 65, 387. 


* Wolff, Annalen, 1902, 325, 129. 
* Kohler and Steele, J. Amer. Chem. Soc., 1919, 41, 1104. 
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by reaction between ethyl diazoacetate and acetophenone produced by alkaline fission of 
the diketone; this reaction, which has not been previously observed, was corifirmed by 
R'-CO+CH,-COR? R' == COR? R2-== COR! 
+ —_ Bae + 
N,CH- CO,Et EtO,C ok Et0,C SyN4 
the formation of this pyrazole (in very poor yield) from acetophenone and ethyl diazo- 
acetate in methanolic potassium hydroxide. In methanolic potassium hydroxide benzoyl- 
acetone and ethyl diazoacetate gave a smaller yield of the 5-acetyl-4-phenyl product, and 


Me p= COPh Me p=) CO, Ph Me p= CO,H 
> —> 
HO;C\. NH HOC NH HO;C's, NH + PhOH 


none of the 5-benzoyl-4-methyl product, but a larger yield of 4-phenylpyrazole-3-carboxylic 
acid (isolated as its methyl ester 4). 

The orientations of the pyrazolyl ketones were confirmed in two ways: (a) Determin- 
ation of the acetyl group with sodium hypoiodite was satisfactory for N-unsubstituted 
3-acetylpyrazoles, but for the N-methyl derivatives the results were low. (6) Oxidation 
of 5-benzoyl-4-methylpyrazole-3-carboxylic acid with peracetic acid 5 gave a phenyl ester 
which, after hydrolysis, gave phenol and 4-methylpyrazole-3,5-dicarboxylic acid.? — 

p-Methoxybenzoylacetone and ethyl diazoacetate gave 5-acetyl-4-p-methoxyphenyl- 
and small amounts of 5-p-methoxybenzoyl-4-methyl- and 4-f-methoxyphenyl-pyrazole-3- 
carboxylic acid. The last-named pyrazole was also prepared (in very small yield) from 
p-methoxyacetophenone and ethyl diazoacetate. The 5-acetyl acid gave a quantitative 
result for the acetyl estimation with sodium hypoiodite, and the 5-benzoyl acid gave 
4-methylpyrazole-3,5-dicarboxylic acid? and -methoxyphenol when treated with 
peracetic acid. 

Dibenzoylmethane and ethyl diazoacetate gave 5-benzoyl-4-phenylpyrazole-3-carb- 
oxylic acid and a trace of 4-phenylpyrazole-3-carboxylic acid. The orientation of the 
main product was established by oxidation with peracetic acid to 4-phenylpyrazole-3,5- 
dicarboxylic acid® and phenol. It is of interest in this connection that neither ethyl 
5-acetyl-4-methylpyrazole-3-carboxylate nor 5-acetyl-4-phenylpyrazole-3-carboxylic acid 
reacted with peracetic acid under these conditions. 

Oxidation of 5-acetyl-4-phenylpyrazole-3-carboxylic acid with bromine in an excess 
of aqueous sodium hydroxide produced 5-bromo-4-phenylpyrazole-3-carboxylic acid. 
This seems to occur by replacement of the 5-carboxyl group first produced by oxidation 
of the acetyl group (bromoform was also isolated) because this bromo-acid is also obtained 


R' == cor? va R' COR? R! === COR? 


|} | + 
HO,C x, NH HO,C ‘a HOC, NMe 
e 


when 4-phenylpyrazole-3,5-dicarboxylic acid is treated with bromine under the same 
conditions. In the latter case, however, a small amount of 3,5-dibromo-4-phenyl- 
pyrazole was also isolated. Thus 3(5)-carboxyl groups in the pyrazole nucleus may be 
replaced directly by bromine (cf. Brain and Finar’). 5-Acetyl-4-p-methoxyphenyl- 
pyrazole-3-carboxylic acid with bromine in aqueous sodium hydroxide also gave 5-bromo- 
4-p-methoxyphenylpyrazole-3-carboxylic acid. 

Brain and Finar ® methylated ethyl 5-acetyl-4-methylpyrazole-3-carboxylate with 


* yon Pechmann and Burkhard, Ber., 1900, 38, 3596. 
Hassall, Org. Reactions, 1957, 9, 73. 

Buchner, Ber., 1893, 26, 260. 

Brain and Finar, J., 1958, 2435. 

Brain and Finar, /., 1957, 2356. 
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methyl iodide and ethanolic potassium hydroxide and obtained only ethyl 3-acetyl-1,4- 
dimethylpyrazole-5-carboxylate. However, 5-acetyl-4-phenyl- and 5-benzoyl-4-methyl-pyr- 
azole-3-carboxylic acid with dimethyl] sulphate in aqueous sodium hydroxide produced both 
methylated isomers in each case. The 5-benzoyl-4-phenyl acid with methyl iodide and 
ethanolic potassium hydroxide also gave both methylatedisomers. The orientations of these 
isomers have been established by their relative rates of esterification with methanolic hydrogen 
chloride,® the sterically hindered acid being hardly affected under the conditions used. 


EXPERIMENTAL 

Ethyl 5-Acetyl-4-methylpyrazole-3-carboxylate.—Acetylacetone (2-0 g., 0-02 mole) and ethyl 
diazoacetate (2-3 g., 0-02 mole) were added, in that order, to a hot solution of potassium 
hydroxide (1-1 g., 0-02 mole) in absolute ethanol (80 c.c.), and the solution boiled for 10 min. 
The ethanol was then rapidly distilled off and the residue dissolved in water and acidified with 
hydrochloric acid, to give the ester which recrystallised from water in needles (1-57 g., 40%), 
m. p. 124—124-5° (Klages * gives 123—124°). 

Condensation of Benzoylacetone with Ethyl Diazoacetate——Benzoylacetone (48-7 g., 0-3 mole) 
and ethyl diazoacetate (34-2 g., 0-3 mole) were added to a hot solution of potassium hydroxide 
(16-8 g., 0-3 mole) in absolute ethanol (700 c.c.). After 0-5 hour’s refluxing, the ethanol was 
distilled off, and the residue cooled and dissolved in water (750 c.c.). A small amount of oil was 
precipitated, and this was extracted with ether (2 x 100 c.c.; fraction A). The aqueous 
solution was acidified with glacial acetic acid and extracted with ether. The ether solution was 
washed with 5% aqueous sodium hydrogen carbonate, the ether evaporated, and the residue 
dissolved in N-sodium hydroxide (700 c.c.) and steam-distilled for 1-5 hr. to remove aceto- 
phenone and to hydrolyse the pyrazole ester. The solution was cooled and acidified with 
hydrochloric acid, to give 5-acetyl-4-phenylpyrazole-3-carboxylic acid which, on recrystallisation 
from hot water, yielded the pure acid (32-2 g., 46%), m. p. 214-5—215° (Wolff? gives 208°). 
Fraction A was extracted with 2Nn-sodium hydroxide (10 x 25 c.c.), the aqueous extract 
acidified with hydrochloric acid, and the precipitated ‘oil extracted with ether. The dried 
ether solution (Na,SO,) was evaporated. The residual dark viscous oil (6-8 g.), when dissolved 
in 2N-sodium hydroxide (50 c.c.), left a residue of crystals (0-35 g.), m. p. 159—161°. The 
filtered solution was diluted to 250 c.c. and brought nearly to precipitation point by adding 
2n-acetic acid. A fractional precipitation was then carried out by adding Nn-acetic acid in 
small portions and collecting the precipitate after each addition. In this way were collected: 
(a) 0-6 g. of a brown powder, which on recrystallisation from aqueous ethanol gave light brown 
crystals (0-45 g.), m. p. 166—167°. These, on hydrolysis with 2N-sodium hydroxide, gave 
4-phenylpyrazole-3-carboxylic acid (0-35 g.), m. p. 256° (decomp.), and this, on recrystallisation 
from aqueous acetic acid, had m. p. 257° (decomp.) (Knorr* gives 252—254°). The small 
insoluble residue (above), when hydrolysed, also gave this acid. (b) 1-7 g. of a pale brown 
powder which on recrystallisation from aqueous ethanol gave ethyl 5-benzoyl-4-methylpyrazole- 
3-carboxylate (1-35 g.), m. p. 121—121-5° (Wolff * gives 119—120°). The ester was hydrolysed 
with 2n-sodium hydroxide; the acid, recrystallised twice from aqueous ethanol, had m. p. 
239—240° (Wolff ? gives 233°). 

4-Phenylpyrazole-3-carboxylic Acid.—Acetophenone (6-0 g., 0-05 mole) and ethyl diazo- 
acetate (5-7 g., 0-05 mole) were refluxed with methanol (50 c.c.), and a solution of potassium 
hydroxide (2-8 g., 0-05 mole) in methanol (50 c.c.) was run in slowly with stirring during 45 min. 
The methanol was then distilled off, the residue cooled, and water (250 c.c.) added. The pH 
was adjusted to 9, and the solution extracted with ether (3 x 30 c.c.). The ether was 
evaporated, and the residue dissolved in 2N-sodium hydroxide and steam-distilled for 2 hr. 
Acidification gave 4-phenylpyrazole-3-carboxylic acid which on recrystallisation from aqueous 
acetic acid (0-15 g.) had m. p. 257° (decomp.), unchanged in mixed m. p. with an authentic 
specimen prepared by the method of Kohler and Steele * who give m. p. 252—253°. 

Condensation between Dibenzoylmethane and Ethyl Diazoacetate.—Dibenzoylmethane (22-4 g., 
0-1 mole) was condensed with ethyl diazoacetate (11-4 g., 0-1 mole) and potassium hydroxide 
(5-6 g., 0-1 mole) in absolute ethanol, and the main product worked up as for benzoylacetone. 
Recrystallisation from aqueous acetic acid and then from aqueous ethanol gave 5-benzoyl-4- 
phenylpyrazole-3-carboxylic acid (12-6 g.,43%), m. p. 211—211-5° (Found: C, 70-2; H, 4-1; N, 9-5. 
C,,H,,0,N, requires C, 69-9; H, 4-1; N, 96%). The ethyl ester was also isolated; it had m. p. 
128—128-5° (from ethanol-light petroleum) (Found: N, 8-6. C,,H,,0O,N, requires N, 8-7%). 
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The ether extract of an aqueous solution of the condensation product contained mainly this 
ester, but fractional precipitation afforded a very small amount of ethyl 4-pheriylpyrazole-3- 
carboxylate, m. p. and mixed m. p. 168—169° (Kohler and Steele * give 164—165°). 

Condensation between p-Methoxybenzoylacetone and Ethyl Diazoacetate.—p-Methoxybenzoyl- 
acetone (45 g., 0-235 mole) was condensed as above, and the residue, after distillation of the 
ethanol, was dissolved in 1-2 1. of water. The secondary products were extracted with ether 
(2 x 120 c.c.) but examination of the aqueous solution showed that removal was not complete. 
The main product was therefore isolated as follows. 2Nn-Acetic acid (10 c.c.) was added to the 
aqueous solution, and the precipitated oil removed by extraction with ether and rejected. 
More 2n-acetic acid (50 c.c.) was added to bring the solution to pH 9, and the precipitated oil 
extracted in ether, recovered, dissolved in 2N-sodium hydroxide, and steam-distilled for 2 hr. 
Acidification gave 5-acetyl-4-p-methoxyphenylpyrazole-3-carboxylic acid (18-7 g., 31%), m. p. 
222-5—223° (from water) (Found: C, 60-0; H, 4-65; N, 10-6. C,,H,,0,N, requires C, 60-0; 
H, 4:6; N, 108%). The ether solution containing the secondary products was extracted with 
2n-sodium hydroxide (9 x 20 c.c.). As the extraction proceeded fine crystals separated and 
floated at the interface. These were run off with the aqueous layer, and at the end of the 
extraction the combined aqueous extract was filtered to give the ester (0-6 g.), m. p. 171—173°, 
which, on hydrolysis with 2N-sodium hydroxide followed by recrystallisation from aqueous 
acetic acid, gave 4-p-methoxyphenylpyrazole-3-carboxylic acid, m. p. 265° (decomp.) (Found: 
C, 60-4; H, 4:7; N, 12-6. C,,H,O,;N, requires C, 60-6; H, 4-6; N, 128%). The filtered 
aqueous layer was acidified with glacial acetic acid, and the precipitate was collected, dissolved 
in 2N-sodium hydroxide (60 c.c.), and diluted with water (340 c.c.). The solution was brought 
near to precipitation point with 2N-acetic acid, and fractional precipitation was then carried 
out with Nn-acetic acid. Three fractions were collected, combined, and recrystallised from 
50% aqueous ethanol, the mother-liquor being retained. The main crop of crystals was 
hydrolysed with 2N-sodium hydroxide and gave, on repeated recrystallisation from aqueous 
ethanol, 5-p-methoxybenzoyl-4-methylpyrazole-3-carboxylic acid (1:3 g.), m. p. 220-5—221° 
(Found: C, 59-7; H, 4-8; N, 10-6%). The retained mother-liquor was evaporated to dryness, 
and the residue hydrolysed and recrystallised from glacial acetic acid to give a small amount 
of 4-p-methoxyphenylpyrazole-3-carboxylic acid (total 0-4 g.). This acid was also obtained 
from p-methoxyacetophenone (7-5 g.) and ethyl diazoacetate (5-7 g.) in methanolic potassium 
hydroxide (0-15 g.). 

Oxidations with Peracetic Acid.5—To 5-benzoyl-4-phenylpyrazole-3-carboxylic acid (2-92 g., 
0-01 mole) in glacial acetic acid (25 c.c:) and concentrated sulphuric acid (15 c.c.) at 0° was 
added 38% w/w peracetic acid in a thin stream, with shaking. After 24 hr. at room tem- 
perature the solution was poured on ice. The oil which was precipitated was allowed to 
solidify, collected, and hydrolysed with 2nN-sodium hydroxide. The hydrolysate was acidified 
with 50% sulphuric acid and steam-distilled to remove phenol. The residual liquid was 
evaporated to small bulk and filtered, to give 4-phenylpyrazole-3,5-dicarboxylic acid (1-6 g.), 
m. p. (from water), 249—-250° (decomp.) (Buchner ® gives 243°). 5-Benzoyl-4-methylpyrazole- 
3-carboxylic acid (1-85 g.), treated as above and worked up after 3 days, gave phenol and 
4-methylpyrazole-3,5-dicarboxylic acid, m. p. 316—316-5° (decomp.) (Wolff ? gives 315°). 

5-p-Methoxybenzoyl-4-methylpyrazole-3-carboxylic acid (1-1 g.), worked up after 24 hr., 
gave p-methoxyphenol, isolated as the benzoate, m. p. 89—89-5°, and 4-methylpyrazole-3,5- 
dicarboxylic acid. 

Oxidations with Sodium Hypobromite.—5-Acetyl-4-phenylpyrazole-3-carboxylic acid (6-0 g.) 
was added with stirring to an ice-cold solution of sodium hypobromite (bromine, 13-8 g.; 
sodium hydroxide, 12-5 g.; water, 80c.c.). After being kept at 0° for 0-5 hr., the solution was 
left at room temperature for 2 hr., boiled to remove bromoform, diluted with water (30 c.c.), and 
acidified with concentrated hydrochloric acid. The precipitate was collected and the mother- 
liquor retained. Ether-extraction of the latter yielded crude 4-phenylpyrazole-3,5-dicarboxylic 
acid (1-2 g.), m. p. 235—238° (decomp.). The precipitate was dissolved in ether and extracted 
with 5% sodium hydrogen carbonate solution. Acidification gave needles (from aqueous 
ethanol) of 5-bromo-4-phenylpyrazole-3-carboxylic acid (4-0 g.), m. p. 223—223-5° (Found: 
C, 45-2; H, 2-9; N, 10-3; Br, 29-6. C,,H,O,N,Br requires C, 44-9; H, 2-6; N, 10-5; Br, 30-0%). 

In the same way, 5-acetyl-4-p-methoxyphenylpyrazole-3-carboxylic acid gave 5-bromo-4-p- 
methoxyphenylpyrazole-3-carboxylic acid, m. p. 217-5—218° (from aqueous ethanol) (Found: 
C, 44-5; H, 2-9; N, 9-2; Br, 26-5. C,,H,O,N,Br requires C, 44-4; H, 3-0; N, 9-4; Br, 26-9%). 
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4-Phenylpyrazole-3,5-dicarboxylic acid (0-75 g.) was added to an ice-cold solution of bromine 
(0-2 c.c., 0-58 g.) and sodium hydroxide (1 g.) in water (6 c.c.). After 2 hr. the solution was 
acidified, boiled, and cooled, and the precipitate was collected, dissolved in ether, and extracted 
with 5% sodium hydrogen carbonate solution. The aqueous extract, on acidification, yielded 
5-bromo-4-phenylpyrazole-3-carboxylic acid (0-45 g.), m. p. 221—222° (undepressed when mixed 
with a sample of the acid obtained from the acetylpyrazole). 

3,5-Dibromo-4-phenylpyrazole.—5-Bromo-4-phenylpyrazole-3-carboxylic acid (2-67 g.) was 
dissolved in 2n-sodium hydroxide (5 c.c.) and added to an ice-cold solution of bromine (2-34 g.) 
and sodium hydroxide (2 g.) in water (30 c.c.). After 2 hr. at room temperature the cloudy 
solution was diluted with water (20 c.c.) and washed with ether (20 c.c.). The aqueous solution 
was then acidified with concentrated hydrochloric acid, boiled, and cooled, and the precipitate 
collected and dissolved in ether. After being washed with 5% sodium hydrogen carbonate 
solution (15 c.c.) the ether solution was dried (Na,SO,) and evaporated. The residue, on 

ising 3 times from benzene-light petroleum, gave 3,5-dibromo-4-phenylpyrazole, m. p. 
157—157-5° (Found: C, 36-1; H, 2-0; N, 9-2; Br, 52-8. C,H,N,Br, requires C, 35-8; H, 2-0; 
N, 9-3; Br, 53-0%). 

Determination of the Acetyl Group.—0-6—0-7 Milliequivalent of the pyrazole acid was 
dissolved in N-sodium hydroxide (50 c.c.), and a 25% excess of ~0-1N-iodine was added dropwise 
during 5—10 min. The flask was stoppered and kept in the dark for 1 hr., then 2N-hydro- 
chloric acid (30 c.c.) was added, and the liberated iodine was titrated against 0-1N-sodium 
thiosulphate (starch). Results were as tabulated. 


R? Rs R} R? R? R‘ Ac (% found) 
H CO,H = Ph Ac 99-6 
R20 ON H CO,H = p-MeO-C, H, Ac 97-9 
N° Me Ac Ph CO,H 76-2 
R' Me CO,H Ph Ac 37-8 


Methylation of the Pyrazole Acids.—(a) 5-Benzoyl-4-phenylpyrazole-3-carboxylic acid 
(14-6 g., 0-05 mole) was esterified,* and the ester was boiled with methyl iodide (10-7 g., 0-075 
mole) and potassium hydroxide (2-8 g., 0-05 mole) in ethanol (350 c.c.). The methylated esters 
were then hydrolysed by boiling the solutions with an excess of potassium hydroxide, and the 
ethanol was removed by steam-distillation. After acidification, the precipitate was collected 
and dissolved by shaking it with ether and 5% sodium hydrogen carbonate solution. The 
ether was rejected and the aqueous layer was acidified with concentrated hydrochloric acid and 
extracted with 1: 1 benzene-ether. The solvent layer was dried (Na,SO,) and evaporated and 
the residue refluxed for 3 hr. with 1% methanolic hydrogen chloride (183 g.). The methanol 
was evaporated, the residue dissolved in ether, and the sterically hindered acid extracted with 
5% aqueous sodium hydrogen carbonate. Acidification and recrystallisation of the precipitate 
from aqueous acetic acid gave 3-benzoyl-1-methyl-4-phenylpyrazole-5-carboxylic acid (5-6 g.), 
m. p. 181—182° (Found: C, 71:0; H, 4:7; N, 89. C,,H,,O,N, requires C, 70-6; H, 4-6; 
N, 9:15%). The ether solution was evaporated, the residue re-esterified twice again, and the 
final residue recrystallised from aqueous ethanol and then hydrolysed with 2n-sodium hydroxide. 
Acidification and recrystallisation of the precipitate from aqueous ethanol gave 5-benzoyl-1- 
methyl-4-phenylpyrazole-3-carboxylic acid (4-3 g.), m. p. 213° (Found: C, 70-7; H, 4-7; N, 9-0%). 

(6) To 5-acetyl-4-phenylpyrazole-3-carboxylic acid (11-5 g., 0-05 mole) in 20% aqueous 
sodium hydroxide (25 c.c.) was added dimethyl sulphate (15-7 g., 0-125 mole) with rapid stirring 
during 10 min., the temperature being kept at 30—40°. The solution was stirred for a further 
50 min., the pH being kept above 11 by further additions of 20% aqueous sodium hydroxide. 
Water (25 c.c.) was added, the solution acidified, and the oily precipitate left to solidify, 
collected, and dried at 50°. This was refluxed for 3 hr. with 0-5% methanolic hydrogen chloride 
(215 g.), and the methanol then distilled off. The residue was dissolved in ether and extracted 
with 5% sodium hydrogen carbonate solution to remove the sterically hindered acid. Acidific- 
ation, etc., gave 3-acetyl-1-methyl-4-phenylpyrazole-5-carboxylic acid (10 g.), m. p. 187—188° 
(from aqueous ethanol) (Found: C, 64-1; H, 4-85; N, 11-4. C,,H,,0,N, requires C, 63-9; 
H, 4:9; N, 11-5%). 

The ether solution was evaporated and the residue hydrolysed for 9 hr. on the steam-bath 
with a mixture of equal volumes (30 c.c. each) of concentrated sulphuric acid, glacial acetic acid, 
and water. The mixture was then poured into water, the products were extracted with ether, 
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and the ether was extracted with 5% aqueous sodium hydrogen carbonate, to give the un- 
hindered acid. The esterification and separation process was carried out twice more, to give 
5-acetyl-1-methyl-4-phenylpyrazole-3-carboxylic acid (1-0 g.), m. p. 206° (from aqueous ethanol) 
(Found: C, 64-0; H, 5-2; N, 11-4%). 

5-Acetyl-4-p-methoxyphenylpyrazole-3-carboxylic acid (13-0 g., 0-05 mole), treated in the 
same way, gave 3-acetyl-4-p-methoxyphenyl-1-methylpyrazole-5-carboxylic acid, m. p. 163° (from 
benzene-ethyl acetate) (Found: C, 61-0; H, 5-1; N, 10-1. C,,H,,O,N, requires C, 61-3; 
H, 5-1; N, 10-2%), and 5-acetyl-4-p-methoxyphenyl-1-methylpyrazole-3-carboxylic acid, m. p. 
184-5—185° (from aqueous ethanol) (Found: C, 61-0; H, 5-1; N, 98%). 
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321. Periodate Oxidation of 1,2-Diols, Diketones, and Hydroxy- 
ketones: The Use of Oxygen-18 as a Tracer. 


By C. A. Bunton and V. J. SHINER, jun. 


The oxygen atom of the acetone from oxidation of pinacol and 2-methyl- 
propane-1,2-diol by periodic acid comes from the 1,2-diol, in agreement with 
the suggestion that an intermediate is formed by electrophilic attack of the 
periodate. In contrast to this, the additional oxygen atom of acetic acid, 
formed by oxidation of biacetyl by periodate in basic solution, comes from 
the periodate. The mechanism is a nucleophilic attack by periodate upon the 
carbonyl-carbon atom, and does not seem to involve the hydrates of the 
ketone as intermediates. In the oxidation of methylacetoin by periodic acid 
the oxygen of the acetone comes from the hydroxyl group of the hydroxy- 
ketone, and the additional oxygen atom of the acetic acid comes from the 
periodate. The mechanism probably involves nucleophilic attack by the 
periodate ion upon the carbonyl group, and co-ordination of the hydroxyl 
group on to the iodine atom of the periodate. 


KINETIC evidence has suggested that, whereas the oxidation of 1,2-diols by periodic acid 
(or its ions) involved co-ordination of the hydroxyl groups to the iodine atom,? that of 
«8-diketones was by an entirely different path. Contrary to general belief, the hydrate of 
the a8-diketone played no direct part in the reaction, and the mechanism appeared to 
involve direct nucleophilic attack of the periodate ion upon the carbonyl group.2 Our 
aim was to test these views by the use of oxygen-18 as a tracer, and to obtain evidence 
on the oxidation of an «-hydroxy-ketone. 

The experimental problem was complicated by the exchange of oxygen atoms between 
water on the one hand and the periodate, «$-diketone, or «-hydroxy-ketone, and the 
ketonic product on the other. Because our experimental methods were chosen to evade 
the consequence of the exchanges, 1.e., equilibration of the tracer between reactants and 
products, we discuss the three classes of compound separately. 

«8-Diols.—Aldehydes exchange their oxygen atoms very rapidly with water, ketones 
less rapidly. Therefore it was necessary to choose diols which would give a readily 
removable ketone as product, and to do the experiment under conditions in which the 
oxidation would be rapid and the exchange with the ketone slow. The former condition 
was satisfied by using diols which gave acetone, and removing this by evaporation, the 
latter by using the pH range 4—7 where periodate is in isotopic equilibrium with water. 
The oxidation of «8-diols is thought to involve a cyclic intermediate, and it was suggested 

1 (a) Duke, J. Amer. Chem. Soc., 1947, 69, 3054; Duke and Bulgrin, ibid., 1954, 76, 3803; (6) Buist 
and Bunton, J., 1954, 1406; Buist, Bunton, and Miles, J., 1957, 4567, 4574. 

* Shiner and Wassmuth, J]. Amer. Chem. Soc., 1959, 81, 37. 


8 Cohn and Urey, J. Amer. Chem. Soc., 1938, 60, 679; Lauder, Trans. Faraday Soc., 1948, 44, 729; 
Bell and Darwent, ibid., 1950, 46, 34. 
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that this could be formed by (i) nucleophilic attack by periodate upon the carbon atom ¢ 
or, more probably, (ii) by co-ordination of the hydroxyl groups to periodate, as shown. 


HslO, + H,?®O —— = H,I?*O, + HzO 


H18O 
i 18 Rs 
voonigh ON ae A —P 2R,C="*O 
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R,C*OH HO 
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In our first experiments we used pinacol and isolated acetone whose 180 abundance was 
much less than that required for mechanism (i).5 The small enrichment of the acetone 
came from exchange with the water during isolation. Pinacol was somewhat unsatisfac- 
tory, because its kinetic form of oxidation is different from that of the simple «f-diols.14 
and we therefore did other experiments with 2-methylpropane-1,2-diol, whose kinetic 
form of oxidation is typical of the mechanism involving an intermediate between the 
periodate and the diol.” The acetone from this compound was also isotopically normal 
(except for a small adventitious exchange). The formaldehyde was not isolated, because 
it would be in isotopic equilibrium with the water via its hydrate.* The results (Table 1) 
show that the oxygen of the ketone produced comes from the hydroxyl groups of the diols. 
The experiments with pinacol were at room Gupaais initially, those with 2-methyl- 
propane-1,2-diol at 0° initially. 


TABLE 1. Oxidations of pinacol and 2-methylprapane-1,2-diol by periodic acid 





in water. 
Pinacol . 2-Methylpropane-1,2-diol 
a lle nt heh FRM Mattes 3-5 7—ll 35* 5-0 * 7—11 7* 
N(H,O) (atom % excess) ......... 0-710 0-727 0-727 0-926 0-78 0-78 
N(COMe,) (atom % excess) ...... 0-440 0-141 0-313 0-144 0-115 0-20 


* Control experiments. Experiments in which the acetone was not aspirated out immediately, 
but allowed to exchange, gave samples with isotopic abundances between 97% and 102% of those of 
the water, for both pinacol and 2-methylpropane-1,2-diol. Isotopic abundances N are all in atom % 
excess above normal. 


a8-Diketones.—Although the spectral changes associated with the hydration of biacetyl 
(butane-2,3-dione) are essentially instantaneous in water and ca. 70% of the compound is 
hydrated, it seems that the hydrate is not reactive to periodate. The oxidation appears 
to be a direct nucleophilic attack of the periodate upon the carbonyl group.” This initial 
attack is probably followed by a ring closure, to give a cyclic intermediate which decomposes 
rapidly to the products. This requires that some of the oxygen of the acetic acid produced 
must come from the diketone, and some from the periodate. In principle it should be 
possible to confirm this directly by tracer experiments, but these are complicated by 
oxygen exchange between water and both reactants. Biacetyl is rapidly and extensively 
hydrated in water; therefore it must exchange its oxygen atoms very rapidly. However, 
periodate ion should exchange its oxygen atoms only through the singly ionised form, 
because only in this ionisation stage in aqueous solution are two stable species, differing in 
degree of hydration, known.® Thus in solutions of high pH the exchange of oxygen atoms 
between water and periodate ions should be slowest. There is the further advantage that 
the rate of oxidation is highest at these high pH values.” 

* Price and Knell, J. Amer. Chem. Soc., 1942, 64, 552. 


5 Buist, Bunton, and Shiner, Research, 1953, 6, 45. 
* Chrouthamel, Hayes, and Martin, J. Amer. Chem. Soc., 1951, 78, 82. 
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Therefore our experiments were carried out with very concentrated basic solutions of 
periodate in isotopically normal water. These solutions were added to excess of biacetyl 
which had been left to exchange its oxygen atoms in %O water. It was hoped that 
oxidation would be faster than oxygen exchange of the periodate. Because the alkali 
metal salts of periodic acid are sparingly soluble in strongly basic solution we used the 
tetraethylammonium salt. This was extremely soluble in water, and for this reason it 
may be useful for preparations in which concentrated reagents are required. When 
reaction was complete the acetic acid was isolated as its silver salt. The results are given 
in Table 2. 

TABLE 2. Oxidation of }%O)biacetyl by periodate in H,}80. 


[Et,NJOH (mmoles‘) ............ 5-06 10-2 15:1 17-6 25-0 18-2° 
N(H,O) (atom % excess) ...... 0-99 0-99 0-97 0-93 0-89 0-00 
N(AcOH) (atom % excess*) ... 1-00 1-06 0-86 0-70 0-66 0-016 


* Calc. for complete reaction, dilution being assumed by normal oxygen in H,O and periodic acid, 
and in biacetyl. Initially N(H,O) = 1-05 atom % excess. ° All reagents isotopically normal. ¢ In 
all experiments ca. 5-0 mmoles of periodate and ca. 25 c.c. of water were present initially. 


Because the biacetyl was in isotopic equilibrium with the oxygen of the water, and 
acetic acid does not exchange (except at high acidities), the acetic acid would be fully 
enriched if oxidation was through the dihydrate of biacetyl, or if the periodate had 
exchanged before oxidation. If, however, the periodate oxidised the biacetyl directly 
much faster than it exchanged its oxygen atoms, then the acetic acid would have one of 
its oxygen atoms isotopically labelled. The various possible reactions are (iii)—(v). 


MeCO:COMe + H,!#O == Me'C!*OC1#O-Me + H,O 
(iii) Direct attack by periodate upon the carbonyl group: 
Me*C?#O-C18O-Me + HslO,.2- ——t> 2Me*C,!*H 


This requires a second-order rate law and 50% enrichment of the acetic acid. 
(iv) Reaction with the dihydrate: 


MeC##OC¥#O-Me + 2H!#O === (H!*0),CMe*CMe(##OH), ——B> 2Me*C##0,H 


This involves complete enrichment of the acetic acid. 

(v) Reaction with the monohydrate: 

Me*C!8O*C18O»Me + H,!8O ——= Me*C!8O-CMe(!8OH), ——t Me*C(=!*0)OH + Me*C!8O,H 
This involves 75°% enrichment of acetic acid. 

The reactions done with base equivalent to the periodate (or twice that amount) give 
fully enriched acetic acid, but an increasing amount of base gives progressively less 
enrichment of the acetic acid. Thus with these larger amounts of base an appreciable 
amount of the oxygen in the product has come from the periodate directly. This rules 
out reaction of the dihydrate, (iv). 

If reaction were by nucleophilic attack upon the carbonyl group of the monohydrate, 
together with co-ordination of a hydroxyl group to the iodine atom, then the acetic acid 
would be 75% enriched (v). The values with the highest concentration of base are close 
to this: with [OH7~] five times the [periodate] the value is 74%, on the basis of dilution of 
the 480 water by the oxygen of the periodate, and 73% without such dilution. However, 
the known exchange between periodate and water would be expected to force our experi- 
mental values of 480 abundance above the values predicted for no exchange of periodate, 
and so the results favour mechanism (iii), i.e., direct nucleophilic attack by periodate 
upon both the carbonyl groups of the diketone. They do not rule out the dihydrate as an 
intermediate at lower pH, but the complete enrichment of the acetic acid from these 
experiments at lower pH seems to be more readily explained in terms of a rapid exchange 
between periodate and water, which is faster than the reaction between diketone and 
water, except at the highest pH. 








1596 Bunton and Shiner: Periodate Oxidation of 


We had hoped to test this point by examining the isotopic abundance of the iodate 
product, although it has been reported that iodate did exchange its oxygen atoms readily 
with water.” The iodate isolated at the end of the reaction as its silver salt had the same 
isotopic abundance as the solvent water, confirming that iodate ion exchanged its oxygen 
with water. The direct method of examining the exchange of oxygen between water and 
periodate in our strongly basic solution was not feasible, because the tetraethylammonium 
salt was too hygroscopic for isolation and the sodium or potassium salt insufficiently 
soluble. ' 

a-H ydroxy-ketones.—Completion of this oxygen tracer study of the periodate oxidation 
of bifunctional compounds containing oxygen required experiments on an «-hydroxy- 
ketone. Methylacetoin (3-hydroxy-3-methylbutan-2-one) was chosen because it gives as 
products acetic acid and acetone which are both readily isolated. The effects of pH 
changes on the rate of its oxidation by periodate are different from those observed 
with the «8-diols and «f-diketones. The rate is of first order with respect to both reactants 
and has a maximum value at pH 8.8 Addition of isotopically normal methylacetoin to 
isotopically enriched periodate at pH 8 in #80 water gave acetone with very little enrich- 
ment, and acetic acid whose enrichment was approximately half that of the water 
[N(H,O) = 1-04 atoms % excess, N(AcOH) = 0-575 atom % excess, N(COMe,) = 0-07 
atoms % excess]. This reaction probably involves co-ordination of the tertiary hydroxyl 
group to the iodine atom, as is postulated for the oxidation of «$-diols.1 One of the 
oxygen atoms of the acetic acid must have come from the carbonyl group of the hydroxy- 
ketone, because both the water and the periodate are isotopically enriched. The other 
must have come from either the water or the periodate. These results require oxygen 
exchange of the carbonyl-oxygen atom of the hydroxy-ketone to be slower than oxidation 
by periodate. Again we can write various possible ‘reactions, ¢.g.: 


(vi) Me*CO*CMegOH + H,l?*#O, ——a Me*CO-"OH + COMe, 


This would involve nucleophilic attack by periodate upon the carbonyl-carbon atom, and 
co-ordination of the hydroxyl group to iodine. 


(vii) HO*CMeyCO-Me + H,2#O = HO-CMe,*CMe(?*OH)-OH 
HAI"O, 
—\—> Me’C!*0°0OH + COMe, 

(a) If v_, > v, (second-order kinetic form), the hydrate and therefore the acetic acid 
will be fully enriched. 

(b) If v_, < v, (rate independent of periodic acid), then the acetic acid will be 50% 
enriched. 

There are two interpretations of our tracer results, scheme (vi), which is a direct 
nucleophilic attack by periodate upon the carbonyl group, or scheme (viid) in which the 
hydrate is very rapidly attacked by periodate, so that only one of the two adjacent hydroxyl 
groups is isotopically labelled. The latter scheme seems to us to be unsatisfactory because 
it requires the rate of reaction to be of zero order with respect to periodate. 

Although the kinetic law is not known for solutions as concentrated as those of the 
tracer experiment, there is no deviation from a second-order kinetic law in dilute solution.® 
Also there seems to be no reason why the hydrate of an a-hydroxy-ketone should be very 
reactive towards periodate, and if we interpret our results by scheme (viid) it would have 
to be considerably more reactive than are the simple «f-diols, whose rates of oxidation are in 
all cases within the region of convenient measurement.! 

Therefore we prefer the interpretation in terms of a nucleophilic attack by periodate 


” Hoering, Butler, and McDonald, J. Amer. Chem. Soc., 1956, 78, 4829. 
§ Shiner and Wassmuth, unpublished results. 





and 


acid 
50% 


‘irect 
1 the 
roxyl 
ause 


f the 
ion.8 
very 
have 
ire in 


date 





(1960) 1,2-Diols, Diketones, and Hydroxy-ketones. 1597 


upon the carbonyl group, and oxidation of the hydroxyl group, probably by co-ordination 
to the periodate. Our results, of themselves, do not exclude the hydrate as an inter- 
mediate with certainty, nor do they give any information of the timing of the various steps. 


EXPERIMENTAL 


Materials.—Biacetyl (B.D.H.) was fractionally distilled through a 20 x 100 mm. column 
packed with glass helices. The middle fraction, b. p. 88—90°, was used. 

Tetraethylammonium hydroxide was prepared from the iodide, carbonate-free sodium 
hydroxide, and silver nitrate, in the usual way. Care was taken to exclude carbon dioxide. 
The solution was evaporated under reduced pressure. 

Methylacetoin, prepared by hydration of 2-methylbut-3-yn-2-ol in dilute sulphuric acid 
containing mercuric sulphate,’ had b. p. 74—78°/100 mm. It gave a single peak on a gas— 
liquid chromatogram. 

2-Methylpropane-1,2-diol, prepared from isobutene by the action of t-butyl hydroperoxide 
and osmium tetroxide,’® had b. p. 79—81°/11 mm., m,*5 1-4305. 

Pinacol and orthoperiodic acid were commercial samples. 

Oxidation of «8-Diols.—Solutions of periodate were allowed to equilibrate isotopically 
with 480 water. Experiments with the sodium salt showed that at pH ~7 the exchange was 
complete within the time required for dissolution and isolation of the periodate. The isotopic 
abundance of the periodate was determined by mass-spectrometric analysis of the oxygen 
liberated when the solid periodate was heated. 

The a8-diol was added to the periodate solution, and the ketone swept out by a stream of 
air under reduced pressure.. The following procedure was typical. 2-Methylpropane-1,2-diol 
(10 g.) was added to a solution of tetraethylammonium periodate (0-09 mole) in 100 c.c. of 
18Q water at 0°, under reduced pressure. The temperature rose rapidly, and the distillate was 
trapped at —80°. After 5 min., the distillate was redistilled under reduced pressure at 0°; the 
distillate, after three such distillations, was fractionated through a column (150 x 6 mm.) 
with a low hold-up. The acetone collected had b. p. 55—56° and gave a single peak on gas— 
liquid chromatography. Control experiments were carried out in a similar manner. 

When the initial pH of the reactants is ca. 4 it does not change during reaction, because the 
periodate is present mainly as IO,-, and this is reduced to IO,~. This is not so at higher pH, 
where the periodate is present mainly as H,IO,?-. 

The procedure for isolation of acetone after oxidation of pinacol was slightly different from 
that described above. The distillate was cooled to —80° before final fractionation, to remove 
traces of water. The latter seems here to be unnecesyary. 

The isotopic analysis of the acetone isolated from the oxidation of pinacol was made by 
allowing known amounts of acetone, water, and carbon dioxide to come to isotopic equilibrium 
in a vacuum. This takes ca. 3 weeks at room temperature, and the isotopic abundance of the 
carbon dioxide was followed until it reached a constant maximum value. From this, and the 
known amounts of oxygen present, the isotopic abundance of acetone was calculated, any 
isotopic fractionation between water and acetone being neglected. The acetone obtained by 
oxidation of 2-methylpropane-1,2-diol and of methylacetoin was analysed by pyrolysis to 
carbon monoxide over carbon in vacuo, the monoxide being analysed mass-spectrometrically. 

Oxidation of Biacetyl—A concentrated solution of isotopically normal tetraethylammonium 
periodate was added to isotopically enriched biacetyl in #80 water. The following experiment 
illustrates the procedure. Orthoperiodic acid H,IO, (0-0053 mole) was dissolved in a solution (ca. 
3 c.c.) of tetraethylammonium hydroxide (0-025 mole) in isotopically normal water; to this 
solution was added, rapidly and with stirring, a solution of biacetyl (2-5 c.c.) in #%O water 
(25 c.c.) (this solution had been kept for 1 hr. to allow oxygen exchange between water and 
biacetyl). The temperature rose to 42°, and the solution darkened because of condensation 
of the excess of biacetyl. Concentrated nitric acid was then added dropwise to bring the pH 
to 5. The precipitate of biacetyl condensate was removed and silver nitrate (0-0057 mole) in 
18Q water added to the solution. The silver iodate was removed, washed with water, and 
dried in a vacuum-desiccator. The pH of the residual solution was adjusted to ca. 6 by addition 
of ammonia (d 0-88), and silver acetate precipitated by addition of silver nitrate; the yield of 


® Bernard and Cologne, Bull. Soc. chim. France, 1945, 12, 347. 
1 Milas and Sussman, J]. Amer. Chem. Soc., 1936, 58, 1302. 
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dried silver iodate was 0-0052 mole and of dried silver acetate 0-0044 mole. The silver acetate 
was found to be free from carbonate; it was decomposed thermally to carbon dioxide in vacuo, 
and this was analysed mass-spectrometrically. The silver iodate was decomposed thermally, 
in vacuo, to oxygen, and this was analysed mass-spectrometrically. 

Oxidation of Methylacetoin.—Methylacetoin (0-11 mole) was oxidised by periodic acid, and 
the acetone collected by the procedure outlined for 2-methylpropane-1,2-diol. The pH of the 
solution was adjusted to 3 by addition of concentrated sulphuric acid, and the solution distilled, 
almost to dryness, ina vacuum. The distillate was neutralised by sodium hydroxide we pH 
6), and silver acetate was precipitated by silver nitrate. 

Exchange of Iodate.—In the first experiments, potassium iodate was dissolved in #80 water, 
and after 5 min. silver nitrate was added to precipitate silver iodate; a portion of this was 
washed with isotopically normal water, the rest with isotopically enriched water; both samples 
were ca. 70% exchanged. Because it was possible for silver nitrate to be catalysing the exchange, 
a further exchange experiment was made. Potassium iodate was dissolved in isotopically 
enriched water, at room temperature, and the solution freeze-dried as rapidly as possible; 
the isolated potassium iodate was ca. 80% exchanged. 


We thank Messrs P. Chaffe and E. Grayson for technical assistance. We are grateful to the 

National Science Foundation and the Alfred P. Sloan Foundations for Fellowships (to V. J. S.). 
WiLit1amM RAMSAY AND RaLpH ForstER LABORATORIES, 
UNIVERSITY COLLEGE, GOWER St., Lonpon, W.C.1. 


DEPARTMENT OF CHEMISTRY, INDIANA UNIVERSITY, 
BLooMINGTON, INDIANA, U.S.A. [Received, November 11th, 1959.} 


322. N-Substituted Glycosylamines. Part VI.* N-Arylaldo- 
furanosylamines; N-p-Nitrophenylaldosylamine Acetates. 
By R. D. GuTHRIE and JoHN HoNnEyMAN. 


2,3:5,6-Di-O-isopropylidene-N-aryl-p-mannosylamines have been prepared 
from acetone and N-aryl-p-mannosylamines; the mechanism of the reaction 
is discussed. A general method for preparing N-p-nitrophenylaldosylamine 
acetates has been devised. 


StncE N-substituted glycosylamines mutarotate! an equilibrium between pyranose, 
furanose, and acyclic forms can be expected in solution. Acetates, benzoates, and methyl 
ethers obtained from N-substituted glycosylamines have the pyranose structure. N- 
Arylaldofuranosylamines have been prepared indirectly by condensing an arylamine with 
an isopropylidene derivative »* or carbonate *5 of an aldofuranose that has a free reducing 
centre; for example, aniline and D-mannose 2,3:5,6-dicarbonate yield the corresponding 
N-phenyl-D-mannofuranosylamine.5 An attempt to prepare N-phenyl-p-glucofuranosyl- 
amine by alkaline hydrolysis of the corresponding 5,6-carbonate yielded a product identical 
with that from the condensation of D-glucose with aniline;‘ this result is not surprising 
since it is now known that N-substituted glycosylamines mutarotate.! 

Attempts have now been made to condense acetone with N-aryl-D-mannosylamines; 
these compounds were chosen because the free aldose forms a furanose isopropylidene 
derivative with a free lactol hydroxyl group. N-Phenyl-D-mannosylamine when con- 
densed with acetone, zinc chloride-phosphoric acid being used as catalyst, gave 
2,3:5,6-di-O-isopropylidene-N-phenyl-D-mannosylamine (5%) and 2,3:5,6-di-O-isopropyl- 
idene-D-mannose (30%); decomposition accompanied the reaction. Exposure of the 

* Part V, J., 1955, 3674. 


1 Ellis and Honeyman, Adv. Carbohydrate Chem., 1955, 10, 95, and references therein. 
* Freudenberg and Wolf, Ber., 1925, 58, 300. 

* Irvine and Skinner, J., 1926, 1089. 

* Haworth and Porter, J., 1929, 2796. 

5’ Haworth and Porter, /., 1930, 151. 
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di-O-isopropylidene-N-phenyl-D-mannosylamine to the same reaction conditions gave 
di-O-isopropylidene-p-mannose (60%) and unchanged starting compound (2%), accounting 
for the low yield of the N-phenylmannosylamine derivative in the condensation. Reaction 
of acetone with N-f-nitrophenyl- and N-f-tolyl-D-mannosylamine, with the same catalyst, 
gave the corresponding N-aryl-2,3:5,6-di-O-isopropylidene-D-mannosylamines in yields of 
17 and 8% respectively. These products were isolated by crystallisation and not by 
chromatography and it is probable therefore that di-O-isopropylidene-D-mannose was also 
formed. Interaction of N-p-nitrophenyl-D-mannosylamine and acetone, with sulphuric 
acid or phosphoric anhydride as catalyst, gave di-O-isopropylidene-N-p-nitrophenyl-p- 
mannosylamine in very low yield, accompanied by much decomposition. The structures 
of the N-phenyl and N--tolyl derivatives were shown by their identity with the products 
from the condensation of di-O-isopropylidene-D-mannose with aniline and #-toluidine 
respectively. -Nitroaniline did not condense with di-O-isopropylidene-D-mannose, even 
in boiling ethanol for 24 hr. An authentic sample of the p-nitrophenyl derivative was, 
however, prepared by an interchange between di-O-isopropylidene-N--tolyl-D-mannosyl- 
amine and #-nitroaniline. 

The isolation of the N-aryl-D-mannofuranosylamine derivatives from the above 
reactions does not prove conclusively that the N-aryl-D-mannosylamines have reacted in 
the furanose form. There are two possible routes for the formation of the observed 
products. In the first the N-aryl-D-mannosylamine reacts in the furanose form and some 
of the resulting product is hydrolysed to di-O-isopropylidene-D-mannose. In the second 
the N-aryl-D-mannosylamine is hydrolysed to the free sugar which condenses with acetone 
to give di-O-isopropylidene-D-mannose, some of which reacts with the arylamine. The 
first route is more probable because of the lack of reaction between #-nitroaniline 
and_ di-O-isopropylidene-D-mannose, and also if N-arylaldofuranosylamines are 
hydrolysed more rapidly than the pyranose compounds, as are the corresponding O- 
glycosides. 

Unsuccessful attempts were made to prepare N-phenyl- and N-f-nitrophenyl-p- 
mannosylamine 2,3:5,6-dicarbonate by the action of carbonyl chloride on the appropriate 
N-aryl-D-mannosylamine. 

A general method for preparing N-p-tolylaldosylamines has been developed for charac- 
terising aldoses.* These derivatives have decomposition points which vary with the rate 
of heating. A method is now suggested for preparing N-p-nitrophenylaldosylamine 
acetates as better derivatives of aldoses. These are preferred because they have well- 
defined melting points and characteristic rotations in chloroform. The intermediate 
N-p-nitrophenylaldosylamines, whose mode of formation is characteristic, also have the 
advantage of being stable and not undergoing the Amadori rearrangement.” D-Glucose, 
D-mannose, D-galactose, D-xylose, L-arabinose, and maltose all yield crystalline products; 
D-ribose yields a syrup; D-fructose and L-sorbose did not react under the specified 
conditions. The optical rotation of N-p-nitrophenyl-D-xylosylamine 2,3,4-triacetate has 
been found to be incorrectly recorded.®® 

N-p-Bromophenyl-p-galactosylamine and -D-mannosylamine have also been prepared 
and characterised as their tetra-acetates. 


EXPERIMENTAL 


Rotations were determined for chloroform solutions unless otherwise stated. The identity 
of compounds was proved where necessary by mixed m. p., and infrared spectrometry. 
Alumina was Type H, 100/200 mesh, supplied by Messrs. Peter Spence, Ltd. 

Reaction of Di-O-isopropylidene-p-mannose with Amines.—(a) p-Toluidine. A solution of 


* Ellis and Honeyman, J., 1952, 1490. 

? Micheel and Schleppingoff, Chem. Ber., 1956, 89, 1702. 
® Douglas and Honeyman, /]., 1955, 3674. 

* Douglas, Ph.D. Thesis, London, 1955. 
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di-O-isopropylidene-p-mannose (1 g.) and -toluidine (1 g.) in ethanol (10 ml.) was boiled 
under reflux for 6 hr. Evaporation left a crystalline mass which after two recrystallisations 
from cyclohexane-—chloroform (4: 1) gave 2,3:5,6-di-O-isopropylidene-N-p-tolyl-p-m yl 

(80% after first recrystallisation), m. p. 142—143°, [a], —139° (c 0-4), [aJ,?”7 —104° (c 0-72 in 
pyridine), {a],,!” —117° (8 min.) —» +63-7° (80 hr.) (c 0-2 in ethanol) (Found: C, 65-6; H, 8-0. 
C, 9H,,0,N requires C, 65-4; H, 7-8%). 

(b) Aniline. A solution of di-O-isopropylidene-p-mannose (10 g.) in ethanol (100 ml.) 
containing aniline (11 ml.) was boiled under reflux for 16 hr., then concentrated to about 30 ml. 
After storage at 0°, a colourless solid (7 g.), m. p. 117—119°, was deposited, and a further crop 
(3-4 g., total yield 73%) on concentration of the mother-liquor. Recrystallisation from light 
petroleum-ethanol gave needles of 2,3:5,6-di-O-isopropylidene-N-phenyl-p-mannosylamine, 
m. p. 121—122°, [a],,2° — 149° (c 1-12) (Found: C, 64-4; H, 7-5. Calc. for C,,H,,0O,N: C, 64-4; 
H, 76%). Irvine and Skinner * reported m. p. 114°; a sample prepared by their method had 
m. p. 119—121°. 

(c) p-Bromoaniline. Reaction of p-bromoaniline (1-66 g.) with di-O-isopropylidene-p- 
mannose (1 g.) in ethanol (10 ml.) as in (a) gave, after recrystallisation from light petroleum, 
N-p-bromophenyl-2,3:5,6-di-O-isopropylidene-D-mannosylamine (44%), m. p. 135—136°, [a],™ 
— 129° (c 0-5) (Found: C, 52-1; H, 5-8. C,,H,,O,NBr requires C, 52-2; H, 5-8%). 

(d) p-Nitroaniline. A solution of di-O-isopropylidene-p-mannose (0-25 g.) and p-nitro- 
aniline (0-25 g.) in ethanol (20 ml.) was boiled under reflux for 24 hr. The optical rotation of 
the solution did not change during this time. 

Reaction of Acetone with N-Aryl-p-mannosylamines.—(a) N-p-Nitrophenyl-p-mannosylamine, 
The p-mannosylamine (5 g.) was suspended in acetone (20 ml.), and anhydrous zinc chloride 
(2-4 g.) and phosphoric acid (0-15 g.) were quickly added. After the mixture had been stirred 
at room temperature for 24 hr., undissolved starting compound (1-68 g.) was collected and 
washed with acetone. After the filtrate and washings had been neutralised with aqueous 
sodium hydroxide, the mixture was again filtered, then was concentrated and extracted three 
times with chloroform; after 5 days at 0° the concentrated extracts deposited pale yellow 
needles (17%), m. p. 178—180°. Two recrystallisations from cyclohexane gave 2,3:5,6-di- 
O-isopropylidene-N-p-nitrophenyl-D-mannosylamine, m. p. 182—183°, [a], —212° (c 0-6), 
{ai),,2® —188° (c 0-44 in pyridine) (Found: C, 56-8; H, 6-1. C,,H,,O,N, requires C, 56-8; H, 
64%). 

When N-p-nitrophenyl-p-mannosylamine (1 g.) was shaken for 5 min. with acetone (20 ml.) 
containing sulphuric acid (0-8 ml.), the solution darkened considerably. Undissolved starting 
compound (0-04 g.) was removed and the solution neutralised with aqueous ammonia. After 
filtration, the solution was concentrated to a brown gum, which when crystallised twice from 
ethanol gave 2,3:5,6-di-O-isopropylidene-N-p-nitrophenyl-p-mannosylamine (60 mg.), m. p. 
180—182°. 

N-p-Nitrophenyl-p-mannosylamine (1 g.) and phosphoric anhydride (5 g.) in acetone 
(100 ml.) were shaken together for 10 min. at room temperature; this was followed by addition 
of saturated aqueous sodium carbonate, filtration, concentration, and extraction with chloro- 
form; evaporation of the extracts and crystallisation of the residue from cyclohexane gave 
2,3:5,6-di-O-isopropylidene-N-p-nitrophenyl-D-mannosylamine (40 mg.). 

(b) N-p-Tolyl-p-mannosylamine. Anhydrous zinc chloride (2-68 g.) and phosphoric acid 
(0-17 g.) were quickly added to a suspension of the p-mannosylamine (5 g.) in acetone (50 ml.). 
After the mixture had been stirred at room temperature for 3-5 hr. undissolved starting com- 
pound (3-9 g.) was removed, and the filtrate neutralised with sodium hydroxide solution. The 
chloroform extracts of the concentrated filtrate were evaporated to a red gum which was dis- 
solved in chloroform-cyclohexane. Tan crystals and a dark viscous syrup were obtained by 
slow evaporation of the solvents at room temperature. The crystals were collected, washed, 
and recrystallised from light petroleum as white needles (8%), m. p. 139—141°. A further 
recrystallisation gave 2,3:5,6-di-O-isopropylidene-N-p-tolyl-p-mannosylamine, m. p. 141—142°, 
(ai],,** —135° (c 0-2). 

With longer reaction times a gum was isolated that did not crystallise. 

(c) N-Phenyl-p nosylamine. A suspension of the p-mannosylamine (2-5 g.) in acetone 
(25 ml.) containing anhydrous zinc chloride (1-33 g.) and phosphoric acid (0-085 g.) was stirred 
at room temperature for 2-5 hr. After removal of unused starting compound (2-11 g.), the 
mixture was neutralised with saturated aqueous sodium carbonate solution, then treated as in 























iled 
ions 
ine 


8-0. 
ml.) 


-rop 
ight 
ine, 
4-4; 
had 


e-D- 
um, 
a],* 


itro- 
ym of 


nine, 
oride 


and 
eous 
three 
ellow 
6-di- 
0-6), 
; H, 


) ml.) 
rting 
After 
from 
n. p. 


etone 
lition 
hloro- 

gave 


; acid 
) ml.). 
com- 

The 
is dis- 
ed by 
ashed, 
urther 
-142°, 


cetone 


.), the 








[1960] 


the previous experiment to yield a red gum which was chromatographed on alumina in benzene— 
chloroform. Elution with benzene-chloroform (10:1) gave N-phenyl-2,3:5,6-di-O-isopropyl- 
idene-D-mannosylamine (5%), m. p. 120—122°. Elution with chloroform yielded 2,3:5,6-di- 
0-isopropylidene-p-mannose (30%), m. p. 122—123°. 

Exposure of N-Phenyldi-O-isopropylidene-p-mannosylamine to the Above Reaction Conditions. 
—The pD-mannosylamine derivative (2 g.) and phosphoric acid (0-017 g.) were added to a filtered 
solution of anhydrous zinc chloride (2-66 g.) in acetone (50 ml.). After being shaken for 
2-75 hr. the solution was neutralised with saturated aqueous sodium carbonate solution, and the 
mixture treated as above. Chromatography yielded unchanged starting compound (2%) 
and di-O-isopropylidene-p-mannose (60%). 

Interchange between Di-O-isopropylidene-N-p-tolyl-p-mannosylamine and p-Nitroaniline.—A 
solution of the p-mannosylamine (2 g.) in methanol (20 ml.) and water (4 ml.) was mixed with a 
solution of p-nitroaniline (1 g.) in methanol (1 ml.) containing 0-5% of concentrated aqueous 
hydrochloric acid. After the mixture had been boiled under reflux for 7 min. and left at room 
temperature for 2 days the resulting crystals (45%), m. p. 139—141°, were collected and 
recrystallised from light petroleum as unchanged di-O-isopropylidene-N-p-tolyl-p-mannosyl- 
amine, m, p. 141—143°. On further storage at 0°, the mother-liquor yielded a crop of pale 
yellow crystals, m. p. 130—137°. After three recrystallisations from light petroleum these 
gave N-p-nitrophenyl-2,3:5,6-di-O-isopropylidene-p-mannosylamine (10%), m. p. 178—179°. 

N-p-Nitrophenylaldosylamines and Their Acetates—The following general method was 
developed for the preparation of N-p-nitrophenylaldosylamines acetates of mono- and di- 
saccharides: the sugar (1 g. of monosaccharides, 2 g. of disaccharides) and p-nitroaniline (1 g.) 
in methanol—water (2-25 ml.; 8: 1) were boiled under reflux with glacial acetic acid (1 ml.). If 
complete dissolution occurred the solution was boiled for a further 3 min.; if dissolution did not 
occur a total heating time of 8 min. was used. After the reaction mixture had been stored at 0°, 
the yellow product was collected, washed with ethanol and ether, dried, and acetylated without 
further purification. If no product separated on cooling, it was precipitated by the addition 
of ether. 

The aldosylamine (1 g.) from above was dissolved or suspended in pyridine—acetic anhydride 
(10 ml.; 1:1), and the mixture was kept at 0° overnight. Pouring into ice-water gave the 
acetate as a pale yellow solid, which was recrystallised from ethanol. For disaccharides the 
quantity of acetylating mixture was doubled. 

The results are summarised in the Table: further necessary details are as follows. 
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Preparation of N-p-nitrophenylaldosylamine acetates. 








Aldosylamine Aldosylamine acetate 
= ay = —— eo ~ ~ 
Sugar Mode of formation Yield (% [«]p M. p. Yield (%) 
p-Glucose Separates on cooling 90 —101° 182—183° 50 
p-Mannose Incomplete solution 96 —153 210—211 40 
D-Galactose Incomplete solution 60 —72-3 98 82 
D-Xylose Separates at 0° 65—90 —39-6 212—213 82 
L-Arabinose Separates in later stages of refluxing 80 +51 177—178 60 
Maltose Very sol.; pptd. with ether 65 +145 226 70 
D-Ribose Separates at 0° 49 


N-p-Nitrophenyl-p-galactosylamine 2,3,4,6-tetra-acetate. This compound had m. p. 95— 
105°, after recrystallisation from ethanol. The crude tetra-acetate, after being dissolved in 
boiling carbon tetrachloride, deposited a white pasty solid, the 8-anomer-carbon tetrachloride 
complex. This was collected, and after being washed with light petroleum and dried was a 
pale yellow solid. Two recrystallisations of this from methanol gave the product, m. p. 98°, 
fa),'* —72-3° (c 1-0). Frérejacque ? reported [a],, —73°, but no m. p. 

N-p-Nitrophenyl-p-xylosylamine 2,3,4-triacetate. N-p-Nitrophenyl-p-xylosylamine was more 
soluble in ethanol than the other aldose derivatives and loss occurred during washing. Examin- 
ation of Douglas and Honeyman’s sample of the triacetate showed it to have [a],, —39°, in agree- 
ment with the present work and not — 11-5° as reported.**® 

N-p-Nitrophenyl-p-ribosylamine 2,3,4-triacetate. This was isolated only as a syrup. 

N-p-Nitrophenylmaltosylamine hepta-acetate. Two recrystallisations from ethanol followed 
by two from methanol gave white needles of N-p-nitrophenylmaltosylamine hepta-acetate, m. p. 
0 Frérejacque, Compt. rend., 1938, 207, 638. 
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226°, [aj,%* +14-5° (c 0-79) (Found: C, 50-9; H, 5-1; N, 3:7. C,,H,O,,N, requires C, 50-8; 
H, 5-3; N, 3-7%). 

N-p-Bromophenyl-p-m ylamine.—A solution of D-mannose (1 g.) in methanolic hydro- 
chloric acid (2 ml.; as above) was boiled under reflux with p-bromoaniline (1-25 g.). On cool- 
ing and storage at 0°, the deep red solution deposited a white solid, which on recrystallisation 








from ethanol gave N-p-bromophenyl-D-mannosylamine, m. p. 178—179° (decomp.), [a],7* — 169° 
(c 1-15 in pyridine), constant for 8 hr. (Found: C, 43-3; H, 4-6. C,,H,,O;NBr requires C, 43-1; 
H, 48%). 


Four recrystallisations, from light petroleum-ethanol (2:1), of the crude product from 
acetylation of the p-mannosylamine gave N-p-bromophenyl-p-mannosylamine 2,3,4,6-tetra- 
acetate (50%), m. p. 154-5—155-5°, [a],,2° —91-9° (c 0-5) (Found: C, 47-8; H, 5-0. C,9H,,O,NBr 
requires C, 47-8; H, 4-8%). 

N-p-Bromophenyl-p-galactosylamine.—This was prepared by the general method outlined 
for N-p-nitrophenylaldosylamines, to give N-p-bromophenyl-p-galactosylamine (72%), m. p. 
176-5—177-5° (decomp.). 

Recrystallisation, from ethanol, of the product from acetylation of the p-galactosylamine 
gave N-p-bromophenyl-p-galactosylamine 2,3,4,6-tetra-acetate (48%), m. p. 160—161-5°, [a),¥* 
— 28-4° (c 0-98) (Found: C, 47-6; H, 4-9. C,9H,,O,NBr requires C, 47-8; H, 4-8%). 

The authors thank the Chemical Society Research Fund for a grant. 
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323. The Reactions of Alkyl Radicals. Part III n-Butyl 
Radicals from the Photolysis of n-Valeraldehyde. 


By J. A. Kerr and A. F. TRormMaANn-DICKENSON. 





The photo-initiated chain decomposition of n-valeraldehyde, alone and 
when mixed with ethylene or n-butyraldehyde, has been studied. A mechan- 
ism that accounts for the rates of formation of most of the principal products 
has been constructed. On the assumption that the rate constant for the 
combination of n-butyl radicals is given by log k = 14, the following 
Arrhenius parameters of the principal rate-determining reactions have been 















found: 
log A E 
2C,H, —» C,H, + C,H, 14-6 1-3 
C,H, + C,H,-CHO —» C,H,, + C,H,°CO 10-9 5-4 
C,H, —» C,H, + C,H, 11-2 22-0 
C,H, —» CH, + C,H, 12-1 27-1 
C,H, + C,H, —» C,H,, 11-1 73 





where & and A are in units of mole cm.* sec.“ or sec.“1, and E is in kcal. 
mole. The rate constant for the combination of n-butyl and n-propyl 
radicals is twice the geometric mean of the constants for the auto- 
combinations. 












Tue first two papers in this series! described the reactions of n-propyl and isopropy] 
radicals produced in the photo-initiated chain decompositions of n-butyraldehyde and 
isobutyraldehyde. This paper deals with a parallel study of n-butyl radicals from n- 
valeraldehyde. The photolysis of this aldehyde has not previously been studied in detail. 
Furthermore, little was known about the reactions of n-butyl radicals because no suitable 
sources had been found. Calvert has studied the disproportionation reactions of the other 
butyl radicals and the photolysis of «-methylbutyraldehyde.® 


1 Parts I and II, Kerr and Trotman-Dickenson, Trans. Faraday Soc., 1959, 55, 572, 921. 
* Kraus and Calvert, J. Amer. Chem. Soc., 1957, '79, 5921. 
3 Gruver and Calvert, J. Amer. Chem. Soc., 1956, 78, 5208; 1958, 80, 3524. 




















0-8; 


dro- 
0ol- 
tion 
169° 
3-1; 
from 
etva- 


NBr 


lined 
n. p. 


mine 
{cx = 


59.] 


ypropy] 
de and 


rom n- 
| detail. 
suitable 
1e other 








[1960] The Reactions of Alkyl Radicals. Part III. 1603 


EXPERIMENTAL 

The apparatus and procedure were substantially the same as those previously employed. 
The chromatographic column A (150 cm.) was packed with powdered firebrick (25—52 mesh)-— 
10% of dimethyl phthalate; it was used to separate all the hydrocarbon products. Column B 
(150 cm.) was packed with activated alumina (30-52 mesh) impregnated with 1% of squalane. 
The flow rate of the carrier gas (hydrogen) was 25 cm. min."}. 

Photolysis was by light from a 125 w medium-pressure mercury arc. The amounts of 
n-octane produced were always small and any considerable reduction in these quantities 
resulted in reduction in the accuracy with which they could be estimated. Accordingly, the 
iamp was placed as close as possible (about 20 cm.) to the front face of the reaction cell. No 
filter was used, so the radicals initially formed may have carried over variable amounts of 
energy from the primary act. At the higher temperatures, most of the radicals were formed by 
the decomposition of the valeryl radicals so that the primary act was unimportant. No workers 
have reported that the behaviour of alkyl radicals formed in the photolysis of ketones above 
100° depends upon the wavelength of the light. It is therefore unlikely that the present results 
would be altered by the presence of a filter. 

The commercial n-valeraldehyde was shown to be pure by gas chromatography and by the 
nature of the products formed on photolysis. The range of pressures of the aldehyde that could 
be studied was limited by its low volatility. At low temperatures the aldehyde was admitted 
to the reaction vessel some time before the light-shutter was removed. At high temperatures 
the addition was very rapid and light was admitted almost simultaneously. This precaution 
kept the amount of thermal decomposition very low. 


RESULTS AND DISCUSSION 

Twenty-two runs were carried out between 61° and 416°c. The products were 
analysed for carbon monoxide, hydrogen, methane, ethane, ethylene, propane, propylene, 
n-butane, but-l-ene, and n-octane. The results are given in Table 1, and show that all 
the reactions listed below occur. Deductions can be made about the rate constants of the 
reactions distinguished by a simple number. Other reactions certainly occur, as will 
be indicated in the discussion, but little or nothing can be said about their rate constants. 
All reaction systems involving large radicals and molecules are complicated; this photolysis 
is no exception. Additional experiments with isotopic tracers and in the presence of 
substances such as nitric oxide and iodine are needed to elucidate fully the reaction scheme. 
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The Photolytic Act (Reaction).—This would be most convenient as a source of n-butyl 
radicals if all the molecules, photolysed yielded a butyl radical. At 60° the yields of 
but-l-ene, n-butane, and n-octane indicate that about one-third of the molecules that 
produce carbon monoxide on photolysis yield a butyl radical; photolysis also yields methyl 
and ethyl radicals, ethylene, and rather large amounts of propene (up to 80% of 
the amount of carbon monoxide). The amount of propene is high by comparison with the 
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TABLE 1. The photolysis of n-valeraldehyde. 


No. (k) (sec.) [Ald] CO CH, C,H, C,H, C,H, C,H, C,H, C,H, C,H, 
1 334° 12,600 1:06 13-0 0-780a 0-709 0-399 1205 0-821 0-421 2-90 0-740 
2 354 10,800 1-12 126 03992 0-941 0-476 10:5 0-859 0-314 3-19 0-524 
3 371 10,800 1-10 132 1:31 O-811 0-418 10-5 0-655 0-340 3-98 0-439 
4 376 10,800 0-830 125 0-554a 0-649 0-319 af. 0-838 0-456 af. 0-665 
5 384 10,800 0-851 13:0 0-802 0-481 0-356 948 0-591 0-371 3-99 0-501 
6 401 9000 102 191 03362 0-930 0-735 109 110 0270 590 af. 

7 406 7800 0-941 127 1:01 0-362 0-188 5-79 0-326 af. 348 0-188 
8 421 7200 0-822 15-4 0-294a 0549 0-392 9-00 0-675 0-581 6-55 0-660 

9 443 7200 0-855 22-3 0-981 0-565 0-541 7-65 0-887 0-318 9-06 0-353 
10 449 7200 0-729 20-6 0-704a 0-408 0-353 7-29 0-667 0-212 7:85 af. 
1l 477 6000 0660 21-0 0-485a 0-848 1:25 490 1-69 0-254 839 0-245 
12 502 5400 0-716 361 1:14 230 260 816 1:88 0-429 20-3 0-392 
13 626 4680 0518 356 079 564 541 7:36 1-51 u-—s«-124_~—s«0-800(X) 
14 544 2400 0676 494 1:20 990 100 660 358  u 169 0-237(X) 
15 571 1800 0-654 603 261 246 256 880 452 u 166 0-154(X) 
16 578 1320 0-705 80:0 411 407 41:0 100 616 ui 20-4 0-175(X) 
17 595 1020 0-635 130 af. 644 656 166 665  u 269 0-298(X) 
18 609 720 0-636 137 851 af. af. 146 674 +%\u 168 0-092(X) 
19 629 600 0-601 208 15:1 103 103 44 772 ui 17-0 0-080(X) 
20 645 480 0-620 216 20-2 af. af. 294 588  u 17-7  0-065(X) 
21 664 360 0-650 254 338 170 172 44-0 10-0 us: 181 ~—-0-049(X) 
22 689 240 0-575 447 57:7 373 af. 643 472 u 183 0-046(X) 

No. Ay/ky  (CgHyp-CyH,) &,/k,t CH, * hy/h,t CJHy* &y’/kyt CH, * &,/k,t CH,y* hy'/hyt 
1 0-569 2-48 272 «CT ut a =e k — oe 
2 0-600 2-88 3-55 - . 

3 0-775 3-64 5-00 
4 0-686 ae — . é ; 
5 0-741 3-62 601 = - rae in , " ? wi 
6 — one om ‘ a = ' 
ieee. 3-33 10-0 
8 0-881 5-97 8-94 Sash al - 

9 0-902 8-74 17-2 : - - _ 1s > 
So ov - _ a ; 

ll 1-04 8-14 24-9 0-378 0-764 O91 1-84 - —_ 
12 1-09 19-9 44-4 179 286 226 361 c 
——- a ie 5-27 963 516 942 re 
14 9-42 19-3 9-68 198 - , 
wel %1 614 23 644 +193 491 1-73 4-40 
16 404 964 407 97-1 260 621 315 7:52 
17 63-9 117 65-2 119 995 182 — — 
18 =~ - am — 793 261 765 25-2 
19 102-6 363 102-7 363 181 640 143 506 
20 — — — — 229 899 194 76-2 
21 171-5 773 1697 765 37:2 168 329 148 
22 am : 3728 1740 583 272 569 266 


Rates of formation of products are given as 10-!* mole cm.~ sec.“. 

fara} is the mean concentration of aldehyde, in 10-* mole cm.~*. 

k,/k,* is in mole om.} sec.-4; &,/k,t and k,/k,* are in 10° molet cm.-? sec.-}. 

* indicates rate of formation of product corrected for the primary photolytic act. 
(X) indicates a calculated value. a.f. = analytical failure. 

u = not detectable on the chromatogram. 

a = unreliable methane analysis, owing to over-oxidation. 


yield of ethylene from the analogous type 2 decomposition of n-butyraldehyde* and 
a-methyl butyraldehyde. On the other hand, considerable quantities of propene are 
formed in the photolysis of isovaleraldehyde.5 

The Combination of n-Butyl Radicals (Reaction 1).—This is the source of n-octane, 
formed according to the rate (R) equation, Ro,x,, = &, [C,H,]*. 

Experimental investigations of the rate constant of the combination of butyl radicals 
have not been reported; accordingly a conventional rate constant, log k, (mole cm.® 
sec.“!) = 14, has been assumed for the purposes of presenting the results. 


* Blacet and Calvert, J. Amer. Chem. Soc., 1951, 78, 661. 
5 Bamford and Norrish, J., 1935, 1504. 
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The Disproportionation of n-Butyl Radicals (Reaction 2).—Nine runs that provide direct 
information on k, were carried out between 61° and 229°, with mean aldehyde con- 
centrations between 0-66 and 1-12 umole cm.*. The number of radicals disproportionating 
was taken as being twice the quantity of butene found at the end of the run. Hence 


Arrhenius plots for the reactions of n-butyl: 2, disproportionation, k/k,; 7, cross-combination, k,/ ids 
(the scales at the top right hand corner refer to these plots); 3, hydrogen enemertion, k/k,* (mole 
sect); 4, decomposition to ethyl and ethylene, 10*k,/k,t (mole cm.-? sec. -t), open circles, results Rea 
on ethane, Fyrom results based on ethylene; 5, decomposition to methyl and propene, 10*%k,/k,+ (mole* 
cm.-t sec.-4), open circles, results based on methane, crosses, results based on propene; 6, addition to 
ethylene, Rely (mole-t cm.” sect). The crosses drawn for curves 4 and 5 have all been displaced 0-2 
unit downwards. The lower curves 4 and 5 weve obtained by displacing the upper lines 0-2 unit 
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k,/k, = Rox,/Ro,n,,- Values of log (k,/R,) are plotted against the reciprocal temperature 
in Fig. 1. As (E, — E,) = 1:3 kcal. mole and A, = 4A,, 


log k, (mole cm.’ sec.) = 14-6 — (1300/2-303RT) 


This result differs considerably from the value of 0-5 for k,/k, derived from 
studies of the photolysis of di-n-butylmercury at 320°. No complete kinetic 
analysis of that system was made, so it is difficult to know how much reliance should 
be placed on the results. Furthermore, there is evidence that radicals formed by the 
photolysis of mercury alkyls are abnormally susceptible to disproportionation unless 
they are deactivated by numerous collisions with inert molecules.? A more weighty 
reason for doubting our findings is the magnitude of the temperature coefficient. At 
least six pairs of combination—disproportionations of alkyl radicals in the gas phase have 
now been reliably studied without any measurable temperature coefficient being found. 
Despite this fact we believe the temperature coefficient to be real. The general method 
employed here gave results that were in excellent agreement with those obtained by 
photolysis of ketones for ethyl, n-propyl, and isopropyl radicals. Furthermore, it is 


® Moore and Wall, J. Chem. Phys., 1949, 17, 1325. 

? Bradley, Melville, and Robb, Proc. Roy. Soc., 1956, A, 236, 318. 

8 This work, Parts I and II, and unpublished work with propionaldehyde. 
3G 
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difficult to see how n-octane could be formed except by the combination of radicals. 
Butene might have been produced in the primary photolytic act as well as by disproportion- 
ation, but if it was, then a negative temperature coefficient would have been expected 
for k,/k,. If butene were formed in the decomposition of an aldehydic radical produced 
by hydrogen abstraction, a markedly curved Arrhenius plot would be expected. 

The value of k,/k, at 100°, 0-70, is significantly lower than the value of 0-9 predicted 
by Kraus and Calvert ? on the basis of the number of hydrogen atoms available for attack 
in the disproportionation of the butenes. : 

The Abstraction of a Hydrogen Atom from n-Valeraldehyde (Reaction 3).—The rate of 
attack of a n-butyl radical on the aldehydic hydrogen in n-valeraldehyde has been 
computed on the assumption that all the butane that is not formed in disproportionation 
comes from this attack. Hence we can write: 


ks/ kt — (Rox, ae Rox,)/ Rox,,* [(C,H,-CHO] 





In this expression [C,H,*CHO] refers to the mean concentration of the aldehyde. The 
Arrhenius plot shown in the Figure for results obtained between 61° and 229° and with 
0-66 to 1-12 umole cm.~* of aldehyde yields: 


log k, (mole cm.’ sec.) = 10-9 —(5400/2-303RT) 


By this method k, is clearly overestimated because some butane must be 
formed by attack on the alkyl group in the aldehyde; the error introduced is probably 
small. It is unfortunate that attack on the alkyl group does not yield a distinctive 
product by which the rate of attack could be directly estimated. Results with 
n-butyraldehyde indicate that allowance for this secondary source of butane would only 
reduce log A, by 0-05. The effect on E, must be negligible. The simplification tends to 
favour an erroneously high value of E;. The apparently low value of E, can be ascribed 
either to the high reactivity of n-butyl or to E, being greater than zero. It may be noted 
that if the rate constant for the combination of two s-butyl radicals is 10“ mole cm.3 sec.*}, 
the rate constant for the attack of s-butyl on a-methylbutyraldehyde is given by ® 


log k =10-5 — (4900/2-303R7) 


The scatter of the experimental points was considerable, and the low activation energy 
depends largely on the weight given to one point. 

The Decomposition of n-Butyl to Ethylene (Reaction 4).—The decomposition of n-butyl 
radicals to ethyl radicals and ethylene can be followed by determining either the ethylene 
or the ethane formed; both methods have been employed. We can therefore write: 


k,/ k,t 7” Rox,/ Rox,,* oo Ro,x,/ Rox,,* 


The corrections that had to be applied for the amounts of ethane and ethylene formed at 
low temperature were very small and made little difference to the final result. At most 
temperatures the amount of n-octane formed was so low that it could not be measured, it 
was estimated from the rate of formation of butane. Ten successful runs were carried out 
between 204° and 416° in which the mean aldehyde concentration was kept constant at 
about 0-63 umole cm.*. Arrhenius plots for the rate constants obtained from both sets 
of measurements are shown in the Figure. The remarkably good agreement has been 
shown by displacing the points derived from the measurements of ethylene by 0-2 log units. 
The line drawn through the ethane points has been similarly displaced. Therefore, 
log ky (sec.t) = 11-2 — (22,000/2-303R7). 

The Decomposition of n-Butyl to Propene (Reaction 5).—The decomposition of n-butyl 
radicals to methyl radicals and propene can be similarly followed by determining 
either the methane or the propene formed, and hence equations written for k;. The 
corrections that had to be applied to the figures for the rate of formation of 
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propene, to allow for the formation of the propene that was presumed to originate in an 
initial photolytic decomposition, were considerable at the lower temperatures. It is all 
the more gratifying that the figures for methane and propene balance so well. This is 
shown in the Arrhenius plot in the Figure which shows the results from eight runs, all of 
which were used in the estimation of k;. We find that 


log k,; (sec.1) = 12-1 — (27,100/2-303R7T) 


The comparatively large rate constant for reaction 5 is surprising because it was 
previously supposed that n-butyl did not yield methy] radicals and propene. The work of 
Frey and Hepp® on the pyrolysis of di-n-butylmercury seemed fairly conclusive. No 
satisfactory explanation can be given for the absence of propene from their products. 
McNesby, Drew, and Gordon found that the propene occurring among the products of 
the decomposition of butyl radicals formed by the reaction of methyl radicals with 2,2,3,3- 
tetradeuterobutane always contained three deuterium atoms. They supposed that this 
could only come from the decomposition of CH,-CD-CD,-CH, and that CH,°CD,°CD,°CH, 
could only yield CH,°CD°*CD, and CH, by the transfer of a deuterium atom between 
adjacent carbon atoms. It is, however, possible that a four-centre activated complex 
(involving carbon atoms 1 and 3) may be involved in the transfer of the deuterium atom, 
which would yield CH,D and CD,°CD-CH;. McNesby and Gordon wrote when no certain 
example of alkyl radical isomerisation was known. Since then it has been shown }™ 
that the isopropyl radical will decompose to a methyl radical and ethylene. 

Bywater and Steacie ! studied the mercury-photosensitised decomposition of n-butane 
at high temperatures. The rate constants, A factors, and activation energies that can be 
deduced 1% from their work agree well with those reported here. It is, however, likely that 
they were dealing largely with s-butyl radicals. 

At high temperatures propane was formed in amounts corresponding to about 5% of 
the carbon monoxide. Some may have been the product of the combination of methyl 
and ethyl radicals but it seems unlikely that it can all be attributed to this reaction. The 
mechanism of high-temperature reaction is uncertain to this extent. 

The Addition of n-Butyl to Ethylene (Reaction 6).—When ethylene is added to the 
n-valeraldehyde, reaction (6) takes place: 


C,H, oe C,H, => CeHys . . . . . . . . (6) 
C.H,s + C,HyCHO = C,H, +C,HyCO . . . . . (6a) 


which accounts for about 80% of the hexyl radicals when the concentration of the ethylene 
is 3-6 umole cm.* and that of the aldehyde is 1-2 umole cm.*. Some 10% of the hexyl 
radicals add a further ethylene, forming octyl radicals which eventually form n-octane. 
Because of these reactions the concentration of n-butyl radicals must be deduced from the 
butane formed. The rate of formation of n-octane is then deduced from the rate 
constants that have previously been determined. Hence we can write 


k,/k,* = R(hexyl products)/Ro,x,,[C,H,] 
The Arrhenius plot for this rate-constant ratio is shown in the Figure from which 
log k, (mole cm. sec.) = 11-1 — (7300/2-303R7). 

The Combination of n-Butyl and n-Propyl (Reaction 7).—When a mixture of n-butyr- 
aldehyde (0-6 to 1-0 umole cm.) and n-valeraldehyde (0-7 to 1:2 ywmole cm.) was 

® Frey and Hepp, J. Amer. Chem. Soc., 1933, 55, 3357. 

10 McNesby, Drew, and Gordon, J. Chem. Phys., 1956, 24, 1260. 

"™ Heller and Gordon, J. Phys. Chem., 1958, 62, 709. 


12 Bywater and Steacie, J. Chem. Phys., 1951, 19, 172. 
‘8 Trotman-Dickenson, ‘‘ Gas Kinetics,”” Butterworths, London, 1955, p. 303. 
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photolysed, n-hexane, n-heptane, and n-octane were formed, presumably by reactions 
(1), (7), and (8): 


Cilla sicint selturnid darciines cen 
Std Om N.-' p sr gety eprsging og ray 
Hence ha] (kyRg)* = Ro,u,,/(Ro,x,Ro,n,,)* 


The results plotted in the Figure show that, between 45° and 184°, ,/(k,k,)* = 2-0 + 0-2, 
and is independent of temperature. This finding, taken together with the information on 
other cross-combinations,™ is good evidence that none of the combinations has an activ- 
ation energy. In a single run with isobutyraldehyde a ratio of 2-16 was found for 
n-butyl and isopropyl radicals. 

The Energetics of the Radical Decompositions.—The following equations govern the 
energetics of the decomposition of n-butyl radicals to ethyl and ethylene: 


D(C,H,-CH,CH,-) = AH; (CyH,) + AH, (CH) — 4H? (n-C,H,) 
=E,—E., 
But AH; (n-C,H,) = AH; (CyHy) + D(CyH,-H) — 4H;/°(H) 
Therefore, E, — E_, = AH/°(C,Hs) + 4H,/°(C,H,) — AH;°(C,Hy9) — D(C,H,-H) + AH,°(H) 
Substituting values, we have % 
22 — E_, = 25-2 + 12:5 + 30-2 — D(C,H,-H) + 52 
Therefore, D(C,H,-H) = E_, + 98 


E_, is about 8 kcal. mole if the combination of ethyl radicals has no activation energy." 
This value is in good agreement with that which can be deduced from information on the 
addition of ethyl radicals to other olefins.” Hence D(C,H,-H) ~ 106 kcal. mole. This 
value seems improbably high. The most likely cause of the discrepancy is the 
underestimation of E,. The low value of A, lends support to this supposition. The 
value of k, obtained at about 300° is probably reliable. 

It is not known if the overall decomposition (reaction 5) of n-butyl radicals into methyl 
radicals and propene occurs in one step in which the isomerisation and decomposition are 
simultaneous. Isomerisation may occur first and it may be the rate of this process that 
is measured. The isomerisation is exothermic and yields a s-butyl radical containing 
energy considerably in excess of the critical energy for decomposition. Unless it is 
deactivated by collision it will necessarily decompose. At the comparatively low pressures 
of our experiments few of the radicals are likely to be deactivated. An indication that 
isomerisation occurs first with a high activation energy can be seen in the work of Brinton 8 
on the addition of methyl to ethylene. If decomposition and isomerisation of large 
radicals were simultaneous processes, the addition of small radicals to olefins and the 
isomerisation of the resultant large radical would also be simultaneous. Hence the 
addition of methyl radicals to ethylene could yield isopropyl as well as n-propyl radicals. 
Brinton found n-butane (from n-propyl plus methyl) in his products but no isobutane. 
There is therefore no evidence for isomerisation in this case. 

Only if decomposition and isomerisation are simultaneous can the energetics of the 
processes be calculated. A treatment similar to that given above for equation (4) yields 
D(C,H,-H) = E_, + 92:5, or a value for the C-H bond of about 100 kcal. mole which is 
reasonable, but for the reasons outlined above, little significance should be attached to 
this value. 

THE UNIVERSITY, EDINBURGH. (Received, March 19th, 1959.] 


14 Kerr and Trotman-Dickenson, Chem. and Ind., 1959, 125. 
18 Ref. 13, p. 15. 

16 Kerr and Trotman-Dickenson, unpublished results. 

17 James and Steacie, Proc. Roy. Soc., 1958, A, 244, 297. 

18 Brinton, J. Chem. Phys., 1958, 29, 781. 
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324. The Reactions of Alkyl Radicals. Part IV.* The Reaction 
of Methyl Radicals with Isopropyl and t-Butyl Radicals.* 


By J. A. Kerr and A. F. TRoTMAN-DICKENSON. 


The rates of formation of ethane, propene, and isobutane, and ethane, 
isobutene, and neopentane, in the photolysis of mixtures of acetone with 
isopropyl methyl] ketone and pinacolone, respectively, have been determined. 
The ratio of the rate constant for the cross-disproportionation of methyl 
and isopropyl radicals to that for combination is 0-22; the similar ratio for 
t-butyl is 0-70. The significance of these findings is discussed. 


THE autodisproportionation of ethyl, propyl, and butyl radicals has been extensively 
studied.1_ The results are usually expressed in terms of the ratio of the rate constant for 
disproportionation (ka) to that for combination (k,); ka/k, (referred to herein as A) is 
usually known as the disproportionation ratio. Although the effect of the internal energy 
of the radicals on the ratio A is not understood, there is good agreement between different 
groups of workers on the magnitude of the ratio for radicals in thermal equilibrium with 
their environment. The agreement is particularly satisfactory between results obtained 
by the photolysis of ketones and of aldehydes. Little is, however, known about A for 
unlike radicals and some of the values that have been reported appear doubtful. 
Only A(Me,Et) which refers to the two reactions CH, + C,H; [= CH, + C,H, and 
CH, + C,H, “> C,H, has been reliably measured. The best value? is 0-06. We have 
now measured A(Me,Pr') and A(Me,Bu‘'). 

The radicals were produced by the photolysis of a mixture of acetone and either 
isopropyl methyl ketone or pinacolone. 

A(Me,Pr') was then found in the following way: 

The rate of combination of methyl radicals is given by 


pe ll! Ee ae 
where Roy, is the rate of formation of ethane. Furthermore, 

Rox, = ’_[CsH,]* UT? aay yah aly 
and Rox, = ’s[CH)[C,H,] a om ae oe, oe 
Propene is formed both by autodisproportionation (4) and cross-disproportionation (5). 

Se Oe Cee ieee 
and CH, + C,H, “> C,H, + CH, Biel me Horede ge 
Hence Ron, = R4[C3H_]* + &,[CH,][(C,H,] 


It was not convenient to measure the rate of formation of hexane, which was found by the 
following method. It can be seen that h,/(k,k,)* = Rogz,,/(Rou,Ron,,)*. Now this 
ratio can be taken as 2 because all the most reliable determinations of the rates of cross- 
combination of radicals approximate closely to this value; for instance, 1-9%, 2-0? 
(Me + Et); 1-94Et + Pr); 2-055, 2°%Et-+ Pri); 2-07(Pr + Bu"). Hence Rox, = 
R*on,,/4Ron, [C3H,]*, which is equal to kyRox,,/ky, is found from the known 5§ 


Part III, preceding paper. 


* 
1 For a review see Trotman-Dickenson, Ann. Reports, 1959, 55, 36. 
® Heller, J. Chem. Phys., 1958, 28, 1255. 
? Ausloos and Steacie, Canad. ‘J. Chem., 1955, 38, 1062. 
* Kerr and Trotman-Dickenson, Trans. Faraday Soc., 1959, 55, 572. 
5 Idem, ibid., p. 921. 

* Wijnen, Canad. J. Chem., 1958, 36, 691. 

? Kerr and Trotman-Dickenson, or 1959, ayn if Paper. 

® Heller and Gordon, J. Phys. Cihem., 1956, 60, 1 
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value (0-64) of ky/k,. &;[CH;][C,H,] is then found by subtraction, and the required ratio 
from the formula A(Me,Pr') = k,/ks = (Ron, — 0°64Roxu,,)/Rou,,- The results so 
obtained are shown in Table 1; those obtained for the cross-disproportionation of methyl 
and t-butyl by similar methods are shown in Table 2. [A(Bu‘,Bu') was taken ® as 4-59,] 


TABLE 1. The photolysis of mixtures of acetone and isopropyl methyl ketone. (All 
concentrations are in umole cm.* and all rates of formation in 10“ mole cm.3 sec.~1.) 


Det CN pales chiscapcthebinecs 80° 91° 104° 114° 146° 150° 
yo Es LORS OS Sei 1800 1500 1800 2400 1800 1500 
BEND ndchldah-dvisielveeticcoes 2-53 2-26 2-22 1-48 1-89 1-85 
SRT vaceccccssecdsncshiaeds 0-930 1-06 0-865 1-05 0-920 1-00 
ros ARPES OARNS eae Ce 181 21-8 30-2 23-7 24-6 23-4 
GR MOND vd nccscivcshssstbenns 3-42 3-01 3-30 3-55 3-49 4-03 
ena a aaa 10-9 111 13-4 12-6 10-5 12-1 
EEE ° covs scsvoceceysicgces 1-05 0-91 0-95 1-06 0-72 1-00 
CyHy (CrOSS) .....-eesceeeeeeseees 2-37 2-10 2-35 2-49 2-77 3-03 
MEEIIED sips sendés ches <btesdivinaes 0-218 0-189 0-175 0-198 0-264 0-254 


Mean A(Me,Pr') = 0-216 + 0-032. 


TABLE 2, The photolysis of mixtures of acetone and pinacolone. (All concentrations 
are in ymole cm.* and all rates of formation in 10° mole cm.* sec.*1.) 





Temp. (°c) 80° 98° 129° 152° 188° 
Time (sec.) ....... 1800 2040 2100 1860 1800 
Me,CO .......... we 4-07 3-55 3-45 3-08 
MeCOBut . 119 1-14 1-08 0-973 0-903 
SE ccnestecns 36-8 58-3 56-5 58-8 39-2 

C,H, (total) 10-8 10-8 10-6 9-65 9-75 

Se cee 10-4 11-2 11-9 10-9 9-75 
C,H, (auto) 3-36 248 , 288 2-32 2-79 
C,H, (cross) 7-44 8-32 7-72 7:33 6-96 
A(Me, But) 0-715 0-743 _ 0-650 0-672 0-715 


Mean A(Me,But) = 0-699 + 0-037. 


In all runs the acetone was in considerable excess. This precaution reduced the size of 
the second term of the numerator, which is equal to the expression olefin(auto) in the 
Tables. Hence, small errors in the rate constants for cross-combination and auto- 
disproportionation have little effect on the final value of A(Me,Alk). 

The values of A(Me,Alk) bear a simple relation to those for A(Alk,Alk). In an ethyl 
radical there are three hydrogen atoms available for removal by disproportionation, 
whereas in isopropyl there are six, and in t-butyl nine. The values of A may be simply 
reduced to the same standard by division by the number of available hydrogens with the 
result shown in Table 3. The plot of log A(Me,Alk) against log A(Alk,Alk) is a good 


TABLE 3. Awutodisproportionation and cross-disproportionation. 


Available A(Me, Alk) A(Alk, All) 
Radical H atoms A(Me, Alk) [Hy] A(Alk, Alk) [fA] 
DORs hndaiic baeetag Satine 3 0-06 0-02 0-13 0-043 
WP i iladinsdbldcesohotiala 6 0-22 0-036 0-65 0-11 
TN) Lonctedthahmmmoaihe 9 0-70 0-078 4-6 0-51 


straight line, though much importance should not be attached to this fact because there 
are only three points comparatively close together and the experimental errors are 
considerable. The fact that the slope is close to one-half (0-55) is of greater significance. 
It implies that the same factors that make t-butyl lose a hydrogen atom readily also make 
it equally ready to acquire a hydrogen atom. This does not involve a contradiction but 
it is surprising because it implies that t-butyl abstracts a hydrogen more readily than does 
ethyl which forms a stronger C-H bond. The slope of } may indicate that in the activated 
complex it is not certain which of the two t-butyl radicals is to lose and which to gain a 


* Kraus and Calvert, J]. Amer. Chem. Soc., 1957, 79, 5921. 
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hydrogen atom. This might occur if the radicals in the complex were loosely held together 
but rotated freely. It has been possible to explain the absolute A factors for the combin- 
ation of methyl and the combination (and disproportionation) of ethyl radicals only by 
assuming complexes of this type.” 

More information on cross-disproportionations must be obtained before the properties 
of the activated complexes can be deduced with certainty. The only extensive record 
is that by Boddy and Robb." They chose a very complicated source of radicals, the 
mercury-photosensitized addition of hydrogen atoms to alkenes. They were therefore 
forced to follow the rates of disproportionation by following the rates of formation of 
alkanes, whereas it is more satisfactory to estimate alkenes that are unlikely to be formed 
in side reactions. Further difficulties arose because the addition of a hydrogen atom 
yields a highly activated radical. The A(Alk,Alk) values obtained with ethyl and iso- 
propyl did not agree very well with accepted values and the value for t-butyl did not agree 
at all. These A(Alk,Alk) values had to be used to determine the cross-disproportionation 
values. The general reproducibility of the results does not appear to have been good, 
but the authors give insufficient data to permit proper tests of consistency. It is not 
therefore surprising that the results do not show any regularity such as that reported here. 


EXPERIMENTAL 
The apparatus and analytical techniques were essentially the same as those previously 
described in this series of papers. The light source was a 250 w medium-pressure mercury arc 
that gave a slightly higher light intensity that the 125 w arc, used previously. The condensable 
gases were analysed on a column (300 cm.) of firebrick (52—72 mesh)-20% of nitrobenzene. 
The flow rate of carrier gas (hydrogen) was 20 cm.3/min. 
The pinacolone was carefully distilled and all the ketones were tested by gas chromatography. 


EDINBURGH UNIVERSITY. (Received, March 24th, 1959.) 


10 Marcus, J. Chem. Phys., 1952, 20, 364; Kistiakowsky and Roberts, J. Chem. Phys., 1953, 21, 
1637; Ivin and Steacie, Proc. Roy. Soc., 1951, A, 208, 25; Trotman-Dickenson, J. Chem. Phys., 1953, 
21, 211. 

11 Boddy and Robb, Proc. Roy. Soc., 1959, A, 249, 518. 


325. The Reactions of Alkyl Radicals. Part V.* Ethyl Radicals 
from Propionaldehyde. 
By J. A. Kerr and A. F. TROTMAN-DICKENSON. 


The photo-initiated chain decomposition of propionaldehyde, alone and 
when mixed with ethylene, has been studied. The amounts of hydrogen, 
carbon monoxide, methane, ethylene, ethane, and n-butane produced were 
determined, and a mechanism was devised which accounted for the bulk of 
the products. On the assumption that the rate constant for the combination 
of ethyl radicals is given by log k = 14, the Arrhenius parameters for the 
following reactions have been found: 


2C,H, —» C,H, + C,H, log A 13-18 E 0 
C,H; + C,H,;-CHO —» C,H, + C,H,°CO 11-1 5-9 
C,H; a C,H, aaa ee C,H, 12-05 8-6 


where & and A are in mole™ cm. sec. and E is in kcal. mole. The rate 
constant for the reaction C,H, = H + C,H, is 10? sec.1 at 464° and 
0-65 umole cm. concentration of the aldehyde. 


EARLIER papers have described the reactions of n-propyl,!* isopropyl, and n-butyl 

radicals produced by the pheto-initiated chain decomposition of n-butyraldehyde, iso- 

butyraldehyde, and n-valeraldehyde, respectively. This investigation is a natural 
* Part IV, preceding paper. 


1 (a) Kerr and Trotman-Dickenson, Trans. Faraday Soc., 1959, 55, 572; (6) p. 921; (c) J., pre- 
ceding paper. 
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extension of that series. Steacie ? has reviewed the many previous investigations of the 
photolysis and thermal decomposition of propionaldehyde. In these, reaction was 
generally followed by measurement of the change of overall pressure with time. An 
exception is the work of Blacet and Pitts, who analysed the products of the photolysis of 
the pure aldehyde and of its mixtures with iodine. They were mainly concerned with the 
quantum yields of the various processes in the initial photolytic act and did not seek to 
derive information on the rates of the reactions of ethyl radicals. 





EXPERIMENTAL 


The apparatus and procedure were exactly as those previously employed.” The propion- 
aldehyde, a commercial sample, was shown to be pure by gas chromatography. 


RESULTS AND DISCUSSION 
Twenty-three runs were carried out in which the photo-initiated chain decomposition 
of propionaldehyde was studied between 50° and 505°c. The products were analysed for 
hydrogen, carbon monoxide, methane, ethylene, ethane, and n-butane. No other hydro- 
carbons were formed. The analytical results are given in Table 1. The following reaction 
mechanism serves as a useful framework for the discussion of the findings 


C,H,CHO+hv—»C,H,+CHO ..... . @) 
Lagan aeeey inf oad thy <p tagy 
—»>C,H,+H,CO ...... @ 
—>CH,+CHyCHO..... @ 

Cae 38 ere, ae 
eS Oe es 
C,H, + C,H,CHO—»C,H,+C,H;CO .. . . . (3) 
C,H,*CO —S C,H, a co . . . . . . . (3a) 
Cee M es, . 
H + C,H,CHO—»H,+(C,H,CO..... . (4a) 


The Primary Process (Reactions a—d).—Blacet and Pitts* estimated the relative 
importance of the four primary photolytic processes at 30° for light of different wave- 
lengths. Similar estimates cannot be accurately made from the present results. At 50° 
the rates of formation of methane (presumably from the reaction of methyl radicals with 
the aldehyde) and hydrogen (from the decomposition of formyl radicals and subsequent 
reaction of the atom with the aldehyde) were nearly equal. Each was equal to about 
24% of the rate of formation of carbon monoxide. Extrapolation from the rates of form- 
ation of ethane at higher temperatures indicates that about equal numbers of propion- 
aldehyde molecules decomposed to ethyl radicals (a) and directly to ethane (6). This 
product distribution is roughly what would be expected for photolysis by light of 2700 A. 
Consideration of the absorption curve for the aldehyde, the output of the lamp, and the 
transmission of quartz shows that this is reasonable. The same mean effective wave- 
length of the photolytic light was deduced for n-butyraldehyde.“ None of the secondary 
photolytic processes is sufficiently important to necessitate corrections at higher 
temperatures. 

The Combination of Ethyl Radicals (Reaction 1).—This is the source of the 
n-butane which is formed according to the equation Rox, = k, [(C,H,]*. By 


2 Steacie, ‘‘ Atomic and Free Radical Reactions,” Reinhold Publ. Corp., New York, 1954, p. 306. 
% Blacet and Pitts, J. Amer. Chem. Soc., 1952, '74, 3382. 
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study of the photolysis of diethyl ketone by the sector technique, Shepp and 
Kutschke* found that log k, (mole? cm.* sec.1) = 14-5 — (2000/2303 RT). 
The sector technique can be satisfactorily applied only to the cleanest reaction systems. 
It therefore seems possible that the temperature coefficient reported may not be real, in 


TABLE 1. The photolysis of propionaldehyde. 



















Temp. Time 
No. (A) (sec.) [Ald) co H, CH, ‘ C,H, 
1 323 2400 2-31 55-8 1-30 1-19 1-77 35-3 
2 345 1440 2-14 58-9 1-22 1-55 1-97 33-8 
3 364 2160 3-46 87-1 1-49 1-69 2-54 57-4 
4 382 1800 2-86 89-5 1-63 1-89 2-52 59-4 
5 403 840 1-88 66-5 2-04 2-29 1-68 47-8 
6 426 1320 2-45 133 2-54 2-21 a.f. 99-5 
7 426 2160 0-668 25-0 1-17 1-10 0-525 15-2 ’ 
8 427 1060 2-67 135 3-80 3-60 2-22 98-1 q 
g 455 1560 1-12 62-6 2-12 2-40 1-09 48-1 
10 482 960 0-955 80-8 3-63 3-11 1-06 59-5 
ll 482 1680 1-29 99-2 3-50 2-25 a.f. 76-7 
12 522 600 1-80 266 9-90 3-72 1-08 200 
13 561 600 0-707 143 5-20 2-78 0-565 102 
14 588 600 0-796 177 5-03 3-93 0-436 153 
15 588 900 0-774 141 4°53 2-56 a.f. 133 
16 602 840 0-665 194 4-80 3-01 2-69 174 
17 631 540 0-711 233 5-70 3-48 1-68 205 
18 638 540 0-659 238 6-47 3-22 1-88 231 
19 655 480 _ 0-680 300 4-44 3-60 4-71 256 
20 679 420 0-656 333 8-08 5-87 6-06 277 
21 714 270 0-687 488 9-42 6-50 22-8 441 
22 751 165 0-636 840 20-8 8-03 58-3 709 
23 778 130 0-641 1094 51-4 12-8 116 956 


No. CH —Aalky «= CH y-CH,(2) Cyt Ags = GH,(2) GH,(4) glut 
1 13-0 0-136 a _ Se == oe 


2 13-7 0-144 — —_ — _— —_— — 
3 16-0 0-159 54-9 4-00 3-97 _ _ _— 
4 16-6 0-152 56-9 4-07 4-89 _ _ _ 
5 10-8 0-156 46-1 3-29 7-45 —_ _ — 
6 12-85 —_— 97-6 3-58 11-1 — _— —_— 
7 3-56 0-148 14-7 1-89 11-6 — _ -—— 
8 14-9 0-149 95-9 3-86 9-30 _— _ —_ 
9 7-10 0-154 47-0 2-66 15-8 ~- _ -- 
10 7-08 0-150 58-4 2-66 23-0 — —_— — 
ll 5-05 _ 75-9 2-25 26-1 _: “= _ 
12 7-15 0-151 199 2-67 41-5 — _ — 
13 3-77 0-150 101 1-94 74:0 ~- —— —- 
14 2-82 0-155 153 1-68 114 —_ _ —_ 
15 3-14 — 133 1:77 96-9 == -— - 
16 5-72 — -~ 2-68(X) 97-7 1-08 1-61 0-600? 
17 a.f. — “= 2-29(X) 126 0-786 0-89 0-380 
18 2-82 -— -— 2-60(X) 135 1-02 0-86 0-331 
19 1-77 —- -= 2-49(X) 151 0-932 3-78 1-52 
20 t — a= 2-27(X) 186 0-773 5-29 2-33 
21 u — a 2-80(X) 229 1-18 21-6 7-72 
22 u _- -— 3-95(X) 282 2-34 56-0 14-2 
23 u -- — 4-30(X) 347 2-78 113 26-4 
Rates of formation of all products are given as 10-'* mole cm.~* sec.~. 
[Ald] is the mean concentration of the propionaldehyde in 10 mole cm.-*. 
k,/k,* is in units of mole-t cm.-3 sec.4; &,/k,* in units of 10* molet cm.7 sec.-t. 
(X) indicates a calculated value. a.f. = analytical failure. = not detectable. t = trace. 


spite of the care taken by the investigators. This supposition is supported by the fact 
that no considerable temperature coefficient has been found for the rate-constant ratios 
for cross-combinations,} which are much easier to measure. Accordingly, in this paper 
the conventional value log k, (mole cm.® sec.) = 14 has been used throughout, in 
addition to the experimental value which is given in square brackets. 

‘ Shepp and Kutschke, J. Chem. Phys., 1957, 26, 1020. 
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The Disproportionation of Ethyl Radicals (Reaction 2).—Twelve runs that provide direct 
information on k, were carried out between 50° and 215° with mean aldehyde con- 
centrations between 0-67 and 3-5 mole cm.-*. The number of radicals disproportionating 
was taken as twice the quantity of ethylene found at the end of the run. Values of 
log (k,/,) are plotted in the Figure. 

As E, — E, = 0 and A, = 0-1504A,, therefore 











log k, (mole cm. sec.“') = 13-18 [13-68 — 2000/2-303RT]. 
The values of k, found are independent of the pressure in the system. 
No considerable value of E, — E, has ever been reliably reported. Two of the values 
of A,/A, that appear most reliable have been obtained by the study of the photolysis of 
103/T 
20 25 JO 
T r T T ™ 7-0-5 & 
2 fam 
—00-0O—0-0—-0-0-0-O—9 —p- ~ 
4-10 & 
20 Arrhenius plots for the reaction of ethyl: 
s 2, disproportionation, k,/k,; 3, hydrogen 
2 abstraction, (k,/k,) (mole-t cm.3 sec.~); 
~ 4, decomposition to ethylene, 10°(k,/k,4) 
5 (molet cm.-3 sec.-4); 5, addition to ethyl- 
5 3 ene, (ks/k,t) (mole~t cm.§ sec.-t), 5a, 
y fOr aldehyde: ethylene = 1:1, 58, alde- 
£ hyde : ethylene = 1: 2. 
o Se The scales in the top right-hand corner refer 
2 Sp to curve 2. 
oO 
L 
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diethyl ketone (0-14) 5 and of the mercury-photosensitised addition of hydrogen atoms to 
ethylene (0-15).6 They are in excellent agreement with the present result. All three 
methods are likely to err in the overestimation of A,/A, if at all. The value of 0-12 found 
by Brinton and Steacie 7 may be more accurate, but the difference is little greater than the 
probable experimental errors. Much higher values of A,/A, have been reported for 
radicals that probably contained abnormal amounts of energy. The radicals studied here 
were, especially at higher temperatures, largely formed by the thermal decomposition of 
propionyl and will have been in thermal equilibrium with their surroundings. 

The Abstraction of Hydrogen Atoms from Propionaldehyde (Reaction 3).—The increasing 
amounts of ethane found at higher temperatures can be ascribed to the abstraction of an 
aldehydic hydrogen by the ethyl radical. Allowance must be made for the formation of 
ethane by disproportionation in estimating the extent of this reaction. Hence 


Rox, (reaction 3) = Rou, — Rox, (reaction 2) 
and k,/k,* = (Row, — Ro,n,(reaction 2))]/Ro,x,,*(C,H;-CHO]. 


Since Rox, (reaction 2) = Rox, (reaction 2), and below 315° ethylene is only formed by 
disproportionation, this ratio can readily be evaluated. It is independent of the mean 


iii in tir 










5 James and Steacie, Proc. Roy. Soc., 1958, A, 244, 289. 
* Smith, Beatty, Pinder, and Le Roy, Canad. J. Chem., 1955, 38, 821. 
? Brinton and Steacie, Canad. J. Chem., 1955, 38, 1840. 
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concentration of aldehyde between 0-67 and 2-7 umole cm. at 150°; over the whole 
temperature range the mean concentration was varied between 0-67 and 3-5 uniole cm.*. 
The Arrhenius plot for k,/k,* between 91° and 315° is shown in the Figure. Hence, we 
have 


log ks (mole cm. sec.) = 11-1 — (5900/2-303RT7) or [11-35 — 6900/2-303R7] 


k,/k,* has not been reliably determined previously. Blacet and Pitts* suggested that 
the temperature coefficient for the rate of formation of carbon monoxide in the high- 
temperature photolysis of propionaldehyde was equal to E, — 4£,. Hence they found 
E, — 4£, = 8-1 kcal. mole™. If it is assumed that the light intensity they used was 
constant in the runs at 3130 A (their Table III) and that the pressure of aldehyde was also 
constant, a value of E, — 4£, = 6-3 kcal. mole can be deduced by the treatment out- 
lined here. Dodd ® concluded that the effect of temperature on the overall rate of photo- 
decomposition of propionaldehyde could not be represented by the Arrhenius equation. 
On the other hand, Niclause ® suggested that the correct interpretation of Dodd’s work 
indicated that E, — 4£, = 10 kcal. mole™. 

The Decomposition of Ethyl Radicals to Ethylene (Reaction 4).—Above 350° the rate of 
formation of ethylene began to rise sharply. This increase can be attributed 
to the decomposition of ethyl radicals, so we can write 


ky/k,* = (Roux, — Rou, (reaction 2))/Rou,,*. 


At these temperatures the runs were very short and the amounts of -butane formed 
were usually too small tomeasure. Its rate of formation was therefore calculated from the 
rate of formation of ethane and the known values of k,/k,*. Rox, (reaction 2) could then 
be obtained from Ro,x,,; in practice it could be neglected. It seemed probable that h, 
would depend upon the pressure in the system; therefore the mean concentration of 
aldehyde was held constant at 0-67 umole cm.*. The Arrhenius plot of k,/k,+ for the 
runs between 360° and 505° is shown in the Figure. Hence 


log k, (sec.4) — 11-2 — 31,000/2-308RT or [11-45 — 32,000/2-303R7]. 


In principle k,/k,* could be derived from the rate of formation of hydrogen by reaction 
(4a). However, the determination of small quantities of hydrogen in 20 to 50 times the 
amount of carbon monoxide is not easy and it is doubtful if the analyses were reliable. 

The activation energy found for the decomposition is certainly too low; it should be 
greater than the endothermicity of the reaction, which is 39 kcal. mole* if D(C,H,-H) is 
98 kcal. mole+. The error is probably at least partially caused by the overestimation of 
the amounts of n-butane formed at high temperature and hence of the concentation of 
ethyl radicals. Such an overestimation would occur if an additional source of ethane 
were important at high temperatures. The attack of ethyl radicals on the alkyl group in 
propionaldehyde would produce ethane. At low temperatures this reaction is unlikely 
to be important compared with reaction (3), because of its presumably greater activation 
energy which is probably at least as great as that for attack of ethyl radicals on diethyl 
ketone; furthermore, the A factor will be comparatively low. The higher energy of 
activation would decrease in significance as the temperature is raised. This complication 
should have little effect on the value obtained for the rate constant at, say, 400°. The 
present work yields log k, (sec.!) = 1-2. Bywater and Steacie, who produced ethyl 
by the mercury-photosensitised decomposition of ethane, found that log &, (sec.) = 1-1 


® Dodd, J., 1952, 878. 

* Niclause, Thesis, Nancy, 1953. 
1° Kutschke, Wijnen, and Steacie, J. Amer. Chem. Soc., 1952, 74, 714. 
" Bywater and Steacie, J. Chem. Phys., 1951, 19, 326. 
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at 400°. This agreement is far better than could reasonably have been expected and 
depends largely on the temperature chosen for the comparison. Nevertheless, it 
encourages the belief that the assumptions underlying both determinations are 
correct. 

The Addition of Ethyl Radicals to Ethylene (Reaction 5).—When ethylene is added to 
the propionaldehyde, reaction (5) takes place 


C,H; +C,H,—»C,H,. ...... . (6) 
This is followed by 
C,H, + C,H, CHO —»C,H,,+C,H;,CO .. . . . (5a) 
and also by 
C,H, +C,H,—»CH, .-....- .- - (5d) 
and C,H, + C,H,—» C,H, . - . - - - - (6c) 


The hexyl radicals may form hexane by hydrogen abstraction or add a further ethylene to 
give an octyl radical. This system is not as simple as that for the addition of propyl 
radicals to ethylene because the critical products can be formed by different routes. 
Hence the interpretation of the analytical determinations of ethane, n-butane, and 
n-hexane is not as certain as is desirable. The results were treated as follows: from 
Rou, the concentration of ethyl radicals and Ro,x,, (reaction 1) are found from the known 
values of k,/k,t. Then 


Row, (reaction 5a) = Rox,, — Ro,x,, (reaction 3). 


Each hexane molecule, whether it is formed by reaction (5b) or reaction (5c), corresponds 
to the addition of an ethyl radical to ethylene. Hence, 



















the rate of addition of ethyl radicals to ethylene = Ro,x,,(reaction 5a) + Ro,x,,. 





This expression may not be complete because some of the original butyl radicals may 
finish up as octanes or higher hydrocarbons. An indication of the importance of such 
additional reactions can be obtained by apportioning the hexane between reactions (50) and 
(5c). This can be done if it is assumed that n-butyl radicals react with propionaldehyde at 
the same rate as they react with n-valeraldehyde.” This assumption is supported by the 
observation that methyl radicals react with the two aldehydes at identical rates.1% Hence 
from the rate of formation of n-butane by reaction (5a), the steady-state concentration of 
n-butyl and the rate of formation of n-octane can be found. Ro,y,, (reaction 5d) is then the 
geometric mean of the rates of formation by combination of n-butane and n-octane.“ In 
all cases Ryx,, (comb.) is small and can hereinafter be neglected. Two series of runs were 
carried out. In the first series, «, the ratio of aldehyde concentration to ethylene concentra- 
tion was 1: 1 and Ro,x,, (reaction 5b) was within experimental error equal to Ro,x,,. When 
the ratio was I : 2, series 8, Ro,y,, (reaction 5b) was considerably lower than Ro,y,,. Under 
these conditions it is probable that considerable amounts of octane were formed from 
n-hexyl. In the first instance the expression 


k,/ky* = {Row,, (reaction 5a) + Ro x,,}/Ro,n,,* (reaction 1) . [(C,H,) 


will be adequate; in the second the expression will lead to a low value of k;. Values of 
k,/k,* obtained in both series of experiments are plotted in the Figure. The ratio of 
aldehyde to ethylene radicals has little effect on the activation energy but clearly affects 


12 Trotman-Dickenson, ‘‘ Gas Kinetics,” Butterworths, London, 1955, p. 303. 
18 Birrell and Trotman-Dickenson, unpublished results. 
1* Kerr and Trotman-Dickenson, Chem. and Ind., 1959, 125. 
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the apparent rate constant. Two additional runs with higher concentrations of ethylene 
yielded still lower values of k,/k,#. The line 5« (Figure) corresponds to 


log k, (molecm.’ sec.“4) = 12-1 — (8600/2-303R7) or [12-35 — (9600/2-303R7)). 


The rate of reaction (5) has previously been measured by Pinder and Le Roy. The activ- 
ation energy and A factor they record seem very low. On the other hand, their value 
(0-11) of log (ks/k,*)(mole+ cm.* sec.#) at 111° is in excellent agreement with the 
value of 0-17 found in this work. The Arrhenius parameters found for the unsubstituted 
double bond are close to those that might have been predicted from the work of James and 
Steacie,!® as is shown by the following Table: 


Ethylene Unsubstituted Monosubstituted Disubstituted 
TE — By | cxncsipsndedecn perveppiopyeeudn ngs 8-6 6-9 5-7 
log (A [A 14)(mole-$ cm.# sec.-4)_...... 5-0 41 3-6 


It seems likely that E, and A; have been slightly overestimated in the present work. 

The Relative Rates of Abstraction and Addition of Alkyl Radicals—tIn Part I,!* the 
relation between the relative rates of abstraction of hydrogen atoms and addition for 
methyl and n-propyl radicals was considered. This discussion can now be extended. The 
rates of addition (k,) of ethyl, n-propyl, isopropyl, and n-butyl radicals to ethylene have 
now been measured by us, and the rate of addition of methyl to ethylene has been measured 
by Brinton.” Since the rate of reaction of methyl radicals with the sources of the 
different radicals does not vary with the structure of the alkyl group,” the rate constant 
for the reaction of an alkyl radical with its parent aldehyde (k,) can be regarded as a 
measure of its activity in transfer reactions. A series of ratios, k,/k,, can then be compiled 
which correspond to the relative activities of the radicals in addition and transfer. This 
has been done in the Table below for the rate constants at 143°, which is a convenient 
temperature near the centre of the experimental ranges. These ratios can be compared 
with those obtained by Smid and Szwarc }* for the relative rates at which the radicals 
abstract hydrogen atoms from iso-octane (h,’) and add to benzene (h,’) at 65° (35° for 


isopropyl). 


Radical Me - Et Pra Pri Bu® 
EM. 2 Bheasshavenserscan 0-45 0-33 0-50 0-63 0-16 
he: gpk s SEeer ees 0-29 2-9 2-0 6-0 — 


The absence of any correlation between the two sets of results is marked. It is un- 
likely that it can be ascribed solely to the change from the gas phase to solution. The 
work in solution did not yield absolute rate constants so it cannot be determined whether 
the ratios vary because of changes in &,’, k,’, or both. Probably &,'/k,’ increases from 
methyl to isopropyl partly because hy,’ decreases. kp» does not vary greatly either because 
the reactions with the aldehydes are more exothermic than those with iso-octane or 
because the polar nature of the aldehydes is important. Further measurements of the 
tate constants of the higher radicals would be very interesting. 


The research described in Parts III—V was supported by a grant from the Petroleum 
Research Fund administered by the American Chemical Society which is gratefully acknowledged. 


EDINBURGH UNIVERSITY. (Received, April 8th, 1959.] 


16 Pinder and Le Roy, Canad. J. Chem., 1957, 35, 588. 
18 James and Steacie, Proc. Roy. Soc., 1958, A, 244, 297. 
1” Brinton, J. Chem. Phys., 1958, 29, 781. 
pa 18 Smid and Szwarc, J. Amer. Chem. Soc., 1956, '78, 3322; 1957, 79, 1534; J. Chem. Phys., 1958, 
, 432. . 
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326. Preparation of 4,4’-Diamino-2,2’-dihydroxybenzophenone, 
a Possibly Tuberculostatic Compound. 


By A. M. M. Kaun, W. H. LInnELL, and L. K. SHaArp. 


Friedel-Crafts acylation of N-acetyl-m-anisidine with 4-nitrosalicyloyl 
chloride yields a mixture of benzophenone derivatives, their yield and nature 
varying with source of catalyst. 4-Acetamido-2’-hydroxy-2-methoxy-4- 
nitrobenzophenone and the 2,2’-dihydroxy-analogue are always obtained, 
sometimes accompanied by 2-acetamido-2’-hydroxy-4-methoxy-4’-nitro- 
benzophenone. The last ketone appears not to undergo demethylation 
during the acylation. All three products have been hydrolysed and reduced, 
to yield two isomeric diaminodihydroxybenzophenones which are to be tested 
for tuberculostatic activity. 


AN examination of the tuberculostatic activity and the pharmacological properties of the 
drugs which combine the active groupings of both f-aminosalicylic acid and 4,4-diamino- 
diphenyl sulphone led Linnell and Stenlake + and others ? to synthesise 4,4’-diamino-2,2’- 
dihydroxydiphenyl] sulphone on the assumption that compounds of this type might exhibit 
tuberculostatic properties at least of the same order as those compounds on which they 
were structually based. The activity of the diaminodihydroxy-compound was of the 
same order as that of 4,4’-diaminodiphenyl sulphone but the toxicity was much lower. 
It was thought that 4,4’-diamino-2,2’-dihydroxybenzophenone might be a potential 
inhibiter of Mycobacterium tuberculosis as it contained p-aminosalicyloyl fragments; it was 
therefore synthesised. 

Julia * obtained 4,4’-diamino-2,2’-dimethoxydiphenyl sulphone by treating N-acetyl- 
m-anisidine and thionyl chloride with excess of anhydrous aluminium chloride in carbon 
disulphide. Attempts to synthesise the corresponding benzophenone by using carbonyl 
chloride under various conditions met with failure, the starting material being recovered 


HO co. NHR 


HQ co Qe HO co QH © 
O,N NHR ond ae eS i 23 
(I) 


(11) (IIT) 


in about 90% yield. Julia and Baillarge* claimed that the Friedel-Crafts acylation 
of N-acetyl-m-anisidine took place in the position para to the acetamido-group, the 
methoxy-group undergoing demethylation during the process. By using p-nitrobenzoyl 
chloride they obtained 4-acetamido-2-hydroxy-4’-nitrobenzophenone. Acylation with 
4-nitrosalicyloyl chloride should therefore yield 4-acetamido-2,2’-dihydroxy-4’-nitrobenzo- 
phenone. 

p-Nitrosalicylic acid was prepared 5 from phenylacetic acid, and the corresponding 
acid chloride obtained by use of thionyl chloride in benzene without previous protection of 
the phenolic hydroxyl group. 

Attempts to synthesise the benzophenones by Fries rearrangement of m-acetamido- 
pheny] 4-nitrosalicylate (prepared by the action of 4-nitrosalicyloyl chloride on m-acetamido- 
phenol) were unsuccessful. 

Friedel-Crafts reaction of acetyl-m-anisidine and 4-nitrosalicyloy] chloride with excess of 


1 Linnell and Stenlake, J. Pharm. Pharmacol., 1950, 2, 736. 

* Amstutz, J. Amer. Chem. Soc., 1950, 72, 3420; Julia, Bull. Soc. chim. France, 1951, 37. 
* Julia and Baillarge, Bull. Soc. chim. France, 1952, 639. 

* Borsche, Ann. Chim., 1912, 390, 1. 

* McGhie, Moreton, Reynolds, and Spence, J. Soc. Chem. Ind., 1949, 68, 328. 
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granulated anhydrous aluminium chloride gave a 90% yield of a mixture of 4-acetamido- 
2’-hydroxy-2-methoxy-4’-nitrobenzophenone (I; R = Ac), 4-acetamido-2,2'-dihydroxy-4’- 
nitrobenzophenone (II; R = Ac) and 2-acetamido-2’-hydroxy-4-methoxy-4’-nitrobenzo- 
phenone (III; R = Ac), the ratio of (III) to (I) + (II) being 1:3. Only compounds (I) 
and (II) were obtained when powdered aluminium chloride was used. All three com- 
pounds were deacetylated by refluxing hydrochloric acid to the corresponding aminonitro- 
benzophenones. Compound (II) was also obtained by the action of hydrobromic acid 
on (I). 

Compound (I; R= H) was converted into the corresponding diaminodihydroxy- 
benzophenone by constant-boiling hydriodic acid, and the same treatment of compound 
(III; R= H) gave 2,4’-diamino-2’,4-dihydroxybenzophenone and 2-amino-8-hydroxy- 
xanthone in almost equal yields. 

Attempts to confirm the structure of 4,4’-diamino-2,2’-dihydroxybenzophenone by its 
conversion into 2,8-diaminoxanthone ® failed but on diazotisation followed by treatment 
with hypophosphorous acid it gave a trihydroxybenzophenone which was neither 2,4,4’-7 
nor 2,2’,6-trihydroxybenzophenone (mixed m. p.). Hence it must be the unknown 2,2’,4- 
trihydroxybenzophenone. Deamination of 4,4’-diamino-2,2’-dihydroxybenzophenone gave 
2,2'-dihydroxybenzophenone ® whilst 2,4’-diamino-2’,4-dihydroxybenzophenone gave 2,4’- 
dihydroxybenzophenone, thus confirming the structure of the two diaminodihydroxybenzo- 
phenones. 

Friedel-Crafts acylation of N-acetyl-m-anisidine could have taken place in position 
2, 4, or 6, the latter being the most likely. Establishment of the structure of the two 
diaminodihydroxybenzophenones and the fact that 4-amino-2’-hydroxy-2-methoxy-4’- 
nitrobenzophenone gave an azo-dye and formed a picrate prove that acylation took place 
mainly at position 6. Had condensation taken place at position 2, the amino-group would 
have been in the ortho-position to the carbonyl group and like compound (III; R = H) 
would probably not have yielded an azo-dye or formed a picrate because of steric hindrance. 
The melting point of (I; R = Ac) is higher than that of the isomer (III; R = Ac) but in the 
corresponding deacetylated compounds the reverse is the case, probably owing to internal 
salt formation in (III; R=H). The absence of xanthone from products of reaction of the 
compound (I; R = H) with hydriodic acid unlike the compound (III; R = H) is further 
evidence in favour of acylation’s occurring in position 6. 


EXPERIMENTAL 

4-Nitrosalicyloyl Chloride—A mixture of 4-nitrosalicylic acid (25 g.), dry benzene (125 c.c.), 
and thionyl chloride (60 c.c.) was refluxed for 24 hr.; the solvent was then removed under 
reduced pressure and the residue dried under vacuum. 4-Nitrosalicyloyl chloride (27 g.) 
formed white needles, m. p. 57—60°, from light petroleum (b. p. 60—80°). 

m-Acetamidophenyl 4-Nitrosalicylate-—To 4-nitrosalicyloyl chloride (from 7-5 g. of the acid) 
in benzene (30 c.c.) was added m-acetamidophenol ® (7-5 g.) followed by two drops of pyridine; 
the mixture was refluxed for 2} hr. The mixture was then cooled and the solvent decanted 
from the crude ester, which was crystallised from methyl alcohol (charcoal), forming needles of 
m-acetamidophenyl 4-nitrosalicylate (71-0 g., 53%), m. p. 165—166° (Found: C, 57-0; H, 3-6; 
N, 8-9. C,;H,,O,N, requires C, 57-0; H, 3-8; N, 8-9%). 

4- Acetamido- 2’ - hydroxy -2-methoxy -4'-nitrobenzophenone (I; R = Ac).—4-Nitrosalicyloyl 
chloride (from 10 g. of the acid) and N-acetyl-m-anisidine were dissolved in freshly distilled 
ethylene dichloride (100 c.c.), and to the clear solution powdered anhydrous aluminium chloride 
(20 g.; May and Baker Ltd.) was added in small portions. The mixture was then refluxed 
for 3 hr., cooled, and poured into ice and water containing a little hydrochloric acid. After 


* Julia, Bull. Soc. chim. France, 1952, 546; Goldberg and Walker, J., 1953, 1348. 
? Komoswoski, Ber., 1894, 27, 1999. 

§ Freer, Ber., 1886, 19, 2609. 

® Reverdin and De Luc, Ber., 1914, 47, 1537, 
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several hours a yellow precipitate separated. The solvent layer was extracted with 5% sodium 
hydroxide solution and acidified with dilute hydrochloric acid; more yellow precipitate was 
thus obtained. The two fractions were combined and treated with sodium hydrogen carbonate 
solution, and the residue was separated and washed with water to give a mixture (11 g.) of 
4-acetamido-2’-hydroxy-2-methoxy-4’-nitrobenzophenone (I; R = Ac) and 4-acetamido-2,2’- 
dihydroxy-4’-nitrobenzophenone (II; R= Ac). This was dissolved in boiling alcohol 
(250 c.c.), treated with charcoal and filtered, and the filtrate concentrated to 100 c.c.; bright 
yellow crystals of 4-acetamido-2’-hydroxy-2-methoxy-4’-nitrobenzophenone (4:5 g.), m. p. 273— 
275°, first separated (Found: C, 58-0; H, 4-2; N, 8-6; MeO, 9-1. C,,H,,0O,N, requires C; 58-2; 
H, 4:2; N, 85; MeO, 9-3%). 

4-Acetamido-2,2’-dihydroxy-4'-nitrobenzophenone (II; R = Ac).—The mother liquor from the 
previous experiment was concentrated under reduced pressure to 20 c.c. and diluted with water; 
4-acetamido-2,2’-dihydroxy-4'-nitrobenzophenone (4-25 g.) then separated, and two crystallisations 
from methyl alcohol gave yellowish needles, m. p. 241—243° (Found: C, 56-9; H, 3-9; N, 8-7. 
C,,H,,0,N, requires C, 57-0; H, 3-8; N, 8-9%). 

4-A mino-2'-hydroxy-2-methoxy-4’-nitrobenzophenone (I; R=H).—The acetamido-com- 
pound (5 g.) was refluxed with 20% hydrochloric acid (85 c.c.) for 3 hr., and the solution cooled, 
diluted, and made alkaline with sodium hydrogen carbonate; a red precipitate of 4-amino-2’- 
hydroxy-2-methoxy-4'-nitrobenzophenone (3-4 g.) separated, and formed red needles, m. p. 176— 
178° (from methyl alcohol) (Found: C, 58-2; H, 4:2; N, 10-0. C,,H,,O;N, requires C, 58-3; 
H, 4-2; N, 9-7%). 

4- Amino - 2,2’ - dihydroxy -4’-nitrobenzophenone (II; R= H).—Method A. The above 
hydrolysis was repeated with 4-acetamido-2,2’-dihydroxy-4’-nitrobenzophenone (3 g.), and the 
precipitate was recrystallised from 70% alcohol, giving brownish-yellow needles of 4-amino-2,2’- 
dihydroxy-4'-nitrobenzophenone, m. p. 224—226° (Found: C, 56-8; H, 3-6; N, 10-1. C,,;H,.O,N, 
requires C, 57-0; H, 3-6; N, 10-2%). 

Method B. The compound (I; R = H) (1 g.) was refluxed with a mixture of acetic acid 
(2 c.c.) and 50% w/w hydrobromic acid (15 c.c.) for 6 hr. and then worked up as described above; 
4-amino-2,2’-dihydroxy-4’-nitrobenzophenone (0-75 g.) crystallised from 70% ethyl alcohol, and 
had m. p. 221—223° alone and in admixture with the sample from method A (Found: C, 56-4; 
H, 3-4; N, 10-3%). , 

4,4’-Diamino-2,2’-dihydroxybenzophenone.—4-Amino - 2’- hydroxy - 2-methoxy-4’-nitrobenzo- 
phenone (I; R = H) (5-8 g.) was refluxed with freshly distilled constant-boiling hydriodic acid 
(75 c.c.) at 140° for 7 hr. The mixture was cooled, diluted, decolorised with sulphur dioxide, 
and neutralised with sodium carbonate, whereupon 4,4’-diamino-2,2’-dihydroxybenzophenone 
(4 g.) was precipitated. Crystallisation from ethyl alcohol gave brown prisms, m. p. 247— 
248° (Found: C, 64-3; H, 4-9; N, 11-2. C,,H,,0,N, requires C, 63-9; H, 4-9; N, 11-5%). 

4,4’-Diamino-2,2’-dihydroxybenzophenone Dihydrochloride—-The above base (3 g.) was 
refluxed with a mixture of ethyl alcohol (30 c.c.), hydrochloric acid (5 c.c.), and water (3 c.c.) 
until a clear solution was obtained, animal charcoal was then added and the solution filtered. 
Dry hydrogen chloride was then passed into the cold filtrate until it just became cloudy. The 
dihydrochloride (2-9 g.) slowly separated as small dull yellow prisms, m. p. 208° (decomp.) 
(Found: Cl, 22-4%; M,321. C,,;H,,0,N,Cl, requires Cl, 22-4%; M, 317). 

2-A cetamido-2’-hydroxy-4-methoxy-4’-nitrobenzophenone (III; R = Ac).—The Friedel-Crafts 
reaction was repeated but the catalyst used was granulated and made by a different firm 
(B.D.H. Ltd.). There was isolated a mixture (14-2 g.) of 2-acetamido-2’-hydroxy-4-methoxy- 
4’-nitrobenzophenone (III; R = Ac), 4-acetamido-2’-hydroxy-2-methoxy-4’-nitrobenzophenone 
(I; R= Ac), and 4-acetamido-2,2’-dihydroxy-4’-nitrobenzophenone (II; R= Ac). This 
mixture was refluxed with ethyl alcohol (300 c.c.), treated with charcoal, filtered, and con- 
centrated under reduced pressure to 200 c.c. On cooling very fine white needles (3-5 g.), m. p. 
213—215°, of 2-acetamido-2’-hydroxy-4-methoxy-4'-nitrobenzophenone crystallised (Found: C, 
58-5; H, 4-1; N, 83. C,.H,,O,N, requires C, 58-2; H, 4-2; N, 8-5%). 

After the separation of the 2-acetamido-compound the mother liquor was evaporated to 
leave a residue (10 g.) which was hydrolysed and then treated with hydriodic acid to give 
4,4’-diamino-2,2’-dihydroxybenzophenone (6-6 g.). 

2-A mino-2’-hydroxy-4-methoxy-4'-nitrobenzophenone (III; R = H).—The compound (III; 
R = Ac) (2 g.) was refluxed with 20% hydrochloric acid for 3hr. From the mixture 2-amino-2’- 
hydroxy-4-methoxy-4’-nitrobenzophenone (1-6 g.) was isolated. Recrystallisation from alcohol 
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gave bright yellow prisms, m. p. 224—226°, of the benzophenone (Found: C, 58-5; H, 4-0; N, 
9-3; MeO, 10-8. C,,H,,0,N, requires C, 58-3; H, 4-2; N, 9-7; MeO, 10-8%). The compound 
does not give an azo-dye or form a picrate. 

2,4’-Diamino-2’ ,4-dihydroxybenzophenone.—The compound (III; R = H) (3 g.) was treated 
with hydriodic acid in the same way as was compound (I; R=H). The precipitate obtained 
after neutralisation with sodium carbonate was refluxed with dilute hydrochloric acid (50 c.c.) 
for 3 hr. and cooled, a red solid then separated (see next experiment). The filtrate was 
neutralised with sodium hydrogen carbonate and the precipitate (1-6 g.) crystallised from 
aqueous alcohol, giving yellow needles, m. p. 190—191°, of 2,4’-diamino-2’,4-dihydroxybenzo- 
phenone (Found: C, 64-0; H, 5-0; N, 11-0. C,3;H,,O,N, requires C, 64-0; H, 4-9; N, 11-5%). 

2-Amino-8-hydroxyxanthone Hydrochloride.—An ethanolic solution of the red solid (1-2 g.) 
from the previous experiment was passed through charcoal, and the alcohol then removed. 
Crystallisation from 50% alcohol with a little dilute hydrochloric acid gave brown needles of 
2-amino-8-hydroxyxanthone hydrochloride, m. p. >400° (Found: C, 59-2; H, 4-1; N, 4:1. 
C,,H,).O,NCI requires C, 59-2; H, 3-8; N, 5-3%). The compound is hygroscopic. 

2,4’- Diamino -2’,4-dihydroxybenzophenone Dihydrochloride.—2,4’- Diamino-2’,4-dihydroxy - 
benzophenone (3 g.) was refluxed with dilute hydrochloric acid until a clear solution was 
obtained; this was treated with charcoal, and the filtrate concentrated to } of its volume under 
reduced pressure. 2,4’-Diamino-2’,4-dihydroxybenzophenone dihydrochloride (2-8 g.) was 
obtained as minute dull-yellow prisms, m. p. 218° (decomp.) (Found: C, 49-4; H, 4:3; N, 8-7. 
C,;H,,O,;N,Cl, requires C, 49-2; H, 4-4; N, 88%). 

Deamination of 4,4’-Diamino-2,2’-dihydroxybenzophenone.—The 4,4’-diamino-compound (500 
mg.), in dilute hydrochloric acid, was diazotised, and then 50% hypophosphorous acid (10 c.c.) 
was added and stirring continued for 1 hr. The mixture was left for 24 hr., then extracted 
with chloroform, and the extract dried (Na,SO,) and passed through charcoal. Solvent was 
removed under reduced pressure, the residue (300 mg.) was refluxed with light petroleum (b. p. 
60—80°), and the extract filtered and cooled in solid carbon dioxide—acetone to give 2,2’,4-tri- 
hydroxybenzophenone (125 mg.), needles (from light petroleum), m. p. 132—133° (Found: C, 
67-6; H, 4-4. C,,H,,O, requires C, 67-8; H, 4.4%). The m. p. was depressed in admixture 
with 2,2’,6-trihydroxybenzophenone,’ m. p. 133—134°. 

From the mother-liquor yellow crystals were isolated (150 mg.) having m. p. 54—56°; this 
was probably the 2,2’-dihydroxybenzophenone. 

Deamination of 2,4’-Diamino-2',4-dihydroxybenzophenone.—The 2,4’-diamino-compound 
(200 mg.) was similarly deaminated; the mixture after removal of chloroform yielded 2,4’-di- 
hydroxybenzophenone (100 mg.), as plates (from water), m. p. and mixed m. p. 143—145° 
(Found: C, 71-6; H, 4:5. Calc. for C,;H,,O,: C, 71-9; H, 4-7%). 


THE SCHOOL OF PHARMACY, BRUNSWICK SQUARE, 
Lonpon, W.C.1. [Received, July 27th, 1959.) 


10 Michael, Amer. Chem. ]., 1883, 5, 89. 
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327. Heats of Formation and Bond Energies. Part II.1 Triethyl 
Phosphate, Triphenylphosphine, and Triphenylphosphine Oxide. 
By A. F. Beprorp and C. T. MORTIMER. 


Values for the heats of combustion of triphenylphosphine, triphenyl- 
phosphine oxide, and triethyl phosphate to crystalline orthophosphoric acid, 
carbon dioxide, and water are reported. These data are used to calculate 
AH;°(PPh,;, c) = +543+ 2:3; AH,°(OPPh,, c) = —156+ 3-0; and 
AH;[(OP(OEt);, liq) = —297-5 + 1-3 kcal./mole. From these values the 
mean bond dissociation energy D(P-Ph) = 71-3 + 4, and the bond dissoci- 
ation energy D(O=PPh,) = 128-4 kcal./mole, are derived. 


Few heats of combustion of organophosphorus compounds have been reported, and 
recent values are confined to trimethyl- ? and triethyl-phosphine.* In this paper the heats 
of combustion of the three compounds named in the title are reported. 

In the combustion of trimethylphosphine, Long and Sackman ? initiated burning by 
using a magnesium fuse, which, however, introduced analytical and thermal complications, 
The combustions now reported were carried out without using a large auxiliary fuse, for, 
although combustion was incomplete, a procedure was adopted to analyse to a sufficient 
accuracy the contents of the bomb after combustion. The uncertainties associated with 
the heats of combustion can be attributed mainly to non-homogeneity of the final 
phosphoric acid solution, a limitation inherent in using a static bomb technique. 

The heats of combustion were sought to derive a mean dissociation energy for the 
phosphorus—carbon bond, and also to supplement information about the heats of oxidation 
of tervalent phosphorus compounds.! Previously, some of these heats have been measured 
directly by reaction calorimetry, but the results were open to question because of assump- 
tions made about the chemistry of the oxidation reactions.‘ 


EXPERIMENTAL 

Preparation of Materials.—‘‘ B.D.H. Thermochemical Standard” benzoic acid was used. 
Triphenylphosphine and its oxide (L. Light and Co. Ltd.) were recrystallised from absolute 
ethanol to m. p. 79-0° and 152-0°, respectively. Kosolapoff ® gives 79° and 153°, respectively. 
Triethyl phosphate (Tennessee Eastmann Co.), distilled through a 6” Fenske column, had b. p. 
91-0°/10-7 mm. (Kosolapoff 5 gives 90°/10 mm.). 

Combustion Calorimetry.—Combustions were made in a twin-valve bomb (the Parr Instru- 
ment Co., Moline, Illinois, U.S.A.) which together with the subsidiary apparatus has been 
described previously.* The liquid triethyl phosphate was sealed in thin glass ampoules. The 
solid triphenyl compounds were compressed into pellets. All combustions were initiated by a 
platinum wire and cotton-thread fuse, and for the liquid an additional fuse of oil. The bomb 
was charged with oxygen to an initial pressure of 30 atm., and with 3 ml. of water. Each 
sample was fired at 25°. 

Analysis.—After each combustion the bomb gases were analysed for carbon dioxide, to an 
accuracy of +0-02%. The bomb washings were filtered from the solid residue. In the 
combustion of triphenylphosphine and its oxide this residue contained traces of carbon and 
unburnt compound. By weighing and extraction with ether, the separate weights of these 
were determined. In the combustion of triethyl phosphate it was possible to recover only 
carbon. Four aliquot parts of the bomb washings were treated as follows: one was titrated 
with 0-1N-sodium hydroxide solution, with thymolphthalein as indicator, to give the total 
phosphorus acids and nitric acid; a second was treated with acetic acid, hydrochloric acid, and 
mercuric chloride, but in no case was mercurous chloride precipitated, showing the absence of 


! Part I, Fowell and Mortimer, J., 1959, 2913. 

2 Long and Sackman, Trans. Faraday Soc., 1957, 58, 1606. 

% Lautsch, Chem. Tech. (Berlin), 1958, 10, 419. 

* Chernick and Skinner, J., 1956, 1401. 

Kosolapoff, ‘‘ Organo-phosphorus Compounds,” Wiley, New York, 1950. 
Fletcher, Mortimer, and Springall, J., 1959, 580. 
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phosphorous acids; a third was analysed for orthophosphoric acid by the quinoline phospho- 
molybdate method ’ to an accuracy of +0-1%; a fourth was boiled with nitric acid to convert 
any condensed acids into the ortho-acid, and the total phosphoric acids found, but in no case 
were any condensed phosphoric acids found. The quantity of phosphate recovered corre- 
sponded closely to the theoretical amount formed, as calculated from the recovery of carbon, 
carbon dioxide, and unburnt compound. 

Units and Auxiliary Quantities—The heats of combustion are given in units of the thermo- 
chemical calorie, 1 cal. = 4-1840 abs. J. The energy equivalent of the calorimeter was 
determined by combustion of a sample of benzoic acid, having — AU; = 6-3181 + 0-0007 kcal./g. 
The following values were used for thermal corrections. The heat evolved in the formation of 
0-1n-nitric acid from nitrogen, oxygen, and water was taken ® as 13-81 kcal./mole. The heat 
evolved in the combustion of cotton fuse was taken ® as 3-88 kcal./g. of cotton used. The heat 
evolved in the combustion of oil of empirical formula CH,..,, was determined as 10-949 kcal./g. 
of oil used. The heat evolved in the solution of crystalline phosphoric acid to give a 1-0N- 
solution was taken as 2-9 kcal./mole of phosphoric acid.!° The heat of combustion of carbon to 
carbon dioxide was taken as 8-11 kcal./g. of carbon. 

Results.—The results of the combustion experiments are given in Tables 1, 2, and 3, in which 
the symbols have the following meanings: E, = energy equivalent of the uncharged calorimeter 
system; E, = contribution from the contents of the bomb after combustion to the total energy 
equivalent; AR, = overall change in resistance of the platinum-resistance thermometer 
proportional to the corrected temperature rise; g; = heat of combustion of cotton fuse; g, = 
heat of combustion of kindling oil; g, = heat evolved by formation of nitric acid; g, = heat 
correction for unburnt carbon (soot); g, = heat correction for the solution of crystalline 
phosphoric acid; g, = heat correction to standard states (Washburn corrections), at 25°, 
calculated according to Prosen;? 5 = overall standard deviation to be applied to the mean 
heat of combustion: 


5 = +/[(SE)* + (5B)? + (SAU,°)*] 


where SE = standard deviation of energy equivalent, 5B = standard deviation in the accepted 
value for the heat of combustion of benzoic acid, and sAU,° = standard deviation in AU,°. 
Further, CO, obs: calc. = the proportion of carbon dioxide recovered to that calculated for 
complete combustion of the sample. 

The mass of sample burned in each experiment was calculated from the mass of carbon 
dioxide and carbon formed on combustion, the cotton fuse and oil being assumed to have 
burned completely. This mass was also found, though slightly less accurately, from recovery 
of orthophosphoric acid. 

The combustions refer to the reactions: 


PPh,(c) + 230,(g) —» H;PO,(c) + 18CO,(g) + 6H,O(liq) 
OPPh,(c) + 22:50,(g) — H,PO,(c) + 18CO,(g) + 6H,O(liq) 
OP(OEt),(liq) + 90,(g) —» H,PO,(c) + 6CO,(g) + 6H,O(liq) 


The standard deviations associated with the standard heats of combustion are between 
+0-09 and 0-13%. The major contribution to this uncertainty probably lies in non- 
homogeneity of the products of combustion, especially of the phosphoric acid solution. This 
uncertainty would probably be reduced by using a rotating-bomb technique. 

Using the AH;° values at 25°: H,O(liq), —68-3174; CO,(g), —94-0518; H,PO,(c), —306-2 
kcal./mole (ref. 10), we calculate the following heats of formation at 25°: 


AH;,°(PPh,, c) = +54-3 + 2-3; AH;°(OPPhy,, c) = —15-6 + 3-0; 
AH; [OP(OEt),, liq) = —297-5 + 1-3 kcal./mole. 
7 Wilson, Analyst, 1951, 76, 55. 
* Prosen, ‘‘ Experimental Thermochemistry,” Interscience, New York, 1956, Chap. 6. 


* Coops, Jessup, and van Nes, op. cit., Chap. 3. 
#0 National Bureau of Standards, Circular 500, Washington, 1952. 
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TABLE 1. Triphenylphosphine; M, 262-275. 

Baap... sivcissescesvies 1 2 3 + 5 
Wt. * of sample (g.) 0564620  0-622456 = 0-524790 = -0-531634 = 0-5 62501 
AR, (ohm) ......-...++ 0-13197  0-14544 «= 012237012419 =—S_(0-13167 
CO, obs.: calc. (%) 99-87 99-16 99-56 99-64 99-82 
Wt. of carbon (g.)... 0-00014 000330 «(000174 = 0-00085 = «0-00038 
QC. siil.dsc cu: 5-4 5-8 5-3 5-1 5-1 
Ga GOR) > scisesennscs cee 0-3 0-3 0-3 0-3 0-3 
Go (CAL). srecesereess 1-1 26-8 13-8 6-9 3-1 
P45 peau at. 6-0 6-6 7-3 5-7 5-4 
A Go 2-0 2-2 1-9 1-9 2-0 

@ (cal./ohm) ......... 6-9 7-6 6-4 6-5 6-9 
—AU,° (kcal./mole) 2456-1 2468-2 2456-1 2459-2 2461-7 Mean 2460-3 


(standard deviation of mean + 2-3) 


* All weights in vacuo. E, = 40,120-0 cal.johm and sE = +0-025% apply to all combustions. 












5AU,° = 40-09%; 3 = 40-09%; AnRT = —3-0 kcal./mole; —AH,° = 2463-3 + 2-3 kcal./mole. 
TABLE 2. TABLE 3. 
Triphenylphosphine oxide; M, 278-275. Triethyl phosphate; M, 182-16 
BE, cnessmiesiinnmend 1 2 3 4 1 2 3 4 
Wt.* of sample (g.)... 0-331010 0-633325 0-503030 0-716490 0-78927 0-76540 0-75079 0-68982 
AR, (ohm) ............ 0-07024 0-13533 0-10750 0-15205 0-11400 0-10861 0-10522 0-10301 
CO, obs.: calc. (%) 98-24 99-40 99-71 98-83 99-50 92:89 93-88 92-17 
Wt. of carbon (g.) ... 000100 0-00119 0 0-00353 0 0-00263 0-00348 0 
BACB)...“ se cndeciveciose 6-2 6-2 6-3 5-9 8-8 8-7 7-1 8-2 
Ga WE -shetundeckinsce 306-0 5129 410-3 694-1 
Be DED dcp ecvinvisaye 0-3 0-3 0-3 0-3 0-3 0-3 0-3 0-3 
Se ee 8-1 9-7 0 28-6 0 21-3 28-2 0 
ry | 8 peer opener: 3-3 6-4 5-1 7-2 12-1 10-9 11-2 9-7 
Be COD ac caseitecciss 1-1 2-4 2-0 2-8 0-5 0-5 0-5 0-8 
E, (cal./ohm) ......... 3-8 7-3 5-8 8-1 > 10-5 10-3 10-1 9-2 
—AU, ° (kcal./mole) 2399-5 2390-9 2385-3 2387-1 985-0 979-9 980-0 979-5 
Mean —AU,° 2390-7 Mean —AU,° 981-1 
(standard deviation of mean + 3-0) (standard deviation of mean + 1-3, 
3AU.° = +0:138%; = +4013%; AnRT = —2-7 3AU,° = 40:13%; 3 = 013% 


AnRT = —1-8kcal./mole; —AH,° 


kcal./mole; —AH,° = 
. = 982-9 + 1-3 kcal./mole. 


2393-4 + 3-0 kcal./mole. 


DISCUSSION 


Values for the heats of formation of triphenylphosphine and triphenylphosphine oxide 
have not been recorded previously. The value obtained here for the heat of formation of 
triethyl phosphate is close to that given by Chernick and Skinner,‘ viz., —297-8 + 30 
kceal./mole. This was based on a heat of formation of triethyl phosphite, derived from 
the heat of reaction between phosphorus trichloride and ethanol," and a heat of oxidation 
of triethyl phosphite by hydrogen peroxide, carried out in methanol. These authors drew 
attention to an important assumption made in interpreting their results, namely, that 
hydrogen peroxide was consumed only in accordance with the equation P(OEt), + 
H,0, —» OP(OEt), + H,O, and that small amounts of peroxide (C,H,;O),;PO, were not 
formed. Within the limits of experimental error, their assumption appears justified 
thermochemically. 

The mean bond dissociation energy of the molecule PPh,, in the gas phase, 
PPh,(g) —» P(g) + 3Ph(g), is given by the thermochemical equation: 


3D(P-Ph) = AH,°(P,g) + 3AH,°(Ph,g) — AH,°(PPh,,g) 


The heat of sublimation of triphenylphosphine has not been reported, but from m. p. and 
b. p. a value is estimated, AHg».: = 18-1 kcal./mole. Incorporating this, we derive 


11 Chernick, Mortimer, and Skinner, J., 1955, 3936. 
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AH,°(PPh;,g) = +724 + 2:3. kcal./mole. Taking also the values: AH,°(P,g) = 
75°3 kcal./g. atom, and AH,°(Ph,g) = 70 + 3 kcal./mole, considered by Skinner ™ to 
be the “ best ” value, we have then D(P-Ph) = 70-6 + 4 kcal./mole. This is 5 kcal./mole 
stronger than D(P-Me) = 65-3 + 1-4 kcal./mole in trimethylphosphine.? A difference in 
this direction is to be expected from the possibility of additional bonding involving 3d 
orbitals of the phosphorus atom and the z-orbitals of the benzene ring. 

The heat of dissociation of the molecule OPPh, in the gas phase, OPPh,(g) —» 
O(g) + PPh,(g), is given by the thermochemical equation: 


D{O=PPh,] = AH,°(PPh,,g] — AH;,°(OPPh,,g) + AH,°(0,g) 


The heat of sublimation of triphenylphosphine oxide has not been reported, but from m. p. 
and b. p. a value is estimated, AHu».: = 19-1 kcal./mole. This leads to AH,°(OPPh,,g] = 
+3-5 + 3-0 kcal./mole, and with AH;,°(O,g) = 59-54 kcal./g. atom,!* then D(O=PPh,) = 
128-4 + 5-5 kcal./mole. This value may be compared ‘ with D(O=PPr,) = 138-3 + 4 and 
D{O=PBu,) = 137-2 + 4 kcal./mole. 


UNIVERSITY COLLEGE OF NORTH STAFFORDSHIRE, 
KEELE, STAFFs. [Received, July 28th, 1959.) 


12 Cottrell, ‘‘ The Strengths of Chemical Bonds,’’ Butterworths, London, 2nd Edition, 1958. 
‘8 Skinner, Monograph No. 3, 1958, The Royal Institute of Chemistry, London. 





328. 6-Acetylcyclohex-2-enones: The Condensation of 8-Diketones 
with «8-Unsaturated Ketones.* 


By R. N. Lacey. 


Acetylacetone readily condenses in the presence of alkali with methyl 
vinyl ketone and several homologues to give 6-acetylcyclohex-2-enone 
derivatives. The products may be catalytically dehydrogenated to o-acetyl- 
phenols, which are also produced by the action of bromine. Hydrogenation 
gives 2-acetylcyclohexanones, alkylation of the cyclohexenones takes place 
at the 6-position, and, as typical 1,3-diketones, 6-acetylcyclohex-2-enone 
derivatives show the expected reactions with ferric chloride, cupric salts, 
and guanidine. Spectroscopic results are reported; gas-liquid chromato- 
graphy shows the products to consist of mixtures of isomers, believed to be 
keto-enol tautomers. 


MICHAEL addition of 6-diketones to «$-unsaturated ketones has not received study since 
the early work of Scholtz.1_ This author condensed acetylacetone with benzylidene- 
acetophenone in the presence of aqueous sodium hydroxide and obtained the substituted 
cyclohexenone (II) which he suggested had been formed by hydrolysis of the 6-acetyl- 
cyclohex-2-enone (I) first formed. Condensation of benzylideneacetophenone with 
benzoylacetone similarly gave 3,5-diphenylcyclohex-2-enone (II); in no case studied was a 
6-acetylcyclohex-2-enone derivative isolated, and it may be noted that the examples 
selected by Scholtz do not permit an unequivocal selection to be made between hypothetical 
intermediate (II) and (e.g., III from benzylideneacetophenone and acetylacetone). 

It has been established that: addition of ethyl acetoacetate and its homologues 
to af-unsaturated ketones ‘gives 6-ethoxycarbonylcyclohex-2-enone derivatives, 1.¢., 
8-keto-esters, not 8-keto-esters, whether (a) the reaction is carried out in two stages to 


* B.P. Appin. 13,143/1958. 
1 Scholtz, Ann. Pharm., 1916, 254, 547. 
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give first the Michael adduct, which is then cyclised by the Claisen hydrogen chloride- 
diethylaniline technique ? or by acid or alkali,®* or (6) the condensation is carried out in 
one step in the presence of sodium ethoxide.5 Orientation of the addition is similar if the 
«$-unsaturated ketone is replaced by a precursor; thus, piperitone (6-isopropyl-3-methyl- 
cyclohex-2-enone) has been synthesised by condensing ethyl «-isopropylacetoacetate with 


Ph o Ph fo) Ph 
ae 
Ac Ac 
Ph Ph Ph 
(I) (II) (IIT) 


methyl vinyl ketone, 4-chlorobutan-2-one,* 4-diethylaminobutan-2-one,’ or 1,3-dichloro- 
but-2-ene,® followed, in all cases, by removal of the ethoxycarbonyl group. 

In a few instances acetylacetone has been condensed with Mannich bases of the type 
R-CO-CHR"-CH,"NR”,, and the expected 6-acetylcyclohex-2-enone derivatives have been 
obtained.® 2-Methylcyclohexan-1,3-dione has been condensed with methyl vinyl 
ketone or 4-diethylaminobutan-2-one, to give a 1,5-diketone,™ but here the formation 
of the 1,3-diketone is sterically impossible. The addition of isopropenyl methyl ketone 
to butan-2-one and to acetone, giving 3,4,6-trimethyl- and 3,6-dimethyl-cyclohex-2-enone 
respectively has been described by Cologne and Dreux.’ Condensation of acraldehyde 
with acetylacetone in the presence of basic catalysts has been claimed by Smith }* to give 
6-acetylcyclohex-2-enone, but the present author has been unable to repeat this preparation. 

The condensation of acetylacetone and isopropenyl methyl ketone proceeded very 
simply when the reactants were boiled in the presence of sodium methoxide and water 
eliminated was allowed to distil off; sodium and sodium hydroxide were effective catalysts; 
quinoline and sodium acetate were without effect. ~The product, obtained in 72—75% 
yield, showed a strong blue colour with ferric chloride and formed a crystalline copper 
salt. No solid ketonic derivatives were formed but the infrared spectrum showed two 
bands, at 1703 and 1672 cm.-, and two broad bands, at 1630 and 1590 cm."', varying in 
intensity in different samples; these indicated the presence of two carbonyl groups, one 
being conjugated, and two enolic groupings. Regeneration of the diketone from the 
crystalline copper salt and comparison of the product so obtained with the material 
obtained directly from the condensation showed that the latter was essentially a pure 
compound with variable proportions of keto- and enol forms. Comparison by infrared 
and ultraviolet spectroscopy (Tables 1 and 2) and by gas-liquid chromatography (Table 3) 
indicated the presence of three main components, one of which disappeared on storage. 
The results were consistent with the formulation as (IV), together with the two enol forms 
(V) and (VI), and with a mechanism involving first a reversible Michael addition to afford 
the intermediate (VIII) and then an aldol condensation. 

Substantially identical procedures gave the expected cyclohexenones from acetylacetone 
with methyl vinyl ketone, ethylideneacetone, benzylideneacetone, 2-methylpent-1-en-3-one 
(VII; R! = Et, R? = Me, R* = H), and 3-ethylbut-3-en-2-one (VII; R! = Me, R? = Et, 


Blaise and Maire, Bull. Soc. chim. France, 1908, 3, 418. 
Henecka, Chem. Ber., 1949, 82, 112. 

Buchta and Satzinger, Chem. Ber., 1959, 92, 468. 

Abdullah, J. Indian Chem. Soc., 1935, 12, 62. 

Walker, J., 1935, 1585. 

Downes, Gill, and Lions, J. Amer. Chem. Soc., 1950, 72, 3464. 
Melikyan and Tatevosyan, J. Gen. Chem. (U.S.S.R.), 1951, 21, 696. 
* Gill, James, Lions, and Potts, J. Amer. Chem. Soc., 1952, 74, 4923. 
ad Novello, Christy, and Sprague, J. Amer. Chem. Soc., 1953, 75, 1330. 
1! Swaminathan and Newman, Tetrahedron, 1958, 2, 88. 

12 Cologne and Dreux, Compt. rend., 1950, 231, 1504. 

13 Smith, U.S.P. 2,516,729. 
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=H). Mesityl oxide and 2-acetylcyclohexene failed to react. Spectroscopic data and 
“ results of gas-liquid chromatography are presented in Tables 1—3. 





TABLE 1. 6-Acylcyclohex-2-enones: light absorption data (in ethanol) (» in A). 
Amax. € Armax. € Amin. € 


sees 3350 4100 2390 8200 2720 1300 
ees oe ae See «62 {* 3340 4400 2360 8550 2720 +1600 
2 ok Mies - RS a 3360 4700 2460 7250 2750 710 
(IX; R! = R* = Me, R* = R* = H) ......... { * 3350 5500 2420 7750 2750 390 
. Ria R= Rta - « 3340 3600 2350 11,200 2740 500 
ee ee ie ine Ee, Be BD seesnsl {* 3340 5150 2370 10,400 2730 750 


ie Oh N . 3400 6000 2350 9700 2780 1300 
(IX; R' = R‘ = Me, R?= Ph, R*=H) ...{* 3379 5400 ©2320-8700» 2790 «1250 


Pe a RS * . 3360 4700 2460 7250 
(IX; Rt = Et, R*= R‘= Me, R7=H) ...4* 3359 5500 «2420 S««7750«S «2750-320 


(IX; R? = R‘ = Me, ts Et, R® = H) ... 3375 3540 2360 10,300 2780 1000 
(IX; R! = Me, R* = =H, R‘= Ph)... © 3450 5150 2430 21,300 2850 2040 

2860 12,500 —_ — 
(IX; R! = Ph, R? = =H, R‘= Me) ... © 3600 12,500 2200 9700 


* Where two sets of figures are given, the second refers to material purified through the Cu salt. 
> Ref. 9. 


TABLE 2. 6-Acylcyclohex-2-en-l-ones: light ——_ data (in N/10-NaOH in 90% 
ethanol—water) (2 in A). 


Amex. € Amex. € Amin. € 


Ria R= Rte bee 3550 8850 2360 10,600 2700 2800 
(IX; R! = R* = R‘ = Me, R? = H) ......... ae ea oo ae eo 
ee ae 3540 12,650 2350 14.400 2720 1250 
BP ee ee RD ecttees {* 3540 12,700 2350 13,000 2740 500 
ha tic aah ” 3500 12,500 2360 12,950 2750 950 
tae grieniag ete gieniend eats {* 3530 13,000 2370 10,600 2740 65 
if ee ch be . 3530 10,800 2350 17.200 2870 3400 
(IX; Rt = R* = Me, R* = Ph, R*= H) ...4* 3539 11,300 2860«-:12,000 «2810 —«1550 
(IX; R! = Me, R? = H, R‘= Ph) ... * 3640 12,400 2300 15,300 2900 1000 


(IX; R? we Ph, R* = Re H, R‘ = Me) ... * 3890 13,700 2710 18,400 _ _ 


#6 See Table 1. 


TABLE 3. 6-Acetylcyclohex-2-en-l-ones: gas-liquid chromatography.* 


Purified through 
Crude product (%) the Cu salt (%) 


(IX; R! = R* = R4 = Me, R?=H) on... A 29-5 24-2 23-2° 
B 28-0 24-1 pata 
Cc 37-6 48-4 70-8 
(IX; R! = R! = Me, R?= R*=H) ............ A 3-4 3-4 
B 9-8 2-4 
Cc 88-3 93-5 
(IX; Rt = R? = R= Me, R?'=H) «oe... 96-8 94-9 
(IX; R! = Et, Rt = R* = Me, R? = H)......... A 15-8 14-4 
B 76-9 76-1 
(IX; R! = R‘ = Me, R* = Et, R? = H)......... A 51-7 = 
B 42-3 


* The main components, A, B, C, only are listed, in order of increasing retention time. ° After 
one month’s storage. 


Methyl vinyl ketone reacted readily in the cold in the presence of sodium methoxide, 
to give the intermediate triketone (VIII; R! = R4= Me, R? = R? =H) which was 
converted into the acetylcyclohexenone by heating it in the presence of the same catalyst 
with elimination of water. Boiling aqueous alkali converted the triketone into 3-methyl- 
cyclohex-2-enone by cyclisation and hydrolytic elimination of an acetyl group. Other 
vinyl ketones, ¢.g., isopropenyl methyl ketone, failed to undergo addition with acetyl- 
acetone in the cold, and the formation of acetylcyclohexenones (IX) at elevated tem- 
peratures in these cases must be attributed to disturbance of an unfavourable equilibrium 
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between (VII) and (VIII) by loss of water. In the case of mesityl oxide the tendency for 
Michael addition is even less, and no conversion into acetylcyclohexenone was observed. 
This pattern of behaviour is closely similar to the Michael addition of ethyl acetoacetate 
to «$-unsaturated ketones." 


CH; CH, 


. ~ SON -§- Rco co <> 8xco “co 
! 
CMeOH pe SpCHr cor* git ecrrcor! 


(IV) (VI) R? R? \ 
(VII) (VII) 
R' ° 


co-R‘ 
(Ix) RF 


Benzoylacetone and methyl vinyl ketone under the general reaction conditions gave 
a mixture of ketones. Purification through the copper salt gave compound (IX; R! = Me, 
R* = Ph, R? = R® =H). The crude product appeared, from spectroscopic evidence, 
to contain some 4-benzoyl-3-methylcyclohex-2-enone formed by the alternative mode of 
cyclisation of the intermediate (VIII). 

Hydrogenation of the ts" ag was not exhaustively studied; the cyclohexenones 
(IX; R!= R*= Me, R?= R?=H) and (IX; R! = R?= R*= Me, R? =H) were 
both selectively a Dotson over palladium-barium sulphate to give the expected 
acetylcyclohexanones. 

The two acetylcyclohexanones showed an interesting, markedly different tendency to 
enolise, as shown by their infrared spectra in carbon tetrachloride. Whereas 2-acetyl-5- 
methylcyclohexanone behaved as a highly enolised- 8-diketone (ca. 80% enol), 2-acetyl- 
3,5-dimethylcyclohexanone showed little enolisation (ca. 20% enol). Amongst the acetyl- 
cyclohexenones, the dimethyl compound (IX; R! = R? = R* = Me, R? = H) appeared 
to show no marked spectroscopic differences from other compounds in this series but it is 
noteworthy that in the vapour phase (Table 3) it appeared to exist in a single (ketonic ?) 
form. The possibility that the adjacent methyl group may sterically inhibit the coplanar, 
hydrogen-bonded enol form as shown in the annexed structure, is pointed out. 

Proof of the structural formule proposed was supplied by dehydrogenation over 
palladium-barium sulphate. Conversions into aromatic compounds were incomplete 
and in several cases the corresponding acetylcyclohexanones, evidently arising from the 
disproportionation of the starting material, were detected. Fair yields of the expected 
o-acetylphenols were, however, obtained in all cases. 2-Acetyl-5-ethyl-4-methylphenol 
was obtained crystalline on dehydrogenation of the cyclohexenone (IX; R! = Et, 
R? = R* = Me, R* =H); earlier workers report this material to be an oil. This 


Oy « 


Mey) Me 


dehydrogenation was anomalous in giving, in addition to the o-acetylphenol mentioned, 
a substantial yield of 4-acetyl-2,3,6-trimethylphenol (X), the structure of which was 
indicated by ultraviolet spectroscopy [Amax, 2785 A, ¢ 11,000; cf. 2-acetyl-4,5-dimethyl- 
phenol, Amx, 2630 (ec 12,600), 3360 K (c 4250) and strong end-absorption] and by infrared 


14 Henecka, ‘“‘ Chemie der beta-Dicarbonylverbindungen,” Springer-Verlag, Berlin, 1950. 
16 Auwers and Mauss, Ber., 1928, 61, 1496. 
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spectroscopy [Vmax. 1680 cm.“ (C : O), with a strong OH band and a weak band at 879 cm. 
indicative of heavy aromatic substitution] and proved by unambiguous synthesis by the 
Fries rearrangement of 2,3,6-trimethylphenyl acetate. A sample of compound (IX; 

R! = Et, R? = R* = Me, R* = H) purified through the crystalline copper salt also gave 
some 4-acety]l-2,3,6-trimethylphenol, although in lower yield than with the unpurified 
ketone: this surprising result indicates rearrangement through a reverse aldol reaction 
under the conditions of the dehydrogenation. 


: ° H,N___NH, N 
R e C R ih 
R? co-r* NH R? ZN 

(IX) R? R? R* (XI) 


Treatment of the acetylcyclohexenones with bromine in carbon tetrachloride-acetic 
acid gave intermediate bromo-compounds which readily lost hydrogen bromide to give the 
expected o-acetyl-phenols. The method was particularly successful with 6-acetyl-3- 
phenylcyclohex-2-enone which was thus dehydrogenated to 4-acetyl-3-hydroxybiphenyl 
inhigh yield. The cyclohexenone (IX; R? = Et, R? = R* = Me, R*® = H) in this instance 
gave only the expected o-acetylphenol. Ultraviolet absorption data for 2-acetyl-3,5- 
dimethylphenol show a shift to lower wavelengths and a reduction of intensities due to 
steric interaction between the acetyl group and the adjacent methyl group (see above). 

The 6-acetylcyclohexenones behaved as normal 1,3-diketones when treated with 
guanidine; compounds (IX;, R' = R* = Me, R? = R* = H) and (IX; R! = R* = Me, 
R? = Et, R® = H) condensed with guanidine carbonate in boiling ethanol to give the 
expected 2-aminopyrimidine derivatives (2-amino-5,6-dihydroquinazolines). 


(LOG 9 EX 
a Me 
Ac Ac Me 


(XII) (XIII) (XIV) 
724% 23-9% 


Alkylation of 6-acetylcyclohex-2-enones as their sodium salts in ethanol resulted, as 
expected, in substitution at the 6-position. The reaction was accompanied in the cases 
studied by hydrolysis of the 6-acetyl group; alkylation of the diketone (IX; R! = R* = 
Me, R? = R* = H) with benzyl chloride gave 6-benzyl-3-methylcyclohex-2-enone in fair 
yield directly. Alkylation of the same diketone with methyl iodide gave 6-acetyl-3,6- 
dimethylcyclohex-2-enone, which gave a solid ketonic derivative and exhibited the spectro- 
scopic properties of a non-enolised diketone. The final ketone was readily hydrolysed with 
aqueous alkali but the product, although mainly the expected 3,6-dimethylcyclohex-2- 
enone (71-4°%), also contained 3,4-dimethylcyclohex-2-enone (23-9%). 

The nature of the hydrolysis products (XIII and XIV) does not discredit the structure 
proposed for the alkylation product. It has been shown that the two cyclohexenone 
derivatives are rapidly interconvertible in the presence of alkali; this interconversion and 
the hydrolysis of 6-acylcyclohex-2-enone derivatives are described in the following paper. 

Alkylation of the cyclohexenone (IX; R! = R? = R* = Me, R* = H) with methyl 
iodide gave a mixture of the expected 6-methyl diketone and its hydrolysis product; this 
mixture was hydrolysed directly to 3,4,6-trimethylcyclohex-2-enone, the structure of 
which was established by dehydrogenation to 3,4,6-trimethylphenol. 


‘ EXPERIMENTAL 
M. p.s are corrected. Gas-liquid chromatographic analyses were carried out with nitrogen 
as carrier gas and a hydrogen-flame detector. An 8 ft. x 6 mm. column packed with Apiezon 
M (20%) on Celite (60—80 mesh) and heated in a bath at 196° was used. Analyses are based 
on recorder peak-area measurements. 
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6-A cetyl-3,4-dimethylcyclohex-2-enone (IX; R= R? = R4 = Me, R* = H).—A mixture 
of acetylacetone (60 g., 0-6 mole), isopropenyl methyl ketone (42 g., 0-5 mole), and sodium 
methoxide (1-0 g.) was boiled beneath a small decanter head with a reflux condenser which 
enabled entrained water to be collected and removed. The temperature of the mixture rose 

_ from 120° to 174° during 15 min.; after 2 hours’ heating the reaction temperature was 206° 
and 10-0 ml. of an aqueous layer had been collected from the decanter. The residue was taken 
up in ether, washed with 10% sulphuric acid followed by water, and isolated, to give the cyclo- 
hexenone (60-1 g., 72-5%), b. p. 133—135°/14 mm., m,,*° 1-519—1-525 (Found: C, 72-1; H, 8-15. 
C,9H,,0, requires C, 72-3; H, 8-5%), which gave a blue colour with aqueous ferric. chloride. 
The copper derivative crystallised as a green powder, m. p. 144—145°, from light petroleum 
(b. p. 60—80°) [Found: C, 61-5; H, 6-9. Cu(C,).H,,0,) requires C, 61:05; H, 6-65%]. 

Other catalysts were successfully used. Sodium (0-5 g.) gave a 735% yield; sodium 
hydroxide (0-5 g.) gave a 61-5% yield; sodium and quinoline were ineffective. 

A sample of the above cyclohexenone was purified through the copper salt to give an oil, 
b. p. 135—138°/14 mm., m,*° 1-5240, in 70% overall recovery. 

Acetylacetone (60 g.), isopropenyl methyl ketone (37 g.), and sodium methoxide (0-5 g.), 
when kept for 24 hr. in the cold, afforded no condensation products. 

6-A cetyl-3-methylcyclohex-2-enone (IX; R!= R*= Me, R* = R? = H).—Acetylacetone 
(60 g., 0-6 mole), methyl vinyl ketone (35 g., 0-5 mole), sodium methoxide (1-0 g.), and quinol 
(0-1 g.) were heated together as described above. After 2 hr., the reaction temperature was 
210° and 8 ml. of an aqueous layer had been collected. Isolation as before gave the cyclo- 
hexenone (43-0 g., 56-5%), b. p. 126—130°/13 mm., m,,”° 1-525—1-528 (Found: C, 71-35; H, 7-95. 
C,H,,0, requires C, 71-05; H, 7-95%). The copper derivative formed dark green needles, m. p. 
169°, from benzene-light petroleum (b. p. 60—80°) [Found: C, 58-9; H, 6-05. Cu(C,,H,,0,) 
requires C, 59-1; H, 6-1%). 

The cyclohexenone (1-5 g.) and guanidine carbonate (0-9 g.) were refluxed in ethanol (5 ml.) 
for 4 hr. Addition of water gave 2-amino-5,6-dihydro-4,7-dimethylquinazoline (XI; Ri = 
R* = Me, R? = R* = H) which crystallised as needles, m. p. 160—161°, from water (Found: 
C, 68-4; H, 7-65; N, 23-9. C,9H,;N; requires C, 68-55; H, 7-5; N, 23-95%). The ketone was 
purified through the copper salt to give an oil, b. p. 126—127°/17 mm., »,”° 1-5267, in 50% 
overall recovery. 

In a similar experiment in which sodium methoxide was replaced by calcium oxide (2 g.), 
the reaction was slower; after 3-5 hours’ heating, a 34% yield was obtained. 

3-Acetylheptane-2,6-dione.—Methyl vinyl ketone (30 g.) was added during 20 min. to a 
stirred mixture of acetylacetone (60 g.) and a solution of sodium methoxide (from 0-2 g. of 
sodium and 5 ml. of methanol), the temperature being kept at 25—30°. After 24 hr. at room 
temperature, the product was washed yay dilute sulphuric acid and isolated, to give the 
triketone (VIII; R! = R* = Me, R? = = H) (32-9 g.), b. p. 97—101°/0-8 mm., m,,* 1-4594, 
giving a deep reddish-purple with ace ferric chloride (Found: C, 63-75; H, 8-75. C,jH,,0; 
requires C, 63-5; H, 8-3%). The ketone (10 g.) immediately dissolved in cold aqueous 10% 
sodium hydroxide (40 ml.) but an oil was rapidly deposited on warming. After 1 hour’s 
refluxing the product was isolated, to give 3-methylcyclohex-2-enone (4-0 g.), b. p. 79°/13 mm., 
identified by its infrared spectrum. The ketone (10 g.) was heated at 180—200° (bath) in the 
presence of sodium methoxide (0-1 g.) for 2 hr.; water distilled; isolation gave the cyclo- 
hexenone (IX; R! = R‘ = Me, R? = R* = H) in 70% yield. 

6-Acetyl-3,5-dimethylcyclohex-2-enone (IX; R! = R* = R‘ = Me, R* = H).—Acetylacetone 
(60 g., 0-6 mole), ethylideneacetone (42 g.; 83% pure, the remainder being mesityl oxide), and 
sodium methoxide (1 g.) were heated as previously described. The reaction temperature rose 
from 155° to 190° during 4 hr.; 8-8 ml. of aqueous layer were collected. Isolation gave the 
cyclohexenone (49-5 g., 84% yield on ethylideneacetone), b. p. 128—132°/11 mm., ,*° 1-517— 
1-520 (Found: C, 72-95; H, 8-4. C, 9H,,O, requires C, 72-3; H, 85%). The copper salt formed 
green needles, m. p. 159—160°, from light petroleum (b. p. 60—80°) [Found: C, 61-1; H, 6°55. 
Cu(Cy9H,,0,) requires C, 61-05; H, 665%]. Purification of the ketone through the copper salt 
gave an oil, b. p. 133—134°/13 mm., n,* 1-5168, in 65% overall recovery. 

6-A.cetyl--methyl-5-phenyleyclohex- -2-enone (IX; R!= R*= Me, R*= Ph, R* = H).— 
Acetylacetone (75 g., 0-75 mole), benzylideneacetone (73 g., 0-5 mole), and sodium methoxide 
(1 g.) were heated together as before. In 1-5 hr. the reaction temperature rose to 182° and 

10 ml. of an aqueous layer were collected. Isolation gave the cyclohexenone (76 g., 66-5%), 
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b. p. 140—148°/1 mm., »,° 1-579—1-581 (Found: C, 78-8; H, 7-45. C,;H,,O, requires C, 78-9; 
H, 705%). The copper salt formed dark green needles, m. p. 218—219°, from benzene-—light 
petroleum (b. p. 80—120°) [Found: C, 69-35; H, 5-95. Cu(Cy9H,,0,) requires C, 69-55; 
H, 5-85%]; purification of the ketone through this salt gave an oil, b. p. 145—146°/1 mm., ,”° 
1-5841, in 77% overall recovery. 

6-A cetyl-3-ethyl-4-methylcyclohex-2-enone (IX; R!=Et, R*= R*=Me, R* = H).— 
Acetylacetone (87-5 g., 0-875 mole), 2-methylpent-l-en-3-one (68-5 g., 0-7 mole), and sodium 
methoxide (3 g.) were heated as before; in 5-5 hr. 12-6 ml. of an aqueous layer were collected 
and the final temperature was 210°. Isolation gave the cyclohexenone (78-2 g., 62%), b. p. 
149—158°/15 mm., ,*° 1-520 to 1-509 (Found: C, 73-1; H, 8-6. C,,H,.O, requires C, 73-3; 
H, 895%). The copper salt crystallised as a green powder, m. p. 156—157°, from benzene-light 
petroleum (b. p. 60—80°) [Found: C, 62-6; H, 7-0. Cu(C,,.H ,0,) requires C, 62-6; H, 7-15%], 
and purification through this salt gave the ketone, b. p. 142—147°/12 mm., n,,*° 1-5237, in 59% 
overall recovery. 

6-A cetyl-4-ethyl-3-methylcyclohex-2-enone (IX; R! = = Me, R? = Et, R* = H).—Acetyl- 
acetone (96 g., 0-96 mole), 3-ethylbut-3-en-2-one (78-5 a ae p. 71°/150 mm., n° 1-4288), and 
sodium methoxide (1 g.) were heated for 4 hr.; an aqueous layer (15-7 ml.) was decanted and 
the reaction temperature rose to 220°. Isolation gave the cyclohexenone (102-3 g., 71%), b. p. 
146—155°/13 mm., »,*° 1-511—1-506 (Found: C, 73-8; H, 8-95. (C,,H,.O, requires C, 73-3; 
H, 895%). The cyclohexenone (1-8 g.) and guanidine carbonate (0-9 g.) in 1:1 aqueous 
ethanol (10 ml.) were refluxed together for 3 hr. A solid crystallised on cooling and recrystal- 
lisation from ethyl acetate gave 2-amino-6-ethyl-5,6-dihydro-4,7-dimethylquinazoline (XI; 
R*? = Et, R! = R* = Me, R® = H) as needles, m. p. 158—160° (Found: C, 70-45; H, 8-3; 
N, 20:75. C,,.H,,N, requires C, 70-9; H, 8-45; N, 20-65%). The copper salt was too soluble 
in light petroleum and other solvents for purification. 

6-Benzoyl-3-methylcyclohex-2-enone (IX; R! = Me, R? = = H, R* = Ph).—A mixture 

of benzoylacetone (65 g.), methyl vinyl ketone (42 g.), and ae methoxide (0-5 g.) was heated 
for 4hr.; the reaction temperature rose to 180° and water (5 ml.) was collected. Isolation gave 
an oil (55-8 g.), b. p. 179—200°/4-5 mm., whose copper salt (33 g.) crystallised as a red powder 
(from benzene), m. p. 208—208-5° [Found: C, 69-05; H, 5-15. Cu(C,,H,,O,) requires C, 68-75; 
H, 5-35%], and with dilute sulphuric acid gave the diketone (25-0 g.) b. p. 150—155°/1 mm., 
n,* 1:5980 (Found: C, 78:8; H, 6-6. C,,H,,O, requires C, 78-45; H, 6-6%). The infrared 
spectrum showed a sharp C=O band at 1670 cm. and a broad band at 1580 cm.!. Comparison 
with the spectrum of the crude distilled product showed this to be about 60% pure; a band at 
1692 cm.? shown by the latter was ascribed to 4-benzoyl-3-methylcyclohex-2-enone. 

2-Acetyl-5-methylcyclohexanone.—6-Acety1-3-methylcyclohex-2-enone (20 g.) in ethanol 
(60 ml.) was agitated in hydrogen in the presence of 5% palladium—barium sulphate. Absorption 
(3-1 1. at 17°/754 mm.; 99%) ceased after 1 hr. The product, the acetylcyclohexanone (15 g.), 
had b. P- 114—120°/13 mm., n,,”° 1-5030 (Found: C, 69-8; H, 8-8. C,H,,O, requires C, 70-1; 
H, 9-15%). A copper salt was obtained, crystallising in green prisms, m. p. 198—198-5°, from 
asene-light petroleum (b. p. 100—120°) [Found: C, 58-2; H, 7-0. Cu(C,gH,,0,) requires 
C, 58-45; H, 7-1%]. The oil had 2,4, in EtOH 2910 A (e 7000), but in 0-1N-NaOH in 90% 
ethanol, 3120 A (e 16,800). The infrared spectrum was that of a highly enolised 6-diketone. 

2-Acetyl-3,5-dimethylcyclohexanone.—6-Acety1-3,5-dimethylcyclohex-2-enone (20 g.) was 
hydrogenated as above; absorption (2-65 1. at 18°/755 mm.; 92%) was complete in 2 hr. 
Isolation gave the acetylcyclohexanone (15 g.), b. p. 122—126°/15 mm., n,* 1-4756 (Found: 
C, 71-1; H, 9-45. C,)H,,O, requires C, 71-4; H, 96%), which afforded a copper salt, crystal- 
lising in pale green needles, m. p. 141—142°, from light petroleum (b. p. 60—80°) [Found: 
C, 60-85; H, 7-5. Cu(CygH,,0,) requires C, 60-35; H, 7:-6%]. The oil had Aga, in EtOH 
2910 A (e 2700), in 0-IN-NaOH in 90% ethanol, 3120 A (ec 15,000). The infrared spectrum 
in carbon tetrachloride showed only ca. 20% of enolisation. 

6-A cetyl-3-methylcyclohex-2-enone.—The diketone (15 g.) was refluxed with 5% palladium-— 
barium sulphate (0-1 g.) for 30 min. Distillation gave an oil (11-5 g.), b. p. 118—117°/13 mm., 
Shown by infrared analysis to eontain 60% of 2-acetyl-5-methylphenol, the remainder being 
chiefly 2-acetyl-5-methylcyclohexanone. The product formed a 2,4-dinitrophenylhydrazone 
which gave orange needles (from ethyl acetate), m. p. 238° undepressed on admixture with a 
sample of derivative made from authentic 2-acetyl-5-methylphenol (Found: C, 54-9; H, 4:3; 
N, 16-5. C,,H,,O,N, requires C, 54-65; H, 4:25; N, 16-95%). 
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6-A cetyl-3,4-dimethylcyclohex-2-enone.—The diketone (5 g.) was refluxed for 30 min. with 
palladium-barium sulphate (0-05 g.). The catalyst was removed and the product crystallised 
from light petroleum (b. p. 40—60°), to give 2-acetyl-4,5-dimethylphenol (1-26 g.), m. p. and 
mixed m. p. 71-5—72-5° (lit.,* gives m. p. 71°). Light absorption, see text. 

Other 6-acylcyclohex-2-en-l-ones were dehydrogenated similarly (5 g. of diketone and 
0-05 g. of catalyst) with the following results: 


Compound (IX) 
R} R? R? R‘ Product 
Me H Me Me ~_2-Acetyl-3,5-dimethylphenol ¢ 
Me Et H Me  2-Acetyl-4-ethyl-5-methylphenol ° 
Et Me H Me 4-Acetyl-2,3,6-trimethylphenol ¢ 
2-Acetyl-5-ethyl-4-methylphenol ¢ 
Me H H Ph 2-Benzoyl-5-methylphenol ¢ 
* Undepressed with authentic specimen; lit.,17 m. p. 57—58°. Amax. 2610 (c 5600), 3050 (c 2180), 
2200 A (ec 1320). * Undepressed with authentic specimen; lit., m. p. 96—97°. Amax. 2635 (e€ 12,700), 
3360 A (¢ 4180): strong end absorption. ¢* From light petroleum (b. p. 40—60°) (Found: C, 73-8; 
H, 8-0. C,,H,,O, requires C, 74:15; H, 7-°9%). Light absorption, see text. ‘ Plates from light 
petroleum (b. p. 40—60°) (Found: C, 74-2; H, 7-65. Calc. for C,,H,,O,: C, 74:15; H, 7-9%); lit.,¥6 
an oil. Amax. 2635 (¢ 12,900), 3370 A (e 4210): strong end absorption. *¢ Isolated by distillation, b. p, 
141—146°/1 mm., and crystallisation from methanol as needles; undepressed with authentic specimen, 
lit.,1%5 m. p. 63°. 


4-Acetyl-2,3,6-trimethylphenol.—2,3,6-Trimethylphenyl acetate (b. p. 118°/12 mm.; 8-9 g.) 
was heated rapidly with powdered anhydrous aluminium trichloride (7 g.) at 165—170° (bath), 
at which temperature the bath was held for 15 min. The product was cooled and treated with 
crushed ice and dilute hydrochloric acid. Isolation with ether gave 4-acetyl-2,3,6-trimethyl- 
phenol (8-4 g.), m. p. 128-5—130°, which on crystallisation from ether had m. p. and mixed 
m. p. 132—133°. 

Brominations.—6-A cetyl-3-methylcyclohex-2-enone., To a stirred solution of the diketone 
(5 g.) in carbon tetrachloride (20 ml.) at 20° was added a 16% w/v solution of bromine in acetic 
acid (32 ml.) during 30 min. The mixture was stirred for 1 hr. at 20° and for 1 hr. at 30°; 
hydrogen bromide was evolved. The product, distilled under reduced pressure, gave an oil 
(2-5 g.), b. p. 80—83°/0-9 mm., shown by infrared analysis to contain 90% of 2-acetyl-5- 
methylphenol. 

6-Acetyl-3,4-dimethylcyclohex-2-enone. The diketone (6-7 g.) gave an oil (3-0 g.), b. p. 
90—91°/1 mm., which partially crystallised. Recrystallisation from light petroleum (b. p. 
40—60°) gave 2-acetyl-4,5-dimethylphenol,’* m. p. and mixed m. p. 71°. 

6-A cetyl-3-ethyl-4-methylcyclohex-2-enone. ‘The diketone (7-2 g.) gave an oil (3-5 g.), b. p. 
110°/2 mm., which partially solidified. Crystallisation from light petroleum (b. p. 40—60°) 
gave 2-acetyl-5-ethyl-4-methylphenol as plates (1-35 g.), m. p. 51—51-5° alone or mixed with a 
sample obtained by catalytic dehydrogenation. 

6-A cetyl-4-ethyl-3-methylcyclohex-2-enone. The diketone (7-2 g.) gave, after distillation, an 
oil, b. p. 110—119°/2 mm., which crystallised from light petroleum (b. p. 60—80°) to give 
2-acetyl-4-ethyl-5-methylphenol ™ as needles (1-33 g.), m. p. and mixed m. p. 95-5—96-5°. 

6-A cetyl-3-phenylcyclohex-2-enone. The diketone (8-6 g.) was treated with bromine as 
previously described. Removal of solvents and crystallisation from light petroleum (pb. p. 
60—-80°) gave 4-acetyl-3-hydroxybiphenyl (7-0 g.), m. p. 85—86°, which, after repeated 
crystallisation, had m. p. and mixed m. p. 91° (lit.,2” m. p. 90-5—91-5°). 

Alkylations.—6-A cetyl-3-methylcyclohex-2-enone. (a) The diketone (30-4 g.) was added toa 
solution of sodium ethoxide in ethanol (from 4-6 g. of sodium and 100 ml. of ethanol), and the 
solution of the sodium salt was treated with methyl iodide (30 g.). The mixture was refluxed 
for 3 hr. and acidified with acetic acid. The bulk of the ethanol was distilled off, water was 
added, and the product isolated to give two main fractions: (i) b. p. 94—102°/15 mm. (6-2 g.) 
and (ii) b. p. 122—124°/15 mm. (8-6 g.). Redistillation of (ii) gave 6-acetyl-3,6-dimethylcyclo- 
hex-2-enone (X11), Vmax 1712 (CiO), 1670 (CIO), 1638 cm. (CIC), Amax, 2340 (e 11,400), 3230 A 
(c 150), b. p. 120°/10 mm., m,* 1-4955 (Found: C, 71-75; H, 8-7. C,9H,,O, requires C, 72-3; 

* Auwers, Bundesman, and Wieners, Annalen, 1926, 447, 186. 

7 Auwers, Ber., 1915, 48, 92, 1707. 


1* Rosenmund and Schnurr, Annalen, 1928, 460, 85. 
%” Bradsher, Brown, and Porter, J. Amer. Chem. Soc., 1954, 76, 2359. 
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H, 85%), giving a bis-2,4-dinitrophenylhydrazone as a red powder, m. p. 232—233° (from 
aqueous dioxan) (Found: C, 50-15; H, 4-4. C,,H,,O,N, requires C, 50-2; H, 4-2%). 

The diketone (XII) (12-8 g.) was hydrolysed for 3 hr. with a refluxing solution of sodium 
hydroxide (5 g.) in 1: 1 aqueous ethanol (50 ml.). Isolation gave an oil (8-3 g.), b. p. 89—91°/14 
mm., ”,*° 1-4873, shown by gas-liquid chromatography to contain 72-4% of (XIII) and 23-9% 
of (XIV). The nature of these products was established in unpublished work. 

Fraction (i) above was shown to be a mixture of (XIII) and (XIV) with about 25% of the 
diketone (XII). 

(6) The diketone (IX; R' = R* = Me, R* = R® = H) (28 g.) was alkylated as in (a), methyl 
iodide being replaced by benzyl chloride (25 g.). Isolation gave 6-benzyl-3-methylcyclohex-2- 
enone (20-5 g.), b. p. 182—185°/12 mm., m, 1-5525, Amex 2330 A (e 14,000) (lit.,8 b. p. 125— 
127°/2 mm., n,,2"-78 1-5511) (Found: C, 83-55; H, 8-2. Calc. for C,,H,,O: C, 83-95; H, 8-05%) 
which formed a 2,4-dinitrophenylhydrazone crystallising as red needles, m. p. 150-5—151°, 
from propan-2-ol (Found: C, 63-0; H, 5-3. C,.9H,,.O,N, requires C, 63-15; H, 5-3%), and a 
semicarbazone as prisms, m. p. 192°, from ethanol (lit., m. p. 189—190°). 

6-A cetyl-3,4-dimethylcyclohex-2-enone.—The diketone (33 g.) in ethanol (100 ml.) containing 
sodium ethoxide (from 4-6 g. of sodium) was treated with methyl iodide (30 g.), and the mixture 
refluxed for 1 hr. Acidification of the product with acetic acid and isolation gave two main 
fractions: (i) b. p. 97—100°/14 mm. (7-7 g.) and (ii) b. p. 142—150°/14 mm. (10-1 g.), »,” 
1-4940. 

The entire product (27 g.) was hydrolysed by refluxing it for 3 hr. with a solution of sodium 
hydroxide (10 g.) in 1: 1 v/v aqueous ethanol (100 ml.). Isolation gave 3,4,6-trimethylcyclo- 
hex-2-enone (14-1 g.), b. p. 96—99°/14 mm., ,* 1-4872 (Found: C, 78-05; H, 10-05. Calc. 
for C,H,,O0: C, 78-2; H, 10-2%), giving a semicarbazone, m. p. 179-5—-181°, as a powder from 
aqueous ethanol (Cologne and Dreux ™ give b. p. 212°/745 mm., m,'" 1-484, and a semicar- 
bazone, m. p. 192°). A portion of the ketone (5 g.) was dehydrogenated by refluxing it in 
biphenyl (15 g.) with 5% palladium—barium sulphate (0-5 g.) for 3 hr. Isolation by extraction 
with alkali and subsequent acidification gave a crude solid (1-2 g.), which after several recrystal- 
lisations from light petroleum (b. p. 40—60°) gave 3,4,6-trimethylphenol, m. p. and mixed 
m. p. 70—71°. 


CHEMICAL Division, THE DISTILLERS COMPANY LIMITED, 
HeEpon, Hv tt. (Received, September 29th, 1959.] 





329. The Acid-catalysed Heterolysis of Amides with Alkyl- 
Nitrogen Fission (Ay,,). 


By R. N. Lacey. 


Ureas, thioureas, amides, and sulphonamides with N-t-alkyl substituents 
undergo alkyl-nitrogen heterolysis in the presence of strong mineral acids. 
N-t-Butyl derivatives gave t-butyl alcohol, and N-(1,1,3,3-tetramethyl- 
butyl)amides gave “‘ di-isobutene ”’ with boiling 30% sulphuric acid, which 
converted carboxylic amides into the corresponding acids; the urea 
derivatives and sulphonamides, however, gave products in which the N-t- 
alkyl group was replaced by hydrogen. The heterolysis of N-t-alkylamides 
in 98% sulphuric acid at room temperature was very rapid and gave amides 
in high yield. 


TuE acid-catalysed alkyl-oxygen (A,r) heterolysis of esters of carboxylic acids has often 
been observed.2 The methods available for distinction between the A,z-type of hetero- 
lysis and the more commonly encountered acyl—oxygen (Ao) cleavage are either (i) such 
as restrict the alcohol component of the esters studied to those which, if liberated as R* 
as in a unimolecular mechanism, may rearrange (if mesomeric or capable of undergoing 
a Wagner—Meerwein rearrangement) or racemise (if optically active) and thus be recognised, 


? Ingold, “‘ Structure and Mechanism in Organic Chemistry,” Bell, London, 1953, p. 779. 
* Davies and Kenyon, Quart. Rev., 1955, 9, 203. 
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or (ii) require the use of solvent water enriched in 480, whereby formation of the alcohol 
with the labelled oxygen affords unequivocal proof of alkyl-oxygen fission or appearance 
of #80 in the acid function indicates the A,g mechanism. The possibility that amides do 
not in all cases undergo the A,r-type of hydrolysis in the presence of acids does not seem 
to have been previously studied. This omission is the more surprising since the recognition 
of the type of cleavage that may occur in the hydrolysis of amides is far simpler than for 
hydrolysis of esters. The well-known Axo hydrolysis of amides (R’*CO-NHR) gives the 
parent acid and amine, whereas the Aa; cleavage would be expected to give the simple 
amide of the component acid (R’*CO-NH,, or the acid itself should R’*CO-NH, be hydrolysed 
by Axo hydrolysis) and the alcohol corresponding to the N-substituent, or other products 
that might arise from the cation R* in the environment in which the hydrolysis is carried out. 


COIN —— me RCO TNR. tt 
R’*CO*NH'R —— R“CO"NH,+ HOR . . . . wile 


Examples of the A,r, type of hydrolysis have been noted incidentally by the author? 
in the hydrolysis of N-t-butyl-N’-cyclohexylurea and N-cyclohexyl-N’-(1,1,3,3,-tetra- 
methylbutyl)urea, both of which in boiling 15° hydrochloric acid gave N-cyclohexylurea. 
The fate of the tertiary alkyl substituents was not determined, although it was expected 
that formation of the corresponding alcohol or chloride and polymerisation would ensue. 
The ready hydrolysis of N-t-alkylureas (R-NH-CO-NHR’) has now been shown to be 
general and R’ may be methyl, phenyl, or cyclohexyl where R may be t-butyl, 1,1-di- 
methylpropyl, or 1,1,3,3-tetramethylbutyl; similarly substituted thioureas undergo acid- 
hydrolysis in the same fashion, although yields of the expected N-substituted thioureas 
were in some cases low and formation of hydrogen sulphide indicated the incidence of side- 
reactions. 

Sulphuric acid (20—30%) may be used to replace hydrochloric acid, and this reagent 
was preferred for use in experiments designed to*identify the product arising from the 
tertiary alkyl group. t-Butyl alcohol was obtained in 61% yield on hydrolysis of N-t- 
butylurea with 30% sulphuric acid. N-t-Butylurethane was hydrolysed similarly and 
although, in the time selected for the experiment, conversion was incomplete, t-butyl 
alcohol and ethanol were obtained in roughly equivalent amounts. N-(1,1-Dimethyl- 
propyl)urea was hydrolysed rapidly in boiling 20% sulphuric acid, to give a 91% yield of a 
mixture consisting chiefly of 2-methylbut-2-ene with some 2-methylbut-l-ene and 
2-methylbutan-2-ol. 

Examination of the heterolysis of simple amides bearing N-t-alkyl substituents has 
shown A ay, cleavage to be a general reaction in strongly acid media. Semiquantitative 
results on the heterolysis of a variety of N-t-alkylamides in both 98% sulphuric acid at 
room temperature and boiling 30% sulphuric acid are shown in Table 1. 

The classical work of Whitmore * has shown that the free neopentyl cation undergoes 
rearrangement to the 1,1-dimethylpropyl cation. Thus, if heterolysis of a N-neopentyl- 
amide were to follow the A,,1 mechanism, it should give rise to the products (2-methyl- 
but-2-ene, 2-methylbut-l-ene, and 2-methylbutan-2-ol) that would be expected to arise 
from the 1,1-dimethylpropyl catiori. It was found, however, that N-neopentylbenzamide 
was resistant to acid-hydrolysis; treatment with 98% sulphuric acid was virtually without 
effect; prolonged boiling with 30% sulphuric acid gave only partial hydrolysis and no 
detectable C,; alcohol or hydrocarbon. 

N-t-Butyltoluene-p-sulphonamide and the N-(1,1,3,3-tetramethylbutyl) derivative were 
rapidly hydrolysed with boiling 30% sulphuric acid, giving (a) the expected products 
arising from the N-alkyl fragments and (b) toluene-p-sulphonamide, unlike the N-t-alkyl 
carboxylic amides which gave the respective acids under these conditions. The sulphon- 
amide evidently survives the hydrolysis conditions because of its relatively greater resistance 


* Lacey and Ward, J., 1958, 2134. 
* Whitmore, /. Amer. Chem. Soc., 1932, 54, 3431; 1939, 61, 1586. 








aa wwt4ég bo 2e- aa aoe 








ohol 
ince 
s do 
eem 
tion 
. for 
the 
nple 
ysed 
ucts 
out. 


Aac 


Agu 


hor 3 
etra- 
1rea. 
cted 
isue. 


1-di- 
acid- 
1reas 
side- 


gent 
1 the 
N-t- 

and 
outyl 
thyl- 
lofa 

and 


; has 
ative 
‘id at 


Tgoes 
ntyl- 
thyl- 


imide 
thout 
id no 


» were 
ducts 
-alkyl 
phon- 
stance 








1960] Amides with Alkyl-Nitrogen Fission (Ay). 1635 


TABLE 1. Heterolysis of N-t-alkylamides R’*CO-NHR. 


With boiling 30% H,SO, 
With 98% H,SO, at 15—20° Time Conversion Yield 


R’ R Smin. iL hrr. 20 hr. (hr.) (%) (%) 
H But ot ~ i 6 100 Nil 
Me rm at ss 3 100 
Pht : es ea eee ‘ 10072 
p-MeO-C,H, pA 585% Y 41% ¥Y 3 100 522 
>-Cl-C,Hy : 0% C 9%Y — 6 97 441 
-NO, C,H, yf 59% C 98%C 100% Y 6 60 492 
p 
Broo wee MRE MY GR 
-OC y -—— _— 
Me : 81% C sul 1-5 100 89 2 
cl : — 100%C be 2-5 pas 432 
Ph e 95% Y son Bi 2 100 96 * 
p-MeO-C,H, ss 60% Y me Ls 15 100 72-5 % 
p-Cl-C,H, : 100% Y * “a 5 100 642 
p-NO, C,H, , 97% ¥ a =e 5 100 68 ? 
3,5-(NO,)sCaH, : 100%, Y = tat _ —s 


Y = yield of R’-CO-NH, in experiments with 100% conversion; C = conversion of R’*CO-NHR. 

1 Yield of t-butyl alcohol (on amide consumed). * Yield of “ octenes”’ (on amide consumed). 
% “t-octyl”’ signifies 1,1,3,3-tetramethylbutyl. ‘ Complete conversion prevented by steam-dis- 
tillation and crystallisation of the N-alkylamide in the reflux condenser. * Material charred and 
decomposed. , 


to acid, and its formation provides a useful illustration of the A,r, hydrolysis. Treatment 
of N-t-alkyltoluene-f-sulphonamides with 98%, sulphuric acid rapidly gave toluene-p- 
sulphonamide in high yield. 


DISCUSSION 


Although the bimolecular mechanism for the acid-catalysed hydrolysis of esters 
involving alkyl-oxygen fission (A412) is conceivable, it has not been observed and all 
instances of such hydrolysis have been assigned a unimolecular mechanism.? The 
heterolysis of N-t-alkylamides described virtually certainly follows a unimolecular 
mechanism in 98% sulphuric acid, 1.¢., fhe cleavage of the N-t-alkylamide is supposed to 
arise from the unimolecular fission of the molecule in a protonated form without the 
intervention of other molecular species until the fragments are well separated, and it is 
probable that A,r, hydrolysis is also unimolecular in the weaker acid medium. The two 
steps involved in the A,z,1 hydrolysis of an ester (R’*CO,R) involve (a) addition of proton 
to give a conjugate acid and (5) unimolecular cleavage of the conjugate acid to R’*CO,H 
and R*, the latter rapidly reacting with water or polymerising. The reaction rate is held 
to be controlled by the second step, the first being fast, and to be influenced by polar 
substituents in R’, being accelerated by electron-attracting substituents. The analogous 
mechanism for Az] hydrolysis of amides may be written: 


R’*CO*NHR + Ht === R”*CO*NH,Rt ee oe eT ee ae 
R“CO*NH,Rt ——w R”“CO'NH,+ Rt . 2. 2 1 ww ee OD) 


Table 1 shows that in 98% sulphuric acid the effects of substituents in N-t-butyl- 
benzamide are in the order ~-MeO > H > 3,5-(NO,), > #-Cl > p-NO, (in order of 
decreasing reaction rate). Less clear indications are available from other series. Conver- 
sion of all the aromatic N-(1,1,3,3-tetramethylbutyl)amides was very rapid in 98% 
sulphuric acid and the effects of substituents could not be discerned; the faster reactions 
of amides with the higher N-t-alkyl substituent were also found with 30% sulphuric acid. 
With the more dilute acid the same order of effects of substituents was apparent, although 
the situation was obscured by the low yields of t-butyl alcohol or di-isobutene obtained 
5 Lang, B.P. 796,796. 
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with amides bearing electronegative substituents (and, unexpectedly, from #-methoxy- 
benzamide derivatives, hydrolysis of which was very rapid), possibly owing to the incidence 
of Ago hydrolysis, and, since dissolution of the amides was not obtained, by solubility 
factors. The effect of electronegative chlorine in R’ is powerfully to inhibit the 
reaction, #.¢., CH; >CH,Cl. N-t-Alkylformamides, however, are hydrolysed in 30% 
sulphuric acid predominantly by an Ajo mechanism, and the hydrolysis of such amides 
has been described in recent patent specifications as a technical method for the prepar- 
ation of t-alkylamines, ¢.g., N-(1,1,3,3-tetramethylbutyl)formamide is claimed by Lang 5 
to give a 97% yield of 1,1,3,3-tetramethylbutylamine by two hours’ refluxing with 30% 
aqueous sulphuric acid. In this case the normal Ago mechanism is probably par- 
ticularly favoured, and Krieble and Holst * observed that formamide was hydrolysed by 
30% sulphuric acid about 57 times faster than acetamide. 

The rate of hydrolysis is clearly inhibited by electronegative substituents and the 
effect of these substituents on step (a) must be dominating. If it is assumed that step (a) 
must be fast, the observed effects may be ascribed to the greater influence of electro- 
negative substituents on the position of the equilibrium (a) than on the rate of step (b), 
the overall effect being one of retardation. The order of effects of substituents in N-t- 
alkylbenzamides is broadly the reverse of that exhibited by the dissociation constants of 
the respective benzoic acids, as would be expected from the polar influences involved: 


Substituent in benzoic acid ............... p-MeO H p-Cl p-NO, 3,5-(NO,), 
Dissociation constant (x 105) ............ 3-4 6-3 10-5 37 160 


The anomalous position of 3,5-(NO,), may be attributable to a large increase in the 
rate of step (6) which may offset the equilibrium shift in (a). 

It may readily be shown (cf. ref. 1, p. 772) that the rate of the A, process, whether 
controlled by step (a) or by step (6), will be proportional to h,, where h, = —antilog H, 
(H, being the Hammett acidity function in the concentration of acid used). The apparent 
first-order velocity constant for the heterolysis of N-t-butylbenzamide in 98% sulphuric 
acid at 25° is of the order 10? hr. (7.¢., at least 99% complete within 5 min.). On the 
other hand, the apparent first-order velocity constant for hydrolysis of this amide in 30% 
sulphuric acid must be less than that of benzamide under these conditions (2-0 x 10% 
hr. at 25°’), since this intermediate may not be isolated. Thus, the ratio of the velocity 
constants in these two concentrations of sulphuric acid, for which the ratio of the respective 
values of A, is of the order 10’, must be greater than 105. The probable order of the ratio 
of the velocity constants is therefore consistent with the A,rl mechanism (rate och,), and 
not with the A,r2 mechanism (rate oc[H,O*}). 

The rapid heterolysis of N-t-butylamides contrasts with the failure of N-neopentyl- 
benzamide to undergo hydrolysis. The main driving force behind the reaction must 
therefore lie in the inductive and electromeric effects of the t-alkyl group and the stability 
of the t-alkyl cation. The unimolecular step in the reaction may be regarded as an 
example of a system undergoing combined F1 and Syl reaction of which the unimolecular 
reaction of t-alkyldimethylsulphonium ions is typical: ® 


Slow 
ReCHy*CMeg’SMe,* ——a> R°CH,"CMe,* + Me,S 


Fast 
R°CH,’CMe,* ——m R°CH:CMe,+ Ht. . . . . . . «. . El 
Fast 
ReCHg*CMe,* + OH~ —— R'CHyCMeyOH . . . . . -. . «= « Syl 


In this class of reaction, elimination is of the Saytzeff type, 1.e., if R = Me the 1,1-di- 
methylpropyl cation gives predominantly 2-methylbut-2-ene rather than the isomeric 
* Krieble and Holst, ]. Amer. Chem. Soc., 1938, 60, 2976. 


7 Edward and Meacock, J., 1957, 2000. 
® Ingold, op. cit., p. 445. 
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«-olefin, and reaction rate is increased by substitution § to the eliminated group, 1.e., 
CMe,Et > CMe;. The hydrolysis of N-t-alkylamides shows many points of ‘similarity, 
N-t-butylamides giving the Syl type of reaction (from the reaction of the cation with H,O 
rather than with OH~), and the N-1,1-dimethylpropyl and N-1,1,3,3,-tetramethylbutyl- 
amides giving El reaction. The reaction rates are enhanced by 6-substitution, 1.¢., 
Bu*CH,*CMe, > CMes. The olefin eliminated from N-(1,1-dimethylpropyl)urea on hydro- 
lysis with 20% sulphuric acid is, indeed, predominantly 2-methylbut-2-ene, but this 
evidence should be discounted since prototropic changes in the acid medium would 
certainly influence the composition of the olefin. 





EXPERIMENTAL 


M. p.s are corrected. Gas-—liquid chromatography was carried out in 8 ft. x 6 mm. columns 
with nitrogen as carrier gas and a hydrogen-flame detector, acetone being added to aqueous 
t-butyl alcohol samples as an “‘ internal standard.” 

Hydrolysis of N-t-Alkylurea Derivatives——The following general procedure was used. The 
urea (1 g.) was refluxed for 2 hr. with a mixture of concentrated hydrochloric acid (2 ml.) and 
water (2 ml.). The product was concentrated to about half its original volume and made just 
alkaline with 10% aqueous sodium hydroxide. After cooling, the solid product was collected 
and washed with a little cold water. 


TABLE 2. Hydrolysis of N-t-alkylurea derivatives. 


R-NH:-CX-NHR’ Yield of R’-NH-CX-NH, 

R’ R x %) 
Cyclohexyl But oO 85 
Ph But oO} 83 
Cyclohexyl Bu*CH,°CMe, oO 96 
Ph Bu*CH,°CMe, Oo? 28 
Cyclohexyl But S 90 
Ph But S 39 
Me But S 79% 


1 N-t-Butyl-N’-phenylurea, prepared in ether from t-butylamine and phenyl isocyanate, gave 
needles, m. p. 166°, from aqueous ethanol (Found: N, 142. (C,,H,ON, requires N, 14-55%). 
* N-Phenyl-N’-(1,1,3,3-tetramethylbutyl)urea, prepared in ether from 1,1,3,3,-tetramethylbutylamine 
and phenyl isocyanate, gave needles, m. p. 136°, from aqueous methanol (Found: N, 11-75. C,,;H,,ON, 
requires N, 11-3%). * The hydrolysis product was neutralised and evaporated to dryness; N-methyl- 
thiourea was isolated by extraction of the residue with hot ethanol. 


N-t-Butylurea. The urea (10 g.) was boiled with 30% sulphuric acid (100 g.) for 4 hr. and 
distillate of b. p. 80—95° was removed at the head of a short fractionating column. Analysis 
of the distillate by gas-liquid chromatography (stationary phase, glycerol; support, kieselguhr; 
column temperature, 56°) showed that a 61% yield of t-butyl alcohol had been obtained. 

N-(1,1-Dimethylpropyl)urea. The urea (50 g.) was treated as in the previous experiment 
with 20% sulphuric acid (100 g.). An oily layer (25 g.) was decanted and collected at the 
column head, evolution of oil being substantially complete in 1 hr. Analysis of the distillate 
as above indicated 2-methylbut-2-ene (80%), 2-methylbut-l-ene (14%) (separated by ethylene 
glycol saturated with silver nitrate on kieselguhr; 20°), and 2-methylbutan-2-ol (6%) (separated 
by tritolyl phosphate on kieselguhr; 100°), equivalent together to a 91% yield of C, hydrolysis 
products. 

N-t-Butylurethane. The urethane (10 g.) was boiled with 30% sulphuric acid (100 g.) for 
4 hr. and distillate of b. p. 80—95° removed from the head of a short fractionating column 
during the course of the experiment. The presence of a substantial remaining oily layer 
showed that conversion was incompiete. Analysis of the product by chromatography on a 
glycerol-kieselguhr column at 56° indicated a 30% yield of t-butyl alcohol together with a 
32% yield of ethanol. 

Hydrolysis of N-t-Alkylamides.—New amides were prepared as follows: The acid chloride 
(0:1 mole, dissolved in benzene if a solid) was added during 20—30 min. to a stirred, cooled 
mixture of 10% aqueous sodium hydroxide (50 ml.) and the t-alkylamine (0-1 mole). After a 
further 20 minutes’ stirring the product was isolated. Yields in general were 80—90%. In the 
case of N-t-butyl-p-chlorobenzamide it was found necessary to use a 50% excess of amine to 
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give a product capable of being satisfactorily purified. N-Acetylamides were prepared in ether 
with acetic anhydride. 
TABLE 3. N-t-Alkylamides R’*CO-NHR. 
Found (%) 


R’ M. p. Cc 
CH,Cl 84°! - 48-05 
p-MeO-C,H, 116* 170,N 70-75 
p-Cl-C,H, 138? C,,H,ONC] 62-7 
p-NO,°C,H, 161? C,,H,,0,N, 59-6 
3,5-(NO,),C,H, 184 2 C,,H,;0,N, 49-8 
Me 100-5} H,,ON 70-45 
CH,Cl 63? 1 58-0 
Ph 1 68-5 * H,,0 77-65 
p-MeO-C,H, by 103 * 73-3 
p-Cl-C,H, # 107? 66-85 , 
p-NO,’C,H, ¥ 115-5 * H 64-45 9-95 64-75 
3,5-(NO,),C,H; m 126-5 * H,,0,;N 56-05 12-75 = 55-7 
1 Needles from light petroleum (b. p. 60—80°). * Needles from aqueous ethanol. * Needles 
from light petroleum (b. p. 40—60°). * Needles from benzene-light petroleum (b. p. 60—80°). 
5 “ t-octyl”’ signifies 1,1,3,3,-tetramethylbutyl. 


(a) Hydrolysis with 30% sulphuric acid. The amide (10—12 g.) was boiled with 30% 
sulphuric acid (100 g.), and distillate (b. p. 80—99°) was removed from a total-reflux still head, 
at which a brisk reflux was maintained, fitted to the head of a short fractionating column. For 
N-t-butylamides, 5—7 g. of distillate were normally collected, which was analysed for t-butyl 
alcohol by gas-liquid chromatography (glycerol-kieselguhr at 56°). With N-(1,1,3,3-tetra- 
methylbutyl)amides, the distillate was continuously decanted, the water phase being con- 
tinuously returned to the head of the column, and the oil phase collected; infrared examination 
and gas-liquid chromatography (liquid paraffin—kieselguhr at 78°) confirmed that the product 
was essentially ‘‘ di-isobutene,” i.e., 90% of 2,4,4-trimethylpent-l-ene, 5% of 2,4,4-trimethy]l- 
pent-2-ene, and minor quantities of impurities. In all experiments the apparatus was vented 
to a cold trap cooled with acetone and solid carbon dioxide, but no material was ever found in 
the trap. 

The solid contents of the hydrolysis vessel were isolated and separated by extraction with 
sodium hydrogen carbonate solution and subsequent acidification of the filtered solution into 
acid components, the identities of which as the expected carboxylic acids were established by 
comparison with authentic specimens, and non-acid residual products, which were shown in 
all cases to be substantially pure starting materials. 

(b) Heterolysis with 98% sulphuric acid. The powdered amide (2 g.) was added to 98% 
“ AnalaR ” sulphuric acid (10 ml.) and rapidly stirred; in general it quickly dissolved. After 
being kept at room temperature, the product was poured in a thin stream into water (50 ml.) 
with shaking and cooling, and isolated conventionally. The product was freed from oily 
isobutene polymers by washing it with a little light petroleum (b. p. 40—60°). Products from 
the heterolysis of N-t-butyl- and N-(1,1,3,3-tetramethylbutyl)-benzamide were worked up by 
pouring them into a suspension of excess of sodium carbonate in a little water, followed by 
ether-extraction in a Soxhlet apparatus. Experiments in which complete conversion was 
achieved could be reproduced, giving yields within 2—3%; the conversions in experiments 
involving incomplete conversion were calculated from the weight loss observed, quantitative 
recoveries and absence of side-reactions being assumed. 

N-Neopentylbenzamide.—The amide was prepared from neopentylamine and benzoyl chloride 
by the general procedure; crystallisation from aqueous ethanol gave needles, m. p. 114° (Found: 
C, 75-3; H, 8-55; N, 7-3. C,,.H,,ON requires C, 75-35; H, 8-95; N, 7-3%). Boiling the amide 
(10 g.) for 6 hr. with 30% sulphuric acid (100 g.) gave no detectable C, hydrocarbon or alcohol; 
the amide was recovered with 80% efficiency; benzoic acid was the only recognised product. 
Treatment of the amide (2 g.) with 98% sulphuric acid (10 ml.) for 1 hr. followed by pouring of 
the product into water gave only pure starting material with 98% recovery. 

N-t-Butyltoluene-p-sulphonamide.—Toluene-p-sulphonyl] chloride (19 g.) in benzene (55 ml.) 
was added during 20 min. to a stirred mixture of t-butylamine (8-7 g.) and 10% aqueous sodium 
hydroxide (50 ml.). After a further 20 minutes’ stirring, the benzene layer was separated, 
washed with dilute sulphuric acid, and evaporated, to give the amide (10 g., 41%), which 
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from aqueous ethanol as needles, m. p. 113-5° (Found: C, 58-1; H, 7-9; N, 6-15. 
C,,H,,0,NS requires C, 58-0; H, 7-55; N, 615%). 

The amide (2-00 g.) was left for 5 min. in solution in 98% sulphuric acid (10 ml.). The 
solution was poured into water to give toluene-p-sulphonamide (1-452 g., 96%), m. p. and mixed 
m. p. 136-5—138°. The amide (10 g.) was boiled with 30% aqueous sulphuric acid (100 g.) for 
3 hr. and distillate (4-6 g. containing 23-5% of t-butyl alcohol; 41% yield) was removed at the 
head of a fractionating column. The less volatile residue deposited a solid (6-7 g.). which, on 
being washed with aqueous sodium hydrogen carbonate, gave a residue of toluene-p-sulphon- 
amide (6-07 g., 81%), m. p. and mixed m. p. 138°. 

N-(1,1,3,3- Tetramethylbutyl)toluene -p-sulphonamide.—Prepared from toluene-p-sulphony] 
chloride and 1,1,3,3-tetramethylbutylamine by the procedure described in the previous section, 
the amide (57% yield) crystallised from aqueous ethanol as prisms, m. p. 133—134° (Found: 
C, 63-8; H, 9-05; N, 4-9. C,,H,,O,NS requires C, 63-55; H, 8-9; N, 4.95%). Hydrolysis of 
the amide with boiling 30% sulphuric acid was complete within 2-5 hr. to give a 47% yield of 
“octenes ”’ and a 74% yield of toluene-p-sulphonamide. Heterolysis in 98% sulphuric acid at 
room temperature for 5 min. gave toluene-p-sulphonamide in 83% yield. 


CHEMICAL Division, THE DiIsTILLERS COMPANY LIMITED, 
HEpon, Hutt. (Received, September 3rd, 1959.) 


330. The Hydrolysis of 6-Acylcyclohex-2-enones and the Base- 
catalysed Rearrangement of Cyclohex-2-enones. 
By R. N. Lacey. 


6-Acylcyclohex-2-enones may be hydrolysed with aqueous sodium 
hydroxide to’ cyclohex-2-enones with elimination of the 6-acyl group. 3,4- 
Disubstituted derivatives, however, give an ~1: 1 mixture of two isomeric 
cyclohex-2-enones arising from simultaneous hydrolysis and ring-opening 
followed by re-cyclisation; further contact with boiling sodium hydroxide 
induces a further change to an equilibrium mixture of unequal amounts of 
the two isomers. The interconversion of a variety of substituted cyclohex- 
2-enones in boiling alkali has been studied kinetically, and velocity and 
equilibrium constants have been‘established. At equilibrium, 2,3- and 3,4- 
dialkylcyclohex-2-enones, were in all cases preponderant over the corre- 
sponding 3-alkyl- or 3,6-dialkyl-substituted isomers. Possible explanations 
are proposed and some implications of the present work in connection with 
earlier literature of cyclohex-2-enone synthesis are pointed out. 





THE synthesis of 6-acylcyclohex-2-enones (I) by the condensation of 1,3-diketones with 
«f-unsaturated ketones in the presence of alkaline catalysts has been described in an 
earlier paper. These products behaved as enolisable 1,3-diketones with aqueous alkali; 
addition to boiling 10° aqueous sodium hydroxide typically gave a clear solution which 
became cloudy after a few seconds, a substantial oily layer separating in 2—3 min. 
Hydrolysis of three compounds (I; R! = R? = H, R* = Me, R* = H, Me, or Ph) proceeded 
simply to give 60—70% yields of the known cyclohexenones (II) with elimination of the 
acetyl group, as shown below. Similarly, the benzoyl derivative (I; R' = R? = R? = H, 
R* = Ph) gave 3-methylcyclohex-2-enone and benzoic acid. It was particularly noted 
that the product contained no 3-phenylcyclohex-2-enone (see below). 


R'-CH, Oo NaOH R'-CH, (e) 
“ee R? +P Tren 


R? ) 
an ran 
However, hydrolysis of 6-acylcyclohexones with substituents in the 4-position (R? + H) 
gave products which showed that the above representation was a considerable simplification 
? Lacey, J., 1960, 1625. 
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of the reaction. The neutral products from the hydrolysis of compound (I; R! = R? = 
R* = Me, R* = H) in boiling 10% aqueous sodium hydroxide for 0-5 hr. constituted a series 
of fractions which were shown by gas-liquid chromatography to consist essentially of two 
components (A and B). Spectroscopic examination of the higher-boiling component (B) 
showed it to be of the type (IT) [vmx C:O (str.) 1672 cm.+, CC (str.) 1626 cm.+, 8-CH 876 
cm.1; %Amex. 2350 A]. The lower-boiling component (A), however, although clearly a 
cyclohex-2-enone, had markedly different spectral properties [vmasx C:O (str.) 1664 cm.1, 
C.C (str.) 1641 cm.+, 3-CH (weak) 876 cm. (typical of the 2-hydrogen atom) ; max. 2420 Aj. 
Component (A) was catalytically dehydrogenated to 2,3,6-trimethylphenol and treatment 
of its oxime with acetic anhydride—acetyl chloride—pyridine (an established technique ? 
for the conversion of cyclohexenones into N-acetylanilines) gave N-acetyl-2,3,6-tri- 
methylaniline; similar treatment of material (B) gave N-acetyl-3-ethyl-4-methylaniline. 
Products (A) and (B) were thus identified as 2,3,6-trimethyl- (III; R! = Seed Me, 
R?=H) and 3-ethyl-4-methyl-cyclohex-2-enone (II; R! = R? = Me, = H) 
respectively. 

Hydrolysis of 6-acetyl-4-ethyl-3-methylcyclohex-2-enone (I; R! = R* = H, R? = Et, 
R* = Me) similarly gave a mixture of ketones. The higher-boiling one, separated in not 
better than 80% purity, was shown by the above method to have structure (II; R! = 
R? = H, R? = Et) as expected from the simple hydrolysis mechanism given earlier, 
whereas the lower-boiling ketone was a “ rearranged ” cyclohexenone, separated in 90% 
purity and shown to have structure (III; R! = R* = H, R? = Et). The acetyldimethyl 
derivative (I; R! = R* = H, R? = R* = Me) gave a mixture of two ketones on hydrolysis 
comprising compound (II; R!= R= H, R*= Me) and the “rearranged” ketone 
(III; R! = R? = H, R? = Me), which was only partially resolved by distillation; gas- 
liquid chromatography readily separated the two ketones, however, and conversion into 
the respective N-acetylanilines provided identification. 


R! 
R'-CH,: fe) 
_~> "GO mi —> (il) + ate 
R?HC. Ath R? 
CHR? R? 


(IV) (III) 

The formation of two products from acetylcyclohexenones (I) may be formally explained 
as shown above, the two ketones being the products arising from the two possible ways in 
which a hypothetical ae-diketone (IV), postulated as intermediate, may cyclise. The 
diketones (I) in which Rt = R? = H can be hydrolysed to give only one product no 
matter which way the “intermediate” (IV) may cyclise. The possibility that the 
diketone (I) in which R¢ is not methyl may give two products is discussed below. 

Kinetic experiments in which the diketone (I) was added to a 100% molar excess of 
boiling 10° aqueous sodium hydroxide, samples of the supernatant ketone layer being 
removed at intervals for analysis, were carried out for the three instances in which two pro- 
ducts were formed. It was shown: (a) that hydrolysis is rapid and gives in all cases a pro- 
duct which at the instant of hydrolysis contains substantial quantities of the “ rearrang: 
ketone (III) (see Table 1), and (5) that the mixture of cyclohexenones undergoes a slower 
change in composition giving ultimately a preponderance of (III) in equilibrium with (II). 
The alkylation of diketone (I; R!= R?= R= H, R*= Me) with methyl iodide and sodium 
ethoxide followed by hydrolysis had given a mixture of ketones with R! = R* = H, 
R? = Me [(III) 72-4%, (II) 23-9%], closely approximating to the equilibrium composition 
in this instance. Hydrolysis of diketones of the type (I) with mineral acids was found 
to be slow and accompanied by the formation of tar. Hydrolysis of compound (I; 
R! = R? = H, R* = R* = Me) with aqueous-ethanolic hydrogen chloride, however, gave 


2 Beringer and Ugelow, J. Amer. Chem. Soc., 1953, 75, 2635. 
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a small conversion into a cyclohexenone mixture which was predominantly (75%) of 
type (II). 


TABLE 1. Composition (%) of mixed cyclohexenones formed on hydrolysis of the 





diketone (I). 
#=0 Final values 
qm dad) a am 
(I; RR? = R* a Ro = Me, Ro = Bi) .........ccceccccscccece 63 37 3-5 96-5 
(I; R? = R® = H, R* = Et, Ro = Me) ............000000 54 46 20 80 
(I; R? = R, = H, R® = R¢ = Me) ......cececeeeeseeeeees 61 39 255 145 


The kinetic evidence rules out the possibility that the hydrolysis of the diketone (I) 
might first give the monoketone (II), which would subsequently partially rearrange to its 
isomer (III). The possibility that the ring opens before hydrolysis may also be excluded; 
two schemes might be considered as annexed. 

Mechanism A supposes the formation of a triketone (V) which may recyclise in three 
ways. The reactions (V) —» (VI) —» (III) would probably be slow since compound 
(VI) is not a 8-diketone. Now, route (V) —» (VII) —» (VIII) would lead to 3-phenyl- 
cyclohex-2-enone when compound (I; R! = R? = R= H, R* = Ph) was the starting 
material, but this is not formed; in the preparation of this starting material it is probable 
that some of the isomer (VII) was formed and was removed by purification through the 
copper salt; hydrolysis of the crude product did, indeed, give some 3-phenylcyclohex-2- 
enone (ca. 25% of the total cyclohexenones produced). 


R' 
° 
(A) (| R\CHyCO COMe t= Ht : 
bad Mic ceon EN ee 
3 
CHR? PRiz’ 
Soaps — 
(II) \ 
.R (III) 
(e) R‘ 
R? COMe 
R? = (VID 
Y 
(e) R* 
R 
R? (VII) 
(B) ih P Meera. 2. 0 Sa 


Mechanism B requires that the triketone (V) hydrolyses to the diketone (IV) which 
may then cyclise to (II) and (III). This mechanism may be rejected since (a) if R* were 
Ph, it is to be expected that the acetyl group rather than the benzoyl group would be 
eliminated by hydrolysis, ¢.g., ethyl «-benzoylacetoacetate gives ethyl benzoylacetate on 
hydrolysis rather than ethyl acetoacetate (such hydrolysis would give a 3-phenylcyclo- 
hex-2-enone), and (b) the triketone (V) is certainly the intermediate in the formation of 
diketones of the type (I) } but, except in the single instance of the condensation of acetyl- 
acetone and methyl vinyl ketone, (V) exists in an equilibrium with its two precursors 
which is most unfavourable to (V). Thus (V), if formed, would be converted into the 
respective «f-unsaturated ketone and 1,3-diketone used in the preparation of (I). 

The evidence is consistent with a simultaneous reversed aldol condensation and 
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hydrolysis of the 6-acyl group; addition of water to the cyclic double bond should 
proceed rapidly and would then leave the ring-carbonyl group free to play its réle in 
attracting electrons from the 6-acyl group, thus facilitating hydrolysis. 


OF x “H.C O7 
ae, wo - RICH,;OC ‘cX  — COR® 
fast steps 2 y <P ! i + } 
R cor’ uC cH OO 
R? G “ a CHR? 


(IV) 


The interconversion of a variety of alkylcyclohexenones [(II) = (III)] in boiling 
aqueous 5%, sodium hydroxide was studied. In addition to the three pairs of isomers 
arising from the hydrolyses described, other 3-alkylcyclohex-2-enones, prepared from 
3-ethoxycyclohex-2-enone and the appropriate Grignard reagent,? and 2-alkylcyclohex-2- 
enones * were also studied. All the results could be satisfactorily analysed in terms of a 
reversible interconversion, the forward and the backward reactions being both of first-order. 
If ais the mole fraction of the more stable product, 7.e., [IIT]/({II] + [II1}), then whether 
the reaction takes place in the oil phase or in the aqueous layer, provided that the reaction 
does not proceed so rapidly that the rate of mass transfer between the phases significantly 
influences the overall rate, we have for a reversible first-order reaction: 


(I) == (II); K=/2 
knit Ain 


da/dt = Ru (l —- a) —_ Rutt = akiy[K —_ a(K + 1)} 


whence, a plot of — In [K — a(K + 1)] against ¢ should give a straight line of slope Ayn(K + 1), 
from which value kp and ky can be determined. .K was determined by two methods: 
(i) successive approximation with various values of K to select the one that gave the best 
straight line and (ii) protracted equilibration to determine the value of a at equilibrium 
(a.), whence K = a,/(l — a,); the two methods gave good agreement. The results 
obtained from the hydrolysis of the diketones (I) were plotted similarly to give good 
straight lines which, by extrapolation, gave the values a. 9 recorded in Table 1 and gave 
velocity constants in fair agreement with those obtained in experiments in which the 
isolated cyclohexenones themselves were treated with boiling alkali. 

The velocity constants for the rates of conversion of (II) and (III) are set out to show 
the effects of substituents (R? = H throughout). 


TABLE 2. Kinetic data for the interconversion (11) =m (III) with boiling 5°/, sodium 
hydroxide solution (probable accuracy +.10%). 


R! = H: R?= Me Et Pr! R'=Me: R?=H Me 
10%; (hr.-) 115 38 16-5 180 61-5 
10%yr (br.-}) 40 9-5 1-45 15 2-15 
K 2-9 40 115 120 28-5 

R? = H: R'= Me Et Pra R?=Me: R'=H Me 
10%; (hr.-}) 180 27 ll 115 61-5 
10%y1 (hr.-) 15 4-2 2-7 40 2-15 
K 12-0 6-4 4-0 29 285 


The effects may be summarised as follows: (a) increase in the molecular weight of 
substituent in R! decreases both ky and ky, affecting ky markedly more than ym, 
t.¢., stabilising (II) with respect to (III), except in the instance where H is replaced by Me 
when fy is sharply reduced and (III) is highly preponderant at equilibrium; (5) increase 


8 Woods, Griswold, Armbrecht, Blumenthal, and Plapinger, J. Amer. Chem. Soc , 1949, 71, 2028. 
* Smith and Rouault, J. Amer. Chem. Soc., 1943, 65, 631. 
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in the weight of substituent in R* reduces both ky and km; Ay is influenced rather 
more than Ay, particularly when R* = Pri. Since the kinetic results from the hydrolysis 
of acetylcyclohexenones (I) show that both products (II) and (III) are formed initially 
in roughly equal amounts, it appears that the two forward reactions from a common 
intermediate, ¢.g., (IV), must both be rapid and have approximately the same rates. 
The controlling steps must therefore be the reverse reactions, 1.e., hydration of the double 
bond and the de-aldolisation. The reason for the greater stability of the 2,3-dialkyl- 
cyclohexenones (IIT), particularly if R! = Me, must lie in the stabilisation of the double 

bond by hyperconjugation; in the isomer (II) the double bond bears only one substituent 
whereas there are two in isomer (III). The general decrease in reaction rates with 
increasing weight of substitution may be ascribed to inductive (+J) and electromeric 
effects (+E) of the alkyl groups on the nucleophilic addition to the double bond and the 
nucleophilic de-aldolisation. The greater stability of the 3,6-dialkylcyclohexenones (III) 
than of the 3,4-isomers (II) and the fact that substitution in R*, which can affect only the 
de-aldolisation step, has such a pronounced effect on ky and yy, particularly the latter, 
is more difficult to explain. The effect of substituents on simple de-aldolisation is by no 
means well established 5 but it seems possible to ascribe the influence of R? to its inductive 
(+J) effect on the de-aldolisation step which would inhibit the conversion of (III) rather 
than of (II); the pronounced effect of R? = Pri might be thus explained, although the size 
of the effect and the remoteness of R? from the unsaturated systems suggest that other 
influences are under observation. 

The observation that 3-alkylcyclohexenones are subject to rearrangement under the 
influence of alkaline catalysts sheds some doubt on the purity and even the identity of 
several previously reported materials of this type. Melikyan and Tatevosyan ® prepared 
a series of alkylcyclohexenones (III; R' = R*? = H, R? = Pr’, Bu", Me,CH-CH,°CH,) by 
the condensation of 1,3-dichloroprop-2-ene with the appropriate a-alkylacetoacetic ester 
followed by cyclisation with acid and removal of ethoxycarbonyl by prolonged refluxing 


m= OF ~ XP 


OD Oo- 
R'-CH o 1, ° 
ste lone 2 _, RCH, 
R? R? 


R3 R? 


ie 


with methanolic potassium hydroxide. It is certain that these products must have 
contained some of the less stable isomers (II). A similar criticism must also apply to the 
work of Downes, Gill, and Lions 7 whose synthesis of cyclohexenones also involved a final 
treatment with boiling alkali. The piperitone syntheses by Walker ® and Henecka ® must 
have given a mixture containing some 4-isopropyl-3-methylcyclohex-2-enone. The 
several reported preparations of 2,3-dimethylcyclohex-2-enone by alkylation of compound 
(I; R!t=R*=H, R*®=CO,Et) (‘ Hagemann’s ester”) followed by alkaline 
hydrolysis #1911 would give chiefly the desired product but, in addition, 34% of the 


5 Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” Bell, London, 1953, p. 683. 
° Melikyan and Tatevosyan, J: Gen. Chem. (U.S.S.R.), 1951, 21, 696. 
* Downes, Gill, and Lions, J. Amer. Chem. Soc., 1950, 72, 3464. 
® Walker, J., 1935, 1585. 
? Henecka, Chem. Ber., 1949, 82, 415. 
ad 1, CORP and Simonsen, 5 1940, 415. 
4 Bergmann and Weizmann, J. Org. Chem., 1939, 4, 266. 
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isomer (II; R! = Me, R? = R? = H), which may, however, be readily separated by 
fractional distillation, would be formed. The method of Décombe, described in several] 
publications }-13 and claimed to be of general application, which involves the reaction of 
various 2-chloroethyl ketones with acetoacetic ester (or an a-substituted derivative) and 
completed in refluxing aqueous barium hydroxide, must be suspect since this reagent is 
capable of rearranging cyclohexenones (see p. 1647). It seems probable, for instance, that 
preparations of the ketones (II; R! = R*? = H, R* = Me) from 4-chloro-3-methylbutan-2- 
one and ethyl acetoacetate, and of the ketone (III; R!= R? =H, R* = Me) from 
4-chlorobutan-2-one and ethyl «-acetylpropionate, would give the same equilibrium 
mixture (25-59% and 74-5% respectively). Similarly the ketone (III; R! = R* =H, 
R? = Et) can have been only 80%, pure, the balance being the isomer (II). The procedure 
of Cologne and Dreux," involving condensation of methyl ketones with formaldehyde or 
with 3-methylbut-3-en-2-one in the presence of alkali, seems to be capable of giving 
mixtures of ketones but, of the examples quoted, only the reaction of 3-methylbut-3-en-2- 
one and acetone could do so. In this instance the product was purified through the semi- 
carbazone and, from physical properties quoted, appears to have been pure (III; R!= 
R? = H, R? = Me). 

Grewe, Nolte, and Rotzoll ™ observed that the ester (IX; R = Et) was hydrolysed 
with alkali to an acid, presumed to be (IX; R = H), which was readily decarboxylated 
to 3-methylcyclohex-2-enone. The present work suggests that the ester may first rearrange 
to the $-keto-ester (X), the ready hydrolysis and decarboxylation of which would be in 
accordance with expectations. Clemo and his co-workers,’ following earlier work by 
Crossley and Gilling,” studied the hydrolysis of the substituted malonic ester (XI) in acid 
and in alkali and found that hydrolysis is accompanied by decarboxylation to give a 
cyclohexenone described as 3-ethyl-5,5-dimethylcyclohex-2-enone (XII). It was suspected 
that this product might have been 2,3,5,5-tetramethylcyclohex-2-enone but repetition of 
the work and comparison with a sample of (XII) prepared by the action of ethylmagnesium 
bromide on 3-ethoxy-5,5-dimethylcyclohex-2-enone showed that the material had been 
correctly described. It was further shown, moreover, that cyclohexenones such as (XII) 
and (XIII) were quite unaffected by prolonged contact with boiling aqueous sodium 
hydroxide under conditions sufficient to afford substantially complete rearrangement of 
3-alkylcyclohex-2-enones (II) (lacking the 5,5-dimethyl substituents) to 2,3-dialkyl 
derivatives. 2,3,5,5-Tetramethylcyclohex-2-enone was similarly inert to boiling alkali. 
This surprising contrast in behaviour may possibly be due to a steric effect, the gem-di- 
methyl group conferring such rigidity on the cyclohexene conformation that de-aldolisation 
is rapidly followed by re-aldolisation to the starting material. The rapid hydrolysis- 
decarboxylation of (XI) may be explained by supposing the ring to open in the course of 
a de-aldolisation to give a $-keto-acid which may be decarboxylated and subsequently 
re-cyclise. 


SOR 


° 
CH,°CO,R Oo R (XI): R=CMe(CO,Et), 
(XII): R= Ec 


ux) Me, (XIII): R=Bu" 


Examination of the action of boiling 25% sulphuric acid, a reagent used by Blaise and 
Maire 38 in the final stage of a cyclohexenone synthesis, showed that it is capable of effecting 


12 Décombe, Compt. rend., 1936, 202, 1685; 1937, 205, 680; Bull. Soc. chim. France, 1945, 42, 651. 
18 Capon, Claudon, Cornubert, Lemoine, and Vivant, Bull. Soc. chim. France, 1958, 847. 

4 Colonge and Dreux, Compt. rend., 1950, 281, 1504. 

15 Grewe, Nolte, and Rotzoll, Chem. Ber., 1956, 89, 600. 

16 Clemo, Cocker, and Hornsby, J., 1946, 616. 

17 Crossley and Gilling, J., 1909, 95, 24. 

18 Blaise and Maire, Compt. rend., 1907, 144, 572. 
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rearrangement (II) === (III), but that the rate of conversion of (II) is much less than with 
5%, sodium hydroxide (about one-thirtieth in the example chosen). 
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EXPERIMENTAL 


M. p.s are corrected. Ultraviolet-light absorptions were measured for ethanol solutions, 
Gas-liquid chromatography was carried out on a column (8 ft. of 6 mm.-bore tubing) packed 
with 20% Apiezon M on Celite (60—80 mesh); nitrogen was used as carrier gas and the column 
was maintained at 156°. A hydrogen-flame detector was used; analyses are based on area 
measurements of recorder chart peaks. 

6-A cetyl-3-methylcyclohex-2-enone.—The diketone (I; R! = R? = R? = H, R* = Me) (10 g.) 
was refluxed with 10% aqueous sodium hydroxide (50 ml.) for 0-5 hr.; the oil immediately 
dissolved but droplets reappeared within 2—3 min. Isolation of the product with ether gave 
3-methylcyclohex-2-enone (4-4 g.), b. p. 79°/13 mm., ”,” 1-4938, Amax, 2330 A (e 13,500) (semi- 
carbazone, m. p. 198°) [(lit.,2° b. p. 78-5—79°/12 mm., n,*® 1-4930; semicarbazone, m. p. 
199—200°)}. 

6-A cetyl-3,5-dimethylcyclohex-2-enone.—The diketone (I; R! = R? =H, R* = R* = Me) 
(10 g.) on hydrolysis as described above gave 3,5-dimethylcyclohex-2-enone (5-2 g.), b. p. 
91—92°/13 mm., ”,,*° 1-4838, Amex. 2330 A (e 13,000), which afforded a semicarbazone, m. p. and 
mixed m. p. 180° (Knoevenagel 2° gives m. p. 179—180°), and had an infrared spectrum identical 
with that of an authentic sample. 

6-A cetyl-3-methyl-5-phenylcyclohex-2-enone.—The diketone (I; R! = R? = H, R= Ph, 
R‘ = Me) (15-4 g.) on hydrolysis as described above gave 3-methyl-5-phenylcyclohex-2-enone 
(8-5 g.), b. p. 123°/0-8 mm., m,” 1-5665, m. p. 31—32°, Amax, 2330 A (e 16,500), identical with an 
authentic specimen.#4 

6-Benzoyl-3-methylcyclohex-2-enone.—The diketone (I; R!= R? = =H, R* = Ph) 
(10 g.) on hydrolysis as above gave 3-methylcyclohex-2-enone (2-8 g.), b. p. ey 13 mm. (infrared 
spectroscopy of the crude product before distillation showed that 3-phenylcyclohex-2-enone 
was not present; limit of detection 3%). Acidification of the aqueous layer from the hydrolysis 
gave benzoic acid (3-85 g.). 

6-A cetyl-3-ethyl-4-methylcyclohex-2-enone.—The diketone (I; R! = R? = R* = Me, R® = H) 
(120 g.) was refluxed for 0-5 hr. with 10%. aqueous sodium hydroxide (600 ml.), and the product 
obtained on isolation with ether was distilled at a high reflux ratio through a 30 in. column 
packed with glass helices. The following fractions were obtained: (a) b. p. 93—99°/15 mm. 
(9-8 g.), ,,% 1-4900, (b) b. p. 99—100°/13 mm. (18-0 g.), 7,?° 1-4905, (c) b. p. 100—106°/13 mm. 
(13-6 g.), (@) b. p. 106—108°/13 mm. (20-2 g.), ,®° 1-4976. Chromatography showed the 
fractions to be mixtures of two compounds: (a) 72% A, 27% B, (b) 65-5% A, 33-5% B, (d) 6% A 
94% B. Light-absorption max. were at: (a) 2420 (e 12,000) and (d) 2350 A (e 13,500) (Found 
for fraction b: C, 78-4; H, 10-3. Calc. for C,H,,0: C, 78-2; H, 10-2%). 

Fraction (a) was identified as predominantly 2,3,6-trimethylcyclohex-2-enone (III; R!? = 
R* = Me, R* = H) by dehydrogenation in refluxing biphenyl (equal weight) for 3 hr. with 10% 
of palladium-barium sulphate (5% Pd) catalyst. Isolation by extraction into alkali gave 
2,3,6-trimethylphenol (6%), m. p. and mixed m. p. 62° (lit.,2* m. p. 62°). Conversion of fraction 
(a) (5 g.) through the oxime into the acetanilide by the method of Beringer and Ugelow *# and 
crystallisation of the product from aqueous ethanol gave N-acetyl-2,3,6-trimethylaniline 
(3-6 g.), m. p. 187° (lit.,28 m. p. 186°). Fraction (a) gave the semicarbazone of 2,3,6-trimethyl- 
cyclohex-2-enone (III; R! = R* = Me, R® = H) as prisms, m. p. 207° (from aqueous ethanol) 
(Found: C, 61-9; H, 8-5; N, 21-7. C, 9H,,ON; requires C, 61-55; H, 8-8; N, 21-5%). A 
sample of this ketone was prepared by 7 hours’ refluxing of diketone (I; R?! = R* = R* = Me, 
R* = H) (10 g.) with aqueous sodium hydroxide (50 ml.); the product had b. p. 88—90°/12 
mm., #,° 1-4880; gas-liquid chromatography showed 92-4% purity with 5-1% of isomer 
(II; ‘RI R* = Me, R* = H). 


'* Bowman, Ketterer, and Dinga, J. Org. Chem., 1952, 17, 563. 
2 Knoevenagel, Annalen, 1897, 297, 165. 

*t Montgomery and Dougherty, J. Org. Chem., 1952, 17, 823, 
*2 Morgan and Pette, J., 1934, 418. 

*3 Mayer, Ber., 1887, 20, 972. 
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Fraction (d) was identified as substantially pure 3-ethyl-4-methylcyclohex-2-enone (II; 
R! = R? = Me, R* = H) by conversion into N-acetyl-3-ethyl-4-methylaniline, m. p. 88° 
(lit.,2 m. p. 88°). The semicarbazone formed needles, m. p. 170°, from aqueous ethanol (Found: 
C, 61-75; H, 8-45; N, 21-7. C,9H,,ON, requires C, 61-55; H, 8-8; N, 21-5%). 

Fraction (b) gave a mixture of the above two acetanilides which was resolved by chromato- 
graphy on alumina and elution with benzene—chloroform (1: 1). 

6-A cetyl-4-ethyl-3-methylcyclohex-2-enone.—The diketone (I; R!= R*=H, R?*= Et, 
R* = Me) (80 g.) was refluxed with 10% aqueous sodium hydroxide (320 ml.) for 0-5 hr.; the 
product was isolated and fractionally distilled as in the previous example to give fractions (a) 
97—100°/13 mm. (14-3 g.), 2, 1-4850; (b) 100—104°/13 mm. (12-7 g.), ”,”° 1-4865; (c) b. p. 
104—107°/13 mm. (10-5 g.), m,”° 1-4893; (d) b. p. 107—109°/13 mm. (1-6 g.), ,*° 1-4899. 
Gas-liquid chromatography indicated compositions: (a) 90% A, 8% B; (c) 32% A, 67% B; 
(d) 20% A, 80% B. An intermediate fraction, giving an analysis 61% A, 39% B, gave (Found: 
C, 77-9; H, 10-35. Calc. for C,H,,O: C, 78-2; H, 10-2%), showed Amax 2350 A (e 14,500). 
Fraction (a) gave 6-ethyl-3-methylcyclohex-2-enone semicarbazone (ketone = component A) as 
plates, m. p. 170°, from aqueous ethanol (Found: C, 61-95; H, 8-65; N, 21-1. Cy 9H,,ON, re- 
quires C, 61-55; H, 8-8; N, 21-5%); fraction (d) gave 4-ethyl-3-methylcyclohex-2-enone semi- 
carbazone (ketone = component B) as plates m. p. 147°, from aqueous methanol (Found: C, 
61:0; H, 9-2; N, 21-6%). 

Fraction (a) (4 g.) was converted through the oxime into the acetanilide; purification by 
chromatography on alumina and crystallisation from benzene-light petroleum (b. p. 60—80°) 
gave N-acetyl-2-ethyl-5-methylaniline (0-9 g.), m. p. 142-5° (lit.,24 m. p. 142°). 

Fraction (c) (4 g.) gave N-acetyl-4-ethyl-3-methylaniline (0-95 g.), prisms, m. p. 87-5° [from 
light petroleum (b. p. 60—80°)] (lit.,22 m. p. 90°). 

6-A cetyl-3,4-dimethylcyclohex-2-enone.—The diketone (I; R! = R? =H, R* = R‘ = Me) 
(100 g.) was added rapidly to boiling 10% sodium hydroxide solution (500 ml.); dissolution was 
rapid but within 20 sec. oil started to separate. After 10 minutes’ boiling, the product was 
rapidly cooled and the oil isolated with ether. The oil (58 g.) was distilled as before, to give the 
following: (a) b. p. 86°/12 mm. (9-1 g.), 2° 1-4875; (b) b. p. 86—88°/12 mm. (7-1 g.), 7° 1-4885; 
(c) b. p. 88—91°/12 mm. (12-8 g.); and (d) b. p. 91—93°/12 mm. (14-8 g.), ,?° 1-4913. Gas- 
liquid chromatography showed compositions: (a) 77-0% A, 22-0% B; (b) 67-5% A, 31-8% B; 
and (d) 33-5% A, 63-0% B. An intermediate fraction having composition 68% A and 31% B 
(Found: C, 77-35; H, 9-35. Calc. forC,H,,O: C, 77-4; H, 9-75%), showed Amex, 2330 A (e 14,200). 

Component A was shown to be 3,6-dimethylcyclohex-2-enone (III; R! = R* = H, R? = Me) 
Fraction (a) (5 g.) was dehydrogenated in refluxing biphenyl (15 g.) for 3 hr. by 5% palladium- 
barium sulphate (0-5 g.). Isolation by extraction with alkali gave a crude phenol (2-3 g.) which, 
aiter several recrystallisations from light petroleum (b. p. 40—60°), gave 2,5-dimethylphenol, 
m. p. and mixed m. p. 74-5—75-5° (lit.,25 m. p. 74:5°). Conversion via the oxime gave N-acetyl- 
2,5-dimethylaniline, m. p. and mixed m. p. 139° (lit.,2* m. p. 139°). 

Component B was shown to be 3,4-dimethylcyclohex-2-enone (II; R! = R* = H, R? = Me). 
Fraction (d) (5 g.) gave a mixture of oximes and thence a mixture (5-6 g.) of substituted 
acetanilides. Chromatography on alumina in chloroform—benzene (1:1) gave N-acetyl-3,4- 
dimethylaniline (2-4 g.), needles (from aqueous ethanol), m. p. and mixed m. p. 96—97° (lit.,”” 
m. p. 96—98°). 

Hydrolysis of the diketone (I; R! = R* = H, R*? = R* = Me) (10 g.) in boiling ethanol 
(20 ml.) and concentrated hydrochloric acid (10 ml.) for 3 hr. gave a fraction (2-0 g.), b. p. 
94—99°/13 mm., »,” 1-4931, consisting of (II; R! = R® = H, R* = Me) 75% and (III; 
R! = R? = H, R? = Me) 25%, followed by some starting material (2-3 g.) and high-boiling 
material. 

Hydrolysis of 6-A cetyleyclohex-2-enones (1).—The ketone was rapidly added to boiling aqueous 
10% w/w sodium hydroxide (2 equivs.) in nitrogen. Samples were removed at timed intervals 
from the supernatant oil layer; these were washed with water, the mixture being just neutralised 
to phenolphthalein with dilute sulphuric acid, and dried (Na,SO,) before analysis by gas- 
liquid chromatography. Results are tabulated. 


*4 Rinkes, Rec. Trav. chim., 1945, 64, 205. 
25 Jacobsen, Ber., 1878, 11, 27. 

26 Noelting, Witt, and Forel, Ber., 1885, 8, 2665. 
27 Jacobsen, Ber., 1884, 17, 161. 
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(i) (I; R? = R* = R‘ = Me, R* = H): 
Time (min.) ......... 10 20 30 60 120 
Di ditithccessscesacendens 0-436 0-478 0-540 0-653 0-802 
a. = 0-965; K = 28-5; ky = 0-615 hr.1; Agy = 2:15 x 107 hr.7; a,.9 = 0-37. 
(ii) (I; R? = R* = H, R* = Et, R* = Me): 
Tae GRR) - 6.0.05: 30 60 120 180 
DP scssaicindteassastsiinns 0-555 0-590 0-665 0-720 


a = 0-80; K = 4-0; ky = 0-37 hr.7; Ay = 9-25 X 10 hr.7; a9 = 0-46. 
(iii) (I; R' = R* = H, R* = R* = Me): 
Time (min.) _......... 10 20 30 60 120 
ih: thevncapeqnsaqcaegeiones 0-477 0-538 0-593 0-694 0-740 
a. = 0-745; K = 2-9; ky = 1-3 hr.?; An = 0-45 hr“; ating = 0-39. 
Rearrangement of Alkylcyclohex-2-enones, (11) === (III).—Procedure was that used in 
hydrolysis experiments except that 5% w/w aqueous sodium hydroxide (ca. 1-3n; 5 ml. per g. 
of ketone) was used. 


(II; R? = R* = Me, R*® = H): 


2 re 0 0-5 1 2 3 4 5 6 7 
DP tdtatapantiaine 0-149 - 0-420 0-726 0-816 0-895 0-936 — 0-946 
SURGE. ocstuesseieaan 0-027 0-16 0-354 0-584 0-752 0-852 0-916 — — 

al FC eee 0-027 — 0-044 -- 0-064 —~ -— 0-092 — 


ae = 0-965; K = 28-5; (i) Ay = 0-615 hr.1+; Ayy = 2-15 x 10% hr. (ii) Ay = 0-54 hr; Ayy 
= 1:90 x 10% hr.-'. 

* Experiment (ii): the sodium hydroxide solution was replaced by N-barium hydroxide. ° Experi- 
ment (iii): the sodium hydroxide solution was replaced by 25% w/w sulphuric acid. 


(II or III; R! = R* = H, R* = Et): 


EE GIRS es ssvseee 0 0-5 1 2 3 4 5 
GP uscdcdtesndens 0-330 0-438 0-538 0-652 0-706 0-745 0-782 
GRAD dkseeiasiccocse 0-885 0-862 0-842 0-810 0-798 0-805 — 


a, = 0-80; K = 40; (i) ky = 0-39 hr.-!; Ayn = 98 x 107 hr... (ii) ky = 0-5 hr.*; Aww = 

0-125 hr.-. 

* Experiment (ii), in which the starting material was already close in composition to that expected 
at equilibrium, is intrinsically less accurate than (i). 

(II; R? = R* = H, R* = Me): 

— 8 Le or eey 0 0-5 1 2 3 
evden otethededesTiagabe 0-347 0-540 0-670 0-723 0-738 
a, = 0-745; K = 2-9; ky = 1-15 hr; Ay = 0-40 hr. 


(II or III; R? = Me, R* = R® = H): 


po oS 0 0-5 l 2 3 
SE MTEN onsSvencgserseccia 0-0 0-504 0-760 0-903 0-920 
ag GRUB DAE Sire 1-0 0-942 0-928 — _— 


a, = 0-923; K = 12-0; (i) An = 18 hr.-?; Ay = 0-15 hr.-. (ii) ky = 1-55 hr.?; Apy = 0-13 x 
10? hr... 

* Compound (II; R! = Me, R* = R* = H) had b. p. 93—96°/12 mm., mp* 1-4945 (lit.,* 2. p. 
56—57°/0-8 mm., mp* 1-4913); gas-liquid chromatography showed 95-1% purity; isomer (III; = 
Me, R* = R*® = H) bey pheent; six minor impurities persisted throughout the run. * Eoretiod 
(III; R? = Me, R* = = H) ‘had b. p. 84—85°/10 mm., mp” 1-4988 (lit. b. p. 80—84°/19 mm., 
b. p. 78—78-5°/8 mm., ne 1-4995), and Amax, 2420 A (ce 14,500); 94-2% purity with none of the 
isomer (II; R! = Me, R? = R?= H). ¢ A portion of the end-product of run (i) had Amax, 2420 A 
(e 12,500) and gave a semicarbazone, m. p. 219° alone and on admixture with the semicarbazone of 
(III; R! = Me, R* = R? = H) (lit.,4 m. p. 222°). 


(II; R? = Et, R* = R* = H): 
Ce Se 0 0-5 1 2 3 4 6 20 
ROE ssdivstsectiess 0-045 0-150 0-220 0-385 0-525 0-615 —_ _— 
BO saevesnantavxcc 0-032 , 0-143 0-220 0-415 — 0-633 0-734 0-865 


a, = 0-865; K = 6-4; (i) Ay = 0-26 hr; Ay = 4:05 x 10% hr. (ii) Ay = 0-275 hr; 
ky = 4:3 x 107 hr.7. 

* Compound (II; R! = Et, R? = R* = H) had b. p. 110—113°/13 mm., np*® 1-4896 (lit., b. p. 
py 4mm., mp” 1-4876); a typical batch had 93-9% purity, with 4-4% of isomer (III; R! = Et, 
R? = H); Amex. 2360 A (e 14,800). 
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(II; R? = Pr, R* = R® = H): 
Time (hr.) ......... 0 0-5 1 2 4 6 24 
B  scecccecesseibedes 0-05 0-045 0-082 0-18 0-32 0-44 0-76 
a, = 0-80; K = 4-0; Ay = 0-11 hr; Ayy = 2-7 x 107% hr... 
Compound (II; R! = og R? = R* = H) had b. p. 76—78°/0-6 mm., mp* 1-4877 (lit.,* b. p. 
83—84°/1 mm., mp” 1-4865); Amax. 2360 A( (e 15,800); 91-2% purity, with 5- 1%, of isomer (III; R! = 
Pr®, R* = R® = H). 


(III; R? = R* = H, R® = Pr): 
Time (hr.) ......... 0 1 2 3 4 24 
ee 1-00 0-99 0-98 0-96 0-95 0-92 


a, = 0-92; K = 11-5; Ay = 0-165 hr.1; Ap = 1-45 x 10? hr.. 

Piperitone (supplied by Givaudan et Cie.) was fractionally distilled to give a main fraction, b. p 
111°/15., mp*® mm., 1-4847. Gas-liquid chromatography showed 94- 8% purity, with none of the 
isomer (I; R! = R? = H, R?= Pr’). The identity of the isomer (II; = R? =H, R?® = Pr!) was 
not rigorously established but was strongly indicated by its retention eins in chromatography com- 
pared with that of piperitone, and by the fact that this component was formed in a manner kinetically 
consistent with this formation. 


3-Ethyl-5,5-dimethylcyclohex-2-enone (XI1I).—3-Ethoxy-5,5-dimethylcyclohex-2-enone (50 g.) 
was treated with ethylmagnesium bromide (from 11 g. of magnesium) in ether (200 ml.). 
Isolation gave 3-ethyl-5,5-dimethylcyclohex-2-enone (XII) (24 g.), b. p. 62—66°/1 mm., n,™ 
1-4806, Amax. 2360 A (e 12,700) [semicarbazone, plates, m. p. 180°, from aqueous ethanol (Found: 
C, 63-15; H, 9-05; N, 20-6. Calc. for C,,H,,ON,: C, 63-2; H, 9-15; N, 20°1%) (lit.,26? 
m. p. 197°)]._ Samples prepared by the alkaline- !” or acid-hydrolysis 1* of the ester (XI) were 
identical with the above. Examination of the material obtained after 24 hours’ refluxing of 
the ketone with 5% aqueous sodium hydroxide showed it to be at least 92% unchanged. 

Alkylation of isophorone with methyl iodide in the presence of sodium t-pentyloxide 
(Conia **) gave a product, b. p. 107—113°/18 mm., m;,*° 1-4815, containing (infrared analysis) 
10—15% of isophorone and ca. 40% of ketone (XII), the balance being 2,3,5,5-tetramethyl- 
cyclohex-2-enone (lit.,* b. p. 90°/8 mm., ,* 1-4798).. 20 hours’ refluxing with 5% sodium 
hydroxide solution was without effect on this composition. 

3-Butyl-5,5-dimethylcyclohex-2-enone (XIII).—A preparation, in which the general method 
of Woods et al.* was applied to 3-ethoxy-5,5-dimethylcyclohex-2-enone (0-2 mole) which was 
treated with butylmagnesium bromide, gave a product (19-8 g.), b. p. 86—93°/0-8 mm., shown 
by gas-liquid chromatography and infrared examination to contain about 25% of starting 
material. 24 hours’ boiling with 5% sodium hydroxide solution removed the contaminant and 
gave 3-butyl-5,5- dimethyleyclohex-2-enone, b. p. 80°/0:7 mm., »,”° 1-4788 (Found: C, 79-8; 
H, 11-3. C,,H,,O requires C, 79-95; H, 11-2%), Amax, 2375 A (e 16 ,500), which formed a semi- 
carbazone as plates, m. p. 148°, from aqueous ethanol (Found: C, 65-6; H, 9-75; N, 17-45. 
C,,;H,,ON,; requires C, 65-8; H, 9-75; N, 17-7%). Spectroscopic and gas-liquid chromato- 
graphic examination, and preparation and comparison of derivatives, confirmed the final 
product as identical with the major component in the mixture before alkali-treatment; no 
evidence for the formation of 3,5,5-trimethyl-2-propylcyclohex-2-enone was obtained (limit 
of detection ca. 1% 


With regard to this and the preceding two papers, the author acknowledges with gratitude 
the help given by Mr. P. Bullock and Mr. H. Jowitt with gas-liquid chromatography, by 
Mr. W. R. Ward with spectroscopic analyses and their interpretation, and by Professor 
N. B. Chapman generally. He thanks the Management of The Distillers Company Limited 
(Chemical Division) for permission to publish these papers. 

CHEMICAL Division, THE DisTILLERS COMPANY LIMITED, 

Hepon, Hv tt. [Received, October 27th, 1959.) 


28 Conia, Bull. Soc. chim. France, 1954, 690. 
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331. The Synthesis of Derivatives of Corrole (Pentadehydro- 
corrin). 
By A. W. JoHNson and R. PRIcE. 


Palladium, copper, and cobalt derivatives of corrole, a new macrocyclic 
pyrrolic system, containing a direct link between two of the individual pyrrole 
rings, have been prepared from 5,5’-dibromodipyrromethenes. 


THE name corrin has been given to the macrocyclic ring system (I) of vitamin B,,. In 
examining possible synthetic methods for the preparation of corrin, we have discovered a 
relatively simple synthesis of a series of metallic derivatives (II) of pentadehydrocorrin for 
which the name corrole * is now suggested. 

5,5’-Dibromo-3,3’-diethyl-4,4’-dimethyldipyrromethene ? (III), when treated with 3% 
palladium-strontium carbonate, gave the palladium derivative (IV; R = Et) of bi-(5’- 
bromo-3,3’-diethyl-4,4’-dimethyldipyrromethen-5-yl).3 Reaction of this compound in 
boiling ethanol with formaldehyde and concentrated hydrochloric acid 4 subsequently gave 
the palladium derivative, C;,H,,N,OPd (II; M = Pd, R = Et, R’ = Me), as glistening 
black rods. The light absorption of a solution in chloroform showed max. at 232, 319, 385, 
515, 552, 620, and 670 my which covers a wider range than the corresponding spectrum 
of palladium ztioporphyrin (max. at 231, 272, 335, 393, 512, and 547 my), probably because 
of the lower degree of symmetry in the new macrocycle. 





(III) 


In a previous paper,” the preparation of palladium etioporphyrin I by reaction of 
5-bromo-3,4’-diethyl-3’,4,5’-trimethyldipyrromethene and 5-bromo-5’-bromomethyl-3,4’- 
diethyl-3’ ,4-dimethyldipyrromethene in the presence of palladium-strontium carbonate 
was described. An adaptation of this method has been used in an alternative synthesis of 
the palladium derivative (II; M = Pd, R = Me, R’ = Et). 5,5’-Dibromo-3,3’-diethyl- 
4,4’-dimethyldipyrromethene and 5-bromo-3,4’-diethyl-3’,4,5’-trimethyldipyrromethene # 
were allowed to react in ethanolic solution in presence of palladium-strontium carbonate as 
before. In addition to palladium ztioporphyrin I and palladium bi-(5’-bromo-3,3’-diethyl- 
4,4’-dimethyldipyrromethen-5-yl) (IV; R = Et), the palladium complex (II; M = Pd, 
R = Me, R’ = Et), formed by cyclisation of the intermediate (V) during the reaction, was 
isolated. These bivalent palladium compounds appear to contain a hydroxyl group, 
although the precise nature of the bond, shown as covalent in (II), between this group and 
the remainder of the molecule is not yet known with certainty. Dr. J. Chatt has kindly 


* We are indebted to the Editor for this suggestion. Numbering is as for corrin. 


* L.U.P.A.C. “ Nomenclature of Organic Chemistry, 1957,” Butterworths, 1958, p. 85. 
* Johnson, Kay, Markham, Price, and Shaw, J., 1959, 3416. 

* Fischer and Stachel, Z. physiol. Chem., 1939, 258, 121. 

* Cf. Treibs and Kolm, Annalen, 1958, 614, 716. 
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examined the conductivity of a solution of the palladium complex (II; M = Pd, R = Et, 
R’ = Me) in nitrobenzene and informs us that the value obtained indicates that the 
hydroxyl group cannot be ionic in character. 

The palladium atoms are very firmly bound within these complexes and no method has 
yet been found which will remove the metal without disrupting the organic part of the 
molecule. The same situation is found with vitamin B,,. It is well known® that 
palladium complexes are frequently more stable than the corresponding complexes of, 
say, copper, cobalt, and zinc, and in fact attempts to prepare the new macrocycle contain- 
ing these metals by the above cyclisation were unsuccessful. Acid-treatment of the 
metallic bi-(5’-bromodipyrromethen-5-yls) removed the metal before cyclisation could 
occur and the product was identified as the metal-free bishydroxymethy] derivative (VI; 
R = CH,’OH). 

However, by syntheses involving a slight modification (comprising neutralisation of the 
acid with ammonia before the evaporation) of the original isolation procedure, copper and 
cobalt have been substituted for palladium in (II). It appears probable from these results 
that the metal complex of the hydroxymethyl derivatives (VI; R = CH,°OH) is an 
intermediate in the cyclisation, the copper and cobalt derivatives of (VI; R = CH,°OH) 





(V) : (VI) 


being decomposed by the acid present in the reaction mixture, whereas the more stable 
palladium complex is not. In the reactions with the copper and cobalt derivatives, 
addition of ammonia causes the metal complexes to be re-formed and cyclisation then 
occurs. The complexes (II; M = Cu", Co) so formed resembled the palladium derivative 
in physical and chemical properties; e.g., the metal could not be removed by chemical 
means without extensive decomposition. 

Palladium derivatives (IV; R = Me or CH,°CH,°CO,Et) have also been prepared in 
small amount and subjected to condensation with formaldehyde in the presence of hydro- 
chloric acid. Although the corresponding palladium macrocyclic compounds were 
detected in solution by means of their characteristic spectra, they were obtained in 
quantities too small for isolation. Other methods for the cyclisation of compounds of 
type (IV) to macrocycles of type (II) were examined but the formaldehyde-hydrochloric 
acid method was the most efficient; for example, the palladium could easily be removed 
from compounds (IV) by treatment with acids, the free base (VI; R = Br) being obtained. 
Reaction of this with formic acid caused replacement of bromine by formate groups to 
yield an ester (VI; R = O-CHO). 

These reactions can be followed conveniently by means of the hand spectroscope, for 
the open-chain compounds (e.g., IV and VI) do not show the strong absorption lines of the 
macrocyclic pigments such as (II). 


EXPERIMENTAL 
Dibenzyl 3,3’ ,4,4’-Tetramethyldipyrromethane-5,5’-dicarboxylate-—Lead tetra-acetate (42:8 g.) 
was added to a solution of benzyl 3,4,5-trimethylpyrrole-2-carboxylate ® (25-2 g.) in glacial acetic 
acid (1200 c.c.) at room temperature during 30 min. with stirring. Stirring was continued for a 


5 Mellor and Maley, Nature, 1947, 159, 370; 1948, 161, 436. 
* Johnson, Markham, Price, and Shaw, J., 1958, 4254. 
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further 2 hr., after which the volume was reduced to 200 c.c. under reduced pressure and the 
residue was poured into water (800 c.c.), The precipitated solid was separated,-washed with 
water, and crystallised from acetone, benzyl 5-acetoxymethyl-3,4-dimethylpyrrole-2-carboxylate 
being obtained as colourless needles (19 g., 60%), m. p. 169—171°. 

The ester (18-1 g.) produced was heated in ethanol (250 c.c.) containing concentrated hydro- 
chloric acid (1-0 c.c.) for 1 hr. On cooling, the product crystallised. It was separated, washed 
with a little ethanol, and dried, then having m. p. 177—178° (14 g., 65%) unchanged after 
recrystallisation from ethanol (Found: C, 74-1; H, 6-15; N, 6-0. CygH )N,O, requires C, 74-0; 
H, 6-45; N, 595%). 

5,5’ - Dibromo -3,3’,4,4’ -tetramethyldipyrromethane.—Dibenzyl 3,3’,4,4’-tetramethyldipyrro- 
methane-5,5’-dicarboxylate (8-6 g.) was dissolved in methanol (100 c.c.), and methanol-washed 
Raney nickel (5 g.) was added. The mixture was hydrogenated at 100—110°/140 atm. for 
2 hr., after which the catalyst and solvent were removed. The residual oil was dissolved in 
glacial acetic acid (40 c.c.) and treated with bromine (3-0 c.c.) in glacial acetic acid (10 c.c.) for 
2 hr. at room temperature. The precipitated hydrobromide (5-0 g., 60%) was separated, 
washed with light petroleum, and dried. The free base was prepared by treating a chloroform 
solution of the hydrobromide with ammonia. It crystallised from chloroform—methanol in 
orange needles, m. p. 197—198° (lit.,” 198°). 

The cobalt complex was prepared by treating the hydrobromide (1-0 g.) in ethanol (50 c.c.) 
and aqueous ammonia (0-5 c.c.; d 0-88) with a saturated solution (2-5 c.c.) of cobalt acetate in 
aqueous ammonia. After removal of the solvent the residue was dissolved in chloroform, 
washed with water, dried, and recovered. The cobalt complex (720 mg.) crystallised from 
chloroform—methanol as green needles (Found: C, 40-2; H, 3-25; N, 7-5. C,sH,,Br,CoN, 
requires C, 40-4; H, 3-35; N, 7-25%), Amax, (in CHCl,) 240, 319, 378, 515, 710, and 770 my 
(log ¢ 4-4, 3-82, 4-9, 3-55, 2-8, and 2-93 respectively). 

Palladium Bi-(5'-bromo-3,3’-diethyl-4,4’-dimethyldipyrromethen-5-yl) (IV; R = Et).—5,5’- 
Dibromo-3,3’-diethyl-4,4’-dimethyldipyrromethene? (7-5 g.) and 3% palladium-strontium 
carbonate (50 g.) were mixed in ethanol (1200 c.c.) and heated under reflux for 20 hr. The 
catalyst was separated and washed with chloroform, and the solvent was removed from the 
combined filtrate and washings under reduced pressure. The residue was chromatographed in 
chloroform on a column of alumina (Spence type H; 50 x 3cm.), the product being eluted as a 
deep red solution. After evaporation the product crystallised from chloroform-—methanol in 
glistening black needles * (3-8 g., 53-5%), m. p. >300° (Found: C, 50-1; H, 4-65; N, 7-6. Calc. 
for Cs5H,,Br,N,Pd: C, 50-2; H, 4-8; N, 7:8%), Amax. (in CHCl,) 297, 437, 533, and 910 my 
(log ¢ 4-03, 4-58, 4-20, and 3-90 respectively). 

Palladium Bi-(5’-bromo-3,3’,4,4’-tetramethyldipyrromethen-5-yl) (IV; R = Me) (40-5%) was 
prepared by a similar method from 5,5’-dibromo-3,3’,4,4’-tetramethyldipyrromethene ? and 
crystallised from chloroform—methanol in glistening black needles, m. p. >300° (Found: C, 
47-5; H, 4-05; N, 8-25; Br, 24-5. C,,H,,Br,N,Pd requires C, 47-25; H, 3-95; N, 8-5; Br, 
24:2%). 

Palladium Bi-[5’-bromo-3,3’-di-(2-ethoxycarbonylethyl)-4,4’-dimethyldipyrromethen-5-yl, (IV; 
R = CH,°CH,°CO,Et) (with K. B. SHaw).—5,5’-Dibromo-3,3’-di-(2’-ethoxycarbonylethyl)-4,4’- 
dimethyldipyrromethene ? (1-5 g.) was caused to react similarly with 3% palladium-strontium 
carbonate (8 g.). The product crystallised from chloroform-—methanol in black needles, m. p. 
113—115° (450 mg., 31%) (Found: C, 50-1; H, 4-85; N, 5-35. C,,H,,Br,N,O,Pd requires C, 
50-2; H, 4:8; N, 5-6%), Amax. (im CHCl,) 296, 435, 532, and 905 my (log ¢ 4-52, 4-61, 4-29, and 
3-95 respectively). 

Bi-(5’-bromo-3,3’-diethyl-4,4’-dimethyldipyrromethen-5-yl) (VI; R= Br).—A solution of 
palladium bi-(5’-bromo-3,3’-diethyl-4,4’-dimethyldipyrromethen-5-yl) (1-0 g.) in chloroform 
(150 c.c.) was shaken with 48% hydrobromic acid (8 c.c.). The resulting solution was washed 
with water, dilute ammonia solution, and finally water. After removal of solvent from the 
chloroform solution, the product crystallised from chloroform—methanol in green needles 
(0-6 g., 71%) (Found: C, 58-4; H, 5-7; Br, 26-1. C,,H,,Br,N, requires C, 58-8; H, 5-9; Br, 
26-1%). ' 

Copper Bi-(5’-bromo-3,3’-diethyl-4,4’-dimethyldipyrromethen-5-yl)—A solution of cupric 
acetate (1-0 g.) in aqueous ammonia (3-0 c.c.; d 0-88) was added to a solution of bi-(5’-bromo- 
3,3’-diethyl-4,4’-dimethyldipyrromethen-5-yl) (1-0 g.) in dioxan (100 c.c.). The resulting 
? Fischer and Walach, Annalen, 1926, 450, 109. 
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solution was heated on the water-bath for 30 min. and water (100 c.c.) was added. The 
precipitated solid was separated and washed with water and then methanol and finally dried. 
The product crystallised from chloroform-—methanol in green rods (0-77 g., 70%) (Found: C, 
53-4; H, 5-1; N, 8-35. C,9H,,Br,CuN, requires C, 53-45; H, 5-1; N, 83%). 

Cobalt bi-(5’-bromo-3,3’-diethyl-4,4'-dimethyldipyrromethen-5-yl) (65%) was prepared by a 
similar method, using a solution of cobalt acetate in ammonia, and crystallised from chloroform- 
methanol in green prisms (Found: C, 54-0; H, 4-7; N, 8-2. C3 9H;,Br,CoN, requires C, 53-85; 
H, 5-1; N, 8-35%). 

Bi-[5’- bromo -3,3’- di - (2-ethoxycarbonylethyl) -4,4’-dimethyldipyrromethen-5-yl] (with K. B. 
SHAW).—-The corresponding palladium complex (400 mg.; above) was dissolved in acetone 
(40 c.c.), and 48% hydrobromic acid (4 c.c.) was added. The resulting green solution was 
poured into water (150 c.c.), rendered alkaline with aqueous ammonia, and extracted with 
chloroform (6 x 50 c.c.) until the aqueous layer was colourless. The combined chloroform 
extracts were dried and the solvent was removed. The residual product crystallised from 
chloroform—methanol in green needles (300 mg., 83%), m. p. 195—-197° (Found: C, 55-7; H, 
5:3; N, 6-35. C,..H;).Br.N,O, requires C, 56-1; H, 5-6; N, 6-25%), Amax. (in CHCI,) 272, 333, 
and 650 mu (log ¢ 4-52, 4-18, and 4-92 respectively) with an inflection at 595 my (log e 4-75). 

Palladium 3,7,13,17-Tetraethyl-2,8,12,18-tetramethylcorrole Hydroxide——Palladium bi-(5’- 
bromo-3,3’-diethyl-4,4’-dimethyldipyrromethen-5-yl) (2-0 g.) in ethanol (800 c.c.) was heated 
under reflux for 20 min., then 34% aqueous formaldehyde (80 c.c.) was added. After a further 
20 minutes’ heating, concentrated hydrochloric acid (16-0 c.c.) was added dropwise in 5 min. 
and heating was continued for a further 8 hr. The crystals which were formed on cooling were 
separated, dissolved in chloroform, washed with dilute ammonia, and chromatographed in 
chloroform on alumina (Spence type H; 50 x 3cm.). Elution of the product was followed by 
means of a hand spectroscope. After removal of the solvent, the product (300 mg., 19%) crystal- 
lised from chloroform—methanol in black rods, m. p. «300° (Found: C, 63-0, 63-1; H, 6-1, 6-2; 
N, 9°45, 9-25. C,,H,,N,OPd requires C, 63-3; H, 6-0; N, 9-55%), Amax. (in CHCI,) 232, 319, 385, 
515, 552, 620, and 670 my (log ¢ 4-39, 3-78, 4-81, 3-93, 4-15, 3-78, and 3-99 respectively). 

Palladium 3,7,12,17-Tetraethyl-2,8,13,18-tetramethylcovrole Hydroxide.—5,5’-Dibromo-3,3’-di- 
ethyl-4,4’-dimethyldipyrromethene? (1:5 g.), 5-bromo-3,4’-diethyl-3’4,5’-trimethyldipyrro- 
methene ? (3-0 g.) and 3% palladium-strontium carbonate (25 g.) were mixed in ethanol 
(900 c.c.) and heated under reflux for 20 hr. The solid was separated and washed repeatedly 
with hot chloroform (see below for treatment of the filtrate). The combined chloroform wash- 
ings were washed with dilute aqueous ammonia and chromatographed on alumina (Spence 
type H; 50 x 3cm.). Elution of the product was followed by means of a hand spectroscope. 
After removal of the solvent the product (90 mg., 4%) crystallised from chloroform—methanol in 
black rods, m. p. «300° (Found: C, 63-5; H, 6-3; N, 9-85. C,,H,,N,OPd requires C, 63-3; 
H, 6-0; N, 9-55%), Amax. (in CHCI,) 232, 320, 383, 515, 551, 620, and 665 my (log e« 4-41, 3-75, 
4-80, 3-95, 4-16, 3-76, and 3-96 respectively). After removal of solvent from the filtrate (above), 
the residue was dissolved in chloroform, washed with dilute aqueous ammonia, and 
chromatographed on alumina (Spence type H; 30 x 1cm.). Palladium bi-(5’-bromo-3,3’-di- 
ethyl-4,4’-dimethyldipyrromethen-5-yl), identical with that described above, was eluted first 
followed by palladium ztioporphyrin I. 

Bi -(3,3’- diethyl - 5’ -hydroxymethyl- 4,4’-dimethyldipyrromethen-5-yl) (VI; R = CH,°OH).— 
Cobalt bi-(5’-bromo-3,3’-diethyl-4,4’-dimethyldipyrromethen-5-yl) (240 mg.) in ethanol (100 c.c.) 
was heated under reflux, aqueous formaldehyde (5-0 c.c.) was added, and heating continued for 
a further 20 min. Concentrated hydrochloric acid (2-0 c.c.) was then added dropwise in 5 min. 
and heating was continued for a further 6 hr. The crystalline solid which was formed on cooling 
was separated, washed with methanol, dissolved in chloroform, washed with dilute ammonia 
solution, and chromatographed on alumina (Spence type H; 30 x 1 cm.), the product being 
eluted as a red solution. After removal of solvent, the product (100 mg., 54%) crystallised from 
chloroform—methanol in red needles (Found: C, 74-4; H, 8-6; N, 11-0. C,,H,.N,O, requires 
C, 74-7; H, 8:25; N, 11-0%). 

Cupric 3,7,13,17-Tetraethyl-2,8,12,18-tetramethylcorrole Hydroxide (II; M=Cu, R= Et, 
R’ = Me).—(i) Cupric bi-(5’-bromo-3,3’-diethyl-4,4’-dimethyldipyrromethen-5-yl) (500 mg.) in 
ethanol (200 c.c.) was heated under reflux, aqueous formaldehyde (20 c.c.) was added, and 
heating continued for a further 20 min. Concentrated hydrochloric acid (4 c.c.) was added and 
heating was continued for a further 6 hr. Aqueous ammonia (5-0 c.c.; d 0-88) was added and 
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the volume of the solution was reduced to 20 c.c., then water (100 c.c.) was added. The 
precipitated solid was separated, washed with water and then with methanol, and dried. The 
product was chromatographed in chloroform on alumina (Spence type H; 50 x 3 cm.), elution 
of the product being followed by means of a hand spectroscope. After removal of the solvent 
the product (40 mg., 10%) crystallised from chloroform—methanol in black rods (Found: C, 
68-0; H, 6-9; N, 10-45. C3,H,,CuN,O requires C, 68-25; H, 6-65; N, 10°3%), Amex. (in CHCl,) 
409, 436, 505, 540, 585, and 625 my (log ¢ 4-66, 4-69, 3-9, 4-03, 3-89, and 4-31 respectively). 

(ii) The above experiment was repeated but before addition of ammonia, the solution was 
divided into two equal portions which were treated as follows: Part A was worked up as 
described above to give the cupric corrole derivative (23 mg., 11:5%). Part B was concentrated 
to ca. 20 c.c. and water (100 c.c.) was added. The precipitated solid was separated, washed 
with water and then methanol, and dried. The solid was dissolved in chloroform, washed 
with dilute aqueous ammonia, and chromatographed on alumina (30 x 1 cm.), the product 
being eluted as a red solution. After removal of solvent, bi-(5’-hydroxymethyl-3,3’-diethyl- 
4,4’-dimethyldipyrromethen-5-yl) (VI; R = CH,°OH) (92 mg., 50%) crystallised from chloro- 
form—methanol in red needles (Found: C, 74-6; H, 8-1; N, 11-1%). : 

Cobaltous 3,7,13,17-tetraethyl-2,8,12,18-tetramethylcorrole hydroxide (Il; M = Co, R= Et, 
R’ = Me) (5%) was prepared similarly from cobalt bi-(5’-bromo-3,3’-diethyl-4,4’-dimethyldi- 
pyrromethen-5-yl) and crystallised from chloroform—methanol as black rods (Found: C, 69-3; 
H, 7-1; N, 10-05. C3,H3;,CoN,O requires C, 69-0; H, 6-75; N, 10-4%), Amax. (im CHCI,) 400, 
443, 500, 535, 570, and 620 my (log ¢ 4-61, 4-59, 3-83, 4-03, 3-90, and 4-08 respectively). 

Bi-(3,3’-diethyl-5’-formyloxy-4,4’-dimethyldipyrromethen-5-yl) (VI; R = O-CHO).—A mix- 
ture of bi-(5’-bromo-3,3’-diethyl-4,4’-dimethyldipyrromethen-5-yl) (150 mg.), 90% formic acid 
(10 c.c.), and sodium formate (500 mg.) was heated under reflux for 1 hr. and the resulting 
solution was poured into water (100c.c.). The mixture was neutralised with sodium hydroxide 
solution and extracted with chloroform. After removal of the solvent from the dried chloro- 
form extracts the product (50 mg., 37%) crystallised from chloroform—methanol in red-brown 
needles (Found: C, 70-9; H, 7:35; N, 10-2. C,H ,,N,O, requires C, 70-8; H, 7-05; N, 10-3%). 


Grateful acknowledgment is made to the Directors of Imperial Chemical Industries Limited, 
Dyestuffs Division, for permission for one of us (R. P.) to take part in this work. 
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332. Properties and Reactions of Free Alkyl Radicals in Solution. 
Part XIII.* Reactions with Aromatic Nitro-compounds. 


By R. A. JACKSON and WILLIAM A. WATERS. 


Benzyl radicals react with 1,3,5-trinitrobenzene to give ON-dibenzyl-3,5- 
dinitrophenylhydroxylamine and benzaldehyde. m-Dinitrobenzene reacts 
similarly but also gives N-benzyl-m-nitroaniline and m-nitroaniline, whilst 
nitrobenzene yields aniline and N-benzylaniline. Further evidence is given 
of the nuclear methylation of trinitrobenzene. The results give satisfactory 
explanations of the actions of aromatic nitro-compounds as retarders of free- 
radical polymerisations and as oxidising agents in hydrogen-transfer pro- 
cesses. 


THE mode of action of free alkyl radicals on aromatic nitro-compounds has been a matter 
of controversy, for whilst 1,3,5-trinitrobenzene can be converted into trinitro-m-xylene 
by free methyl radicals }? polynitro-compounds are known to be decidedly more efficient 


* Part XII, J., 1958, 4632. 


1 Fieser, Clapp, and Daudt, J. Amer. Chem. Soc., 1942, 64, 2052. 
* Sandin and McCormack, J. Amer. Chem. Soc., 1945, 67, 2051. 
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in stopping the radical-catalysed polymerisation of olefins than the process of nuclear 
alkylation (equation 1), suggested by Price and Durham,? would indicate. 


2R: + CeHs(NO,)5 —— R°CgHA(NO)3+ RH ~- - - - - se es GM) 


Bartlett and Kwart * showed that 1,3,5-trinitrobenzene rapidly stops two chains of 
polymerising styrene, but then, as a slightly weaker inhibitor, stops two more chains and 
thereafter is still a retarder of polymerisation. Again m- and p-dinitrobenzene are almost 
equally effective as inhibitors of the radical polymerisation of allyl acetate,> which would 
not be the case if nuclear alkylation were occurring. Moreover, the resultant nitrogenous 
polymers do not yield dinitrobenzoic acids when oxidised. Bartlett and his colleagues 
therefore suggested that alkyl radicals might reduce nitro-groups as follows: 


R: + O- rR: 
ArNO,—P Ar—NC — > AN=O+ROR. ..... Q 
R 


and that nitroso-compounds, so formed, could also act as inhibitors. 

The chain-breaking action of the nitroso-compounds was explained in 1954 by Gingras 
and Waters® who established that 2-cyano-2-propyl radicals rapidly add to the N=0 
double bond of nitrosobenzene, forming ON-di-(2-cyano-2-propyl)-N-phenylhydroxyl- 
amine. They reported that from similar reactions both 1,3,5-trinitrobenzene and 1-chloro- 
2,4-dinitrobenzene could be recovered almost quantitatively. However Inamoto and 
Simamura?” isolated 2-8% of the above hydroxylamine from the decomposition of azo- 
isobutyronitrile in nitrobenzene and 2-2% of its m-nitro-derivative from a similar reaction 
with m-dinitrobenzene. Similar results have been reported by Norris ® for reactions of 
o- and p-dinitrobenzenes. 

As already reported in outline ® we have found that free benzyl radicals, which have 
a close structural similarity to the active radicals X*CH,*CHPh: in polymerising styrene, 
easily attack trinitrobenzene, giving ON-dibenzyi-N-(3,5,dinitrophenyl)hydroxylamine 
together with benzaldehyde, the latter product not being generated in our reaction mixture 
(t-butyl peroxide decomposing in an excess of boiling toluene ™) in the absence of the 
nitro-compound. 4-Chlorobenzy]l radicals, generated from #-chlorotoluene, react similarly 
to give the corresponding di-4-chlorobenzylhydroxylamine. Both these hydroxylamines 
have been oxidised to 3,5,3’,5’-tetranitroazoxybenzene. ON-Dibenzyl-3,5-dinitrophenyl- 
hydroxylamine withstands vigorous acid-hydrolysis but was converted by reductive 
acetylation into 3,5-diacetamido-N-benzylacetanilide, identical with material synthesised 
by reductive acetylation of N-benzylidene-3,5-dinitroaniline. 

Benzyl radicals react much less readily with m-dinitrobenzene, but from the deeply 
coloured products it has been possible to isolate m-nitroaniline, N-benzyl-m-nitroaniline 
and ON-dibenzyl-m-nitrophenylhydroxylamine together with much benzaldehyde (0-24 
mol.). After reaction with nitrobenzene both aniline (6-4%) and N-benzylaniline (1%) 
have been isolated. 

It has been reported ™ that the pyrolysis of t-butyl peroxide in nitrobenzene gives in 
very small yield a mixture of isomeric nitrotoluenes together with a much larger bulk of 
dark brown involatile material, probably formed by partial reduction of the nitro-group 
and coupling of reduction products. We now find that the decomposition of t-butyl 
peroxide in boiling chlorobenzene containing 1,3,5-trinitrobenzene yields a mixture of 
trinitromesitylene (1%) and trinitro-m-xylene (5%) in accordance with the results of 
Price and Durham, J. Amer. Chem. Soc., 1943, 65, 757. 

Bartlett and Kwart, J. Amer. Chem. Soc., 1952, 74, 3969. 
Hammond and Bartlett, J. Polymer Sci., 1951, 6, 617. 
Gingras and Waters, J., 1954, 1920. 

Inamoto and Simamura, J. Org. Chem., 1958, 28, 408. 
Norris, J. Amer. Chem. Soc., 1959, 81, 4239. 

Jackson, Waters, and Watson, Chem. and Ind., 1959, 47. 


Beckwith and Waters, J., 1957, 1001; Watson, D.Phil. Thesis, Oxford, 1958. 
Cowley, Norman, and Waters, J., 1959, 1799. 
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Fieser, Clapp, and Daudt* (who generated methyl radicals from lead tetra-acetate) and 
of Sandin and McCormack * (who used phenyliodosoacetate). Only a trace of an amine 
could be isolated from our reaction mixture. 

Our work helps to clarify modern views “512 concerning the inhibiting action of 
nitro-compounds in vinyl polymerisations and, further, gives some indication of the mode 
of action of aromatic nitro-compounds as oxidising agents in homolytic hydrogen-transfer 
processes.'* The formation of a large amount of benzaldehyde by attack of benzyl radicals 
on both trinitro- and dinitro-benzene can be explained by the following reaction sequence,*4 
rather than that of Bartlett (equation 2), in which concerted 1-electron movements favour 
O-N bond breakage in the primary radical adduct to the nitro-compound. 


fe) ° 

A A 
Ar-N=O + *CHgPh sgt Ar-N-O-CH,Ph <p Ar-N-O-CHyPh. . . . . 03) 
on oa + *CH,Ph —p 4 3 +O=CH+H-CHyPA ©. ee 
. 

Ar Ph Ar bn 


A reduction in this way could not be effected by phenyl radicals, and would be ener- 
getically less favoured with -CH, radicals than with benzyl on account of the resonance 
stabilisation of the benzaldehyde formed by the hydrogen-transfer. Evidently the re- 
ducing powers of radicals, PhCH,* > CH,* > Phy, follow the inverse order of their abilities 
to effect nuclear substitution of aromatic nitro-compounds. 

The homolytic reduction of aromatic nitro-compounds to amines can be explained by 
the following sequence of reactions: 


Ar-N=O ++ *CH,Ph ——t» Ar-N-O-CH,Ph 


- 

Ph 

A »e 4 pn Ay on 
Nu @ New,Ph 


(1) 
(b) 


fe) Ph 
Ww? eG, ey 
Ar—NC eC mila daar N L KC 


H 
II ° 
(tt) Je \ Ph-CH,: 
< 
JEAaPh 


Ar*NHg + Ph°CH,* Ar—NC 
Ms 


Subsequently reactions between aromatic amines, hydroxylamines, and nitroso- 
compounds must inevitably occur. 


EXPERIMENTAL 

M. p.s are corrected. 

Reaction of Benzyl Radicals with 1,3,5-Trinitrobenzene.—Trinitrobenzene (10 g.) and t-butyl- 
peroxide (25 ml., 2-9 mol.) were refluxed in toluene (300 ml.) for 72 hr. under nitrogen. Evapor- 
ation at 100° gave a brown gum (19-4 g.), 10% of which, in alcohol, was treated with 2,4- 
dinitrophenylhydrazine to give benzaldehyde 2,4-dinitrophenylhydrazone (0-69 g.) correspond- 
ing to the production of 0-42 mol. of benzaldehyde during the reaction. The remaining gum, 


12 Bevington and Ghanera, J., 1959, 2071. 
13 Jackson and Waters, J., 1958, 4632. 
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in light petroleum, was chromatographed through alumina (type H) and gave orange-yellow 
ON-dibenzyl1-3,5-dinitrophenylhydroxylamine ® (4-56 g., 28%), m. p. 121—122° (Found: 
C, 63-4; H, 4:7; N, 10-6. Calc. for C,)H,,N,O,;: C, 63-3; H, 4:5; N, 11-1%). Further 
elution of the alumina gave a small quantity (0-17 g.) of a brown solid that appeared from its 
infrared spectrum (band at 2-98 u) to be a secondary amine, and thereafter some red gum. 
No trinitrobenzene was recovered; however, this substance suffers some decomposition on 
the alumina of the column. 

Reaction of 4-Chlorobenzyl Radicals with 1,3,5-Trinitrobenzene.—Trinitrobenzene (4 g.) and 
t-butyl peroxide (10 ml.) in p-chlorotoluene (42 ml.) were kept at 112° (oil-bath) under nitrogen 
for 72 hr. From the product there was isolated, as above, ON-di-4-chlorobenzyl-3,5-dinitro- 
phenylhydroxylamine (2-4 g., 29%) which crystallised from ethanol-ethyl acetate in yellow 
needles, m. p. 157-5° (Found: C, 53-3; H, 3-4; N, 8-6, 8-8; Cl, 15-0. C,9H,;Cl,N,O, requires 
C, 53-6; H, 3-4; N, 9-4; Cl, 158%). 

Reactions of ON-Dibenzyl-3,5-dinitrophenylhydroxylamine.—The compound was recovered 
unchanged after 24 hours’ boiling with concentrated hydrochloric acid or with alcohol (1 part) 
and concentrated hydrochloric acid (4 parts). Oxidation of the compound (0-3 g.) with 
chromium trioxide (0-44 g.) in acetic acid (15 ml.) at 100° for 45 min. gave benzoic acid (0-1 g.) 
and 3,5,3’,5’-tetranitroazoxybenzene (0-08 g., isolated chromatographically) which crystallised 
from methanol—methyl acetate in pale yellow plates, m. p. 185-5° (Found: C, 38-6; H, 1-6; 
N, 20-6. Calc. for C,,H,N,O,: C, 38-1; H, 1-6; N, 22-2%). This gave no m. p. depression 
and was spectrographically identical with authentic material, m. p. 187—188°, obtained by 
boiling 1,3,5-trinitrobenzene with aqueous sodium carbonate ™ and also with material (m. p. 
184°) obtained by oxidation of ON-di-4-chlorobenzyl-3,5-dinitrophenylhydroxylamine. This 
azoxy-compound was recovered unchanged after being treated at 100° for 14 hr. with nitric 
acid and hydrogen peroxide in acetic acid. 

Reduction of ON-dibenzyl-3,5-dinitrophenylhydroxylamine (1-08 g.) during 34 hr. in boiling 
acetic acid—acetic anhydride (50 ml., 1:4) containing sodium acetate (1-05 g.) by gradual 
addition of zinc dust gave N-benzyl]-1,3,5-triacetamidobenzene ® (0-05 g.), m. p. 250—251° 
(from methanol—water) (Found: C, 67-1; H, 6-2; NN; 12-4. Calc. for C,,H,,O,;N,;: C, 67-2; 
H, 6-2; N, 12-4%), identical with material prepared as described below. 

3,5-Dinitroaniline,* m. p. 161°, was prepared by adding sodium azide (4-5 g.) to 3,5-dinitro- 
benzoyl chloride (12 g.) suspended in acetic acid (35 ml.), collecting the resulting 3,5-dinitro- 
benzoyl azide, adding it in small portions to concentrated sulphuric acid (300 ml.), and warming 
the mixture each time until nitrogen evolution ceased. Treatment of this amine (1 g.) in hot 
alcohol (15 ml.) with benzaldehyde (0-75 g.) and a few drops of acetic acid gave N-benzylidene- 
3,5-dinitroaniline which crystallised from alcohol in very pale yellow needles, m. p. 139° (Found: 
C, 57-8; H, 3-1; N, 15-1. C,;H,N,O, requires C, 57-6; H, 3-3; N, 15-5%). This compound 
(0-3 g.) in ethyl acetate (200 ml.) was hydrogenated at atmospheric pressure, with Adams 
catalyst, until 7 mol. of hydrogen had been absorbed. After filtration, the solution was treated 
with an excess of acetic anhydride, and after 24 hr. was poured into aqueous sodium carbonate. 
The product (25%), on repeated crystallisation from methanol—water, gave 3,5-diacetamido- 
N-benzylacetanilide in colourless prisms, m. p. 252—253° (Found: C, 67-4; H, 6-5; N, 12:3. 
Calc. for C,,H,,O,N,: C, 67:2; H, 6-2; N, 12-4%). 

Reaction of Benzyl Radicals with m-Dinitrobenzene.—m-Dinitrobenzene (16-8 g.) and t-butyl 
peroxide (40 ml.) in toluene (300 ml.) were refluxed for 83 hr. under nitrogen. After removal 
of volatile material the residue was chromatographed through alumina. Light petroleum- 
and benzene (1: 1) extracted a yellow solid (16-1 g.) from which some pure m-dinitrobenzene 
(m. p. and mixed m. p. 89°) was isolated by crystallisation from ether. Vapour-phase chromato- 
graphy at 180° of a portion of the gummy remainder showed the presence of small amounts 
of two other substances and indicated that the total amount of unchanged dinitrobenzene was 
31% of that taken. Further chromatography of this gum with light petroleum—benzene gave 
yellow prisms (0-5 g.), m. p. 60—61° (from methanol), identified as ON-dibenzyl-m-nitrophenyl- 
hydroxylamine by its analysis (Found: C, 72-0; H, 5-2; N, 8-2. CygH,,.N,O, requires C, 71-8; 
H, 5-4; N, 84%) and by analogy with the product from trinitrobenzene. 

Continued elution of the reaction product with benzene gave a yellow paste from which 
solid (0-46 g.) was obtained by crystallisation from methanol. After further purification this 


14 Lobry de Bruyn and Van Leent, Rec. Trav. chim., 1894, 18, 148. 
15 Blanksma and Verberg, Rec. Trav. chim., 1934, 58, 988. 
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proved to be N-benzyl-m-nitroaniline, m. p. 107—108° (Found: C, 68-9; H, 5-4; N, 12-1, 
Calc. for C,;H,;,.N,0O,: C, 68-4; H, 5-3; N, 123%). Its infrared spectrum had a single peak 
at 2-92 u, indicative of an NH group, and the complete identity of the compound was later 
proved by synthesis of authentic material by benzylating N-toluene-p-sulphonyl-m-nitroaniline 
and hydrolysing this (m. p. 124°) with 50% sulphuric acid. The authentic material had m. p. 
107° (lit.,4® 107°) (Found: C, 68-8; H, 5-1; N, 12-2%). 

Further elution of the reaction product with methanol gave a brown gum (5-75 g.) which 
was dissolved in ether and extracted with 6N-hydrochloric acid. The acid extract yielded 
m-nitroaniline (0-49 g.), m. p. and mixed m. p. 113° (benzoyl derivative, m. p. and mixed m. p. 
156°). 

The reaction of benzyl radicals with m-dinitrobenzene was repeated, the solvent this time 
being removed through a fractionating column until no more distilled at 110°. The residue 
was diluted to 100 ml. with methanol, and the precipitated gum was then dissolved in 250 ml. 
of benzene. A mixture of 10 ml. of the methanol solution and 25 ml. of the benzene solution was 
treated with alcoholic dinitrophenylhydrazine and gave 0-69 g. of benzaldehyde 2,4-dinitro- 
phenylhydrazone, m. p. 238—239° after recrystallisation, indicating the formation in the 
reaction of 0-24 mol. of benzaldehyde. Repeated chromatography of the benzene solution 
gave, after prolonged elution with benzene, a little m-nitroaniline, m. p. and mixed m. p. 113°, 
showing that this compound is not an artefact produced in the preceding experiment by the 
acid-extraction. 

Reaction of Benzyl Radicals with Nitrobenzene.—Nitrobenzene (5 g.), t-butyl peroxide (46 ml.), 
and toluene (300 ml.) were refluxed together for 38 hr. and then distilled in steam. The aqueous 
portion of the distillate was extracted with benzene, and this extract, together with the non- 
aqueous distillate was extracted twice with 6N-hydrochloric acid. From the acid extract 
there was isolated crude aniline which was converted into benzanilide (0-6 g.), m. p. and mixed 
m. p. 162—163°, corresponding to a 6-4% yield of aniline in the reaction. 

Chromatography of the involatile residue gave a brown oil (0-2 g.) with an infrared spectrum 
similar to that of benzylaniline. Treatment of this with toluene-p-sulphonyl chloride in 
pyridine gave N-benzyltoluene-p-sulphonanilide, m. p. and mixed m. p. 140°, in amount 
corresponding to formation of 1% of benzylaniline in the reaction. 

Reaction of Methyl Radicals with Trinitrobenzene.—Trinitrobenzene (3 g.) and t-butyl 
peroxide (20-5 ml.) were refluxed in chlorobenzene (100 ml.) for 22 hr. and then steam-distilled. 
The initial portion of the distillate did not give a dimedone test for formaldehyde. The residue, 
after being dried by azeotropic distillation, gave a brown solution in benzene and an insoluble 
brown powder. Chromatography of the solution gave 20 mg. (1-7%) of trinitromesitylene, 
m. p. and mixed m. p. 233—235° (from methanol), 90 mg. of trinitro-m-xylene, m. p. and 
mixed m. p. 181° (from ethyl acetate) (Found: C, 39-6; H, 2-7; N, 17-5. Calc. for CgH,N,O,: 
C, 39-8; H, 2-9; N, 17-4%), and a trace (8 mg.) of a secondary amine, m. p. 168—172°, having 
an infrared absorption peak at 2-90 pu. 


One of us (R. A. J.) thanks the Department of Scientific and Industrial Research for a 
Research Studentship. 
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333. Synthetical Applications of Activated Metal Catalysts. Part IX.* 
A Comparison of the Desulphurising Abilities of Some Transition 
Metals. 

By G. M. Bapcer, N. Kowanko, and W. H. F. Sasse. 


A direct comparison has been obtained between the desulphurising 
abilities of certain transition metals towards di-l-naphthyl sulphide and di- 
hexyl sulphide. Untreated metals such as copper bronze, zinc dust, pre- 
cipitated silver, reduced iron, and nickel were inactive towards di-l-naphthyl 
sulphide at 200°. Raney nickel, cobalt, iron, and copper acted as desulphuris- 
ing agents, but not all equally effectively. Raney tungsten was inactive 
towards di-l-naphthy] sulphide at 200°, but it effected some desulphurisation 
of dihexyl sulphide; Raney nickel, cobalt, iron, and copper were similarly 
active. Increase in the temperature and presence of external hydrogen 
facilitate the desulphurisation. 


Tue ability of Raney nickel to remove sulphur has been extensively investigated, not 
only for the degradation of naturally occurring compounds, but also for organic syntheses,}* 
and recently Raney cobalt has been used.* Desulphurisation with copper and with zinc 
at elevated temperatures was observed as early as 1886,‘ and was recently studied in 
connection with the synthesis of derivatives of phenanthrene, phenanthridine, and other 
nitrogen polycycles.5 Hauptmann ® also observed desulphurisation by strongly degassed 
Raney iron, Raney copper, and Raney cobalt at high temperatures. In view of the 
increasing interest in desulphurisation with transition metals, a direct comparison between 
the various metals under varying conditions has been undertaken. 

Desulphurisation of di-l-naphthyl sulphide was found to require a highly active 
catalyst. Copper bronze was without effect on the sulphide up to 300°, and reaction 
could not be promoted in ethyl benzoate or diethyl phthalate. Reduced iron, reduced 
nickel, zinc dust, and precipitated silver were inactive at 200°. However a small amount 
of desulphurisation occurred when this sulphide was fused with zinc dust at 400°: 
naphthalene, perylene (I), benzo{j]fluoranthene (II), and an unidentified hydrocarbon 
were isolated in very small amounts. A small amount of desulphurisation also occurred 
on using copper bronze which had been activated with iodine in acetone.’ 
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Raney metals were found to be much more effective. Freshly prepared W7 Raney 
nickel ® in boiling methanol completely desulphurised di-l-naphthyl sulphide and also 
effected some hydrogenation to tetralin. Raney nickel contains a large volume of 
hydrogen,® so the hydrogenation is clearly a secondary effect, for naphthalene was 


* Part VIII, J., 1960, 526. 


Badger, Austral. J. Sci., 1958, 21, 45. 
Venkataraman, |. Indian Chem. Soc., 1958, 35, 1. 
Aller, J. Appl. Chem., 1957, 7, 130; 1958, 8, 163; Badger, Kowanko, and Sasse, J., 1959, 440. 
Ris, Ber., 1886, 19, 224; Goske, Ber., 1887, 20, 232; Kym, Ber., 1890, 28, 2458. 

Loudon ef al., J., 1957, 3814, 3818; 1958, 1588; 1959, 885. 

Hauptmann, Angew. Chem., 1958, 70, 168; and personal communication. 

Kleiderer and Adams, J. Amer. Chem. Soc., 1933, 55, 4225. 

Billica and Adkins, Org. Synth., Coll. Vol. III, p. 176. 

Mozingo, Wolf, Harris, and Folkers, J. Amer. Chem. Soc., 1943, 65, 1013. 
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hydrogenated to tetralin under the same experimental conditions. On the other hand, 
an aged W7 Raney nickel gave only naphthalene and a trace of 1,1’-binaphthyl; and a 
W7 Raney nickel which had been deprived of most of its hydrogen (W7-J) ! at 100°/12 mm. 
was inactive as a desulphurising agent in boiling methanol. However, this degassed 
nickel was effective at higher temperatures, in boiling xylene and in diethyl phthalate at 
220°, and gave mixtures of naphthalene and 1,1’-binaphthyl, together with small amounts 
of 2,2’-binaphthyl, perylene (I), and benzo-[{j]- and -[k]-fluoranthene (II and III). 

The formation of 1,1’-binaphthyl and the other condensed hydrocarbons is consistent 
with the view that desulphurisation gives naphthyl radicals which then react with hydrogen 
(to give naphthalene) or with similar radicals (to give the dimeric and condensed products). 
Catalytic cyclodehydrogenation of 1,1’-binaphthyl at the temperature of the reaction 
would give the benzo[j]fluoranthene (II) and perylene (I) observed. 

The formation of small amounts of 2,2’-binaphthyl with degassed Raney nickel is 
surprising. The quantity was too large to have arisen from impurity in the di-1-naphthyl 
sulphide and, as 1,1’-binaphthyl does not rearrange to 2,2’-binaphthyl under the conditions 
of the experiment, it seems that the intermediate 2-naphthyl radicals must arise by re- 
arrangement of l-naphthyl radicals. No 1,2’-dinaphthyl was detected, but this substance 
could undergo catalytic cyclodehydrogenation at the temperature of the reaction to 
benzo-[{j]- and -[A]-fluoranthene, both of which were observed (benzo[j]fluoranthene could 
also be formed by cyclodehydrogenation of 1,1’-binaphthy]). 

Desulphurisation with Raney cobalt was similar to that with W7-J Raney nickel in 
that, although little reaction occurred in boiling methanol, it was complete in diethyl 
phthalate at 220°. However the yields of the different products obtained with the two 
catalysts were by no means the same, for cobalt produced mainly naphthalene, with very 
little binaphthyl and only traces of condensed products. The dimerisation of radical 
intermediates probably occurs on the catalyst surface; but the alternative reaction with 
hydrogen, to form naphthalene, could conceivably occur either on the catalyst or in 
solution. The difference in the monomer : dimer ratio could then be a measure of the 
difference between the abilities of the metals to chemisorb the radicals. 

The effect of temperature was also observed with both Raney copper and Raney iron. 
These metals were almost inactive as desulphurising agents in boiling methanol, and 
produced reasonable yields of desulphurised products at higher temperatures. Raney 
tungsten was inactive even at 200°. 

The degassing of W7 Raney nickel may result in a decrease in the surface area of the 
catalyst, and the amount of chemisorbed hydrogen is said to be directly related to the 
surface area.!! In the circumstances it would be unwise to conclude from a comparison 
of W7 Raney nickel and the degassed nickel that hydrogen plays a direct part in the de- 
sulphurisation. Its participation has, however, been conclusively demonstrated with both 
Raney copper and Raney iron: in both cases reaction in a hydrogen atmosphere increased 
the yields of desulphurised products. 

As the removal of the loosely bound hydrogen by degassing renders Raney nickel 
inactive as a desulphurising agent, it must be this hydrogen which facilitates desulphuris- 
ation. A higher reaction temperature evidently releases hydrogen from the interstitial 
positions in the metal, and desulphurisation is again facilitated. Hauptmann e al.” 
suggested that the function of the hydrogen is to assist scission of the C-S bond, perhaps 
by displacing the radicals from the sulphur, and our results are not inconsistent with this 
view. Nevertheless Hauptmann and his colleagues showed that desulphurisation can be 
effected with nickel peeteeny free from hydrogen provided the temperature is sufficiently 
high. 

Further experiments were carried out with dihexyl sulphide. The Raney metals were 

10 Badger and Sasse, J., 1956, 616. 


1 Smith, Chadwell, and Kirslis, J. Phys. Chem., 1955, 59, 820. 
1 Hauptmann, Walter, and Marino, J. Amer. Chem. Soc., 1958, 80, 5832. 
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all obtained in a hydrogen atmosphere, and the desulphurisations were effected at 220° 
in the presence of external hydrogen. Under these conditions nickel, cobalt, and iron 
gave complete desulphurisation, but copper gave only 22%. It is also noteworthy that 
Raney tungsten (which did not react with di-l-naphthyl sulphide at 200°) reacted to an 
appreciable extent with dihexyl sulphide; and even reduced nickel showed some activity, 

No dodecane was detected in any experiment; but this is not surprising as the reactions 
were carried out in a hydrogen atmosphere, and the reduction of the intermediate hexyl 
radical would be greatly facilitated. Moreover, it is known that alkyl radicals readily 
disproportionate to alkane and alkene.*15_ The latter would be readily hydrogenated under 
the conditions used. 


EXPERIMENTAL 


Di-1-naphthyl Sulphide——This was prepared from l-naphthylmagnesium bromide and 
thionyl chloride by Courtot and Paivar’s method,™ except that the intermediate sulphoxide 
was not isolated. After repeated recrystallisation from ethanol, chromatography in light 
petroleum on alumina, and further recrystallisation, the sulphide formed colourless needles, 
m. p. 110° (Found: C, 84-1; H, 5-0; S, 11-4. Calc. for CygH,,S: C, 83-9; H, 4-9; S, 11-2%). 

Desulphurisation with ‘‘ Inactive’? Metals——Copper bronze, zinc dust, and reduced iron 
powder were commercial products (B.D.H.). The silver was precipitated with zinc dust from 
silver chloride in aqueous suspension. Reduced nickel was prepared by heating nickel oxide 
in a stream of hydrogen at 500°. 

Di-1-naphthyl sulphide (2 g.) was heated with the metal (5 g. of nickel or an equivalent 
amount of other metal) at 200° for 4 hr. The melt was then extracted with benzene-hexane, 
and the solution chromatographed on alumina in light petroleum. In each case (copper bronze, 
zinc dust, iron, silver, nickel) 91—99% of unchanged sulphide was recovered, and +0-1% of 
naphthalene could be detected except in the silver experiment. No naphthalene was obtained 
on attempted desulphurisations with copper bronze in boiling ethyl benzoate or in diethyl 
phthalate. Heating the sulphide with zinc dust at 400° gave a mixture from which dinaphthyl 
sulphide (87-5%) and naphthalene (3-95%) were isolated. Traces of perylene, benzo[j]fluoro- 
anthene, and an unknown substance (m. p. 298—-300°) were also obtained. Perylene and 
benzofluoranthene were identified by chromatography on acetylated paper and by their ultra- 
violet spectra. Heating with iodine-activated copper bronze’ at 290° gave unchanged di- 
naphthyl sulphide (87-8%), naphthalene (3-14%), and a trace of perylene. 

Comparison of Raney Metals by using Di-1-naphthyl Sulphide -—W7 Raney nickel was prepared 
by the method of Billica and Adkins.* Aged W7 Raney nickel had been kept for 3 months 
under methanol. W7-J Raney nickel was obtained by the method already described.1° W7 
Raney cobalt was prepared from 3:7 cobalt-aluminium alloy (Lights) by the procedure used 
for nickel; * Raney iron was obtained from 1: 1 iron—aluminium alloy (Fluka) by the method 
of Johnston e¢ al.1* except that hydrogen or nitrogen was used instead of argon to supply the 
inert atmosphere, and the catalyst was washed with methanol instead of pyridine. Raney 
copper was similarly prepared from 1:1 copper—aluminium alloy (Fluka); and W7 Raney 
copper was prepared by the method used for nickel. W7 Raney tungsten was prepared from 
3:7 tungsten-aluminium alloy (obtained by igniting a mixture of tungsten trioxide and alu- 
minium bronze), the procedure for nickel being used. 

(i) Desulphurisations in diethyl phthalate. Freshly prepared catalyst (5 g.) was washed by 
decantation with methanol, transferred quickly to the reaction flask, and diethyl phthalate 
(5 ml.) and di-l-naphthyl sulphide (2 g.) were added. The mixture was cautiously distilled 
to remove water and methanol, and then heated in a metal-bath under hydrogen or nitrogen 
at 220° for the specified time. The cooled mixture was heated with potassium hydroxide 
solution under reflux, to saponify the ester, and then extracted with ether, and the ether extract 
was dried and evaporated to give a residue which was sublimed at 100°/15 mm. to remove any 
naphthalene. The residue was recrystallised from light petroleum (b. p. <40°), weighed, and 
identified by a mixed m. p. The residue left after sublimation was chromatographed on alumina 
in light petroleum, and eluted with benzene-hexane. The fractions obtained were concentrated 

18 Kharasch, Hambling, and Rudy, J. Org. Chem., 1959, 24, 303. 


1 Courtot and Paivar, Chimie et Industrie, 1941, 45, 80; Chem. Abs., 1943, 37, 2366. 
18 Johnston, Heikes, and Petrolo, J. Amer. Chem. Soc., 1957, 79, 5388. 
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and chromatographed on partially acetylated paper in ethanol—toluene—water or in ether— 
methanol—water. Identical, homogeneous, fractions were combined, recrystallised, and 
identified by mixed m. p. and infrared or ultraviolet spectra, and the final separation of 
mixed fractions was carried out by rechromatographing on alumina or by chromatography on 
a column of partially acetylated cellulose. 

(ii) Desulphurisations in methanol. A mixture of catalyst, dinaphthyl sulphide, and 
methanol was refluxed for the specified time, and the cooled mixture transferred to the thimble 
of a Soxhlet extractor and extracted with methanol for 8—10 hr. (Prolonged extraction was 
necessary to remove unchanged sulphide in the case of Raney cobalt.) The extracts were 
concentrated to small volume through a fractionating column, and then allowed to crystallise. 
The mother-liquors were evaporated, and the residue was sublimed at 100°/15 mm. and worked 
up as above. The crystalline material was chromatographed on alumina in low-boiling 
petroleum—benzene, and worked up as usual. 

The results are summarised in Table 1. 


TABLE 1. Comparison of Raney metals for di-1-naphthyl sulphide. 


Un- Benzo[j]- 
changed 1,1’-Bi- 2,2’-Bi- fluor- 
Raney metal Solvent sulphide Tetralin C,)H, naphthyl naphthyl Peryl- anthene 
(g-) (ml.)* Temp. (%) % (%) (%) %) ene (%) 
W7 Ni (5) MeOH (400) 64° — a a 
W7 Ni (30) » (150) 64 -- 74 -- —— -- oo ~ = 
W7 Niaged (5) ,, (25) 64 — ~ 88-5 16 — ome st 
W7-J Ni (5) = (25) 64 99-9 —- _- _- —- Trace “= 
W7-J Ni (5) Xylene (5) .140 0-2 61-3 15-2 0-4 0-2 Trace 
W7-] Ni(5) Et, Ph(5) 220 —_ 69 19-8 0-8 0-3/ 
W7 Co (5) MeOH (25) 64 86-8 4:5 — -= _- -- 
W7 Co/N, (5) Et, Ph (4)* 220 -- 97 0-73 -- Trace Trace 
W7 Cu (5-4) MeOH (25) 64 83-9 1-4 ? “= -- 
Johnston Cu-_—_— Et, Ph (4) 220 74-6 22-3 Trace - Trace Trace 
N, (5-4) 
Johnston Cu- i. oe 220 29-5 43-7 -- —- 0-1 Trace 
H, (5-4) 
Fe (5) MeOH (25)4 64 88-9 _- 0-2 —- - 
Fe-N, (5) Et, Ph (4) 220 82-1 4-25 Trace -- - aa 
Fe—H, (5) » (4) 220 48-7 32 Trace — Trace Trace 
BERD ©  isvcdocae None 200 95 — -—— _- — -- 


* Et, Ph = Et phthalate. 

* A mixture of naphthalene and tetralin was obtained; this was not separated. ° Refluxed for 
22 hr. ¢* Heated for 15 hr. in nitrogen. ¢ Refluxed for 24 hr. * 0-15 g. of dinaphthyl sulphide. 
J A mixture of perylene and 0-2% of benzo[{k]fluoranthene was also obtained. 


Tetralin was identified by its b. p., retention time in a gas-liquid chromatogram, and infrared 
spectrum. Naphthalene, 1,1’- and 2,2’-binaphthyl were identified by mixed m. p., and in the 
case of the binaphthyls by infrared spectra. Perylene, benzo-[{j]- and -[k]-fluoranthene were 
identified by comparison with authentic specimens on acetylated paper. Perylene was also 
identified by its ultraviolet and fluorescence spectra, benzo-[j]-fluoranthene ? by its ultraviolet 
spectrum (Amax, 226, 242, 281, 292, 308, 318, 332, 349, 365, 376, 383 mu), and benzo-[k]-fluor- 
anthene 7 likewise (Amax, 240, 269, 282, 296, 308, 361, 380, 400 my). 

Comparison of Raney metals for Dihexyl Sulphide——Raney metals were prepared under 
hydrogen from their aluminium alloys, essentially by the method of Johnston e¢ al.5 However, 
the metal was washed free from water with ethanol and then freed from ethanol and the last 
traces of water by azeotropic distillation with toluene. The reduced nickel used was prepared 
by heating the oxide in hydrogen at 500°, and before use was moistened with a little toluene. 

Dihexy] sulphide (2 g.) was added to the metal (5 g.) and heated in a slow stream of hydrogen 
at 220—230° for 15 hr. The low-boiling material was separated in a small fractionating column 
during the course of the experiment, collected in solid carbon dioxide, and examined by gas— 
liquid chromatography at 85° in a Griffin and George apparatus modified for the collection of 
samples? The cooled reaction mixture was extracted with toluene, and the extract analysed 
by gas-liquid chromatography. Yields of unchanged sulphide and of hexane were calculated 


1® Clar, ‘‘ Aromatische Kohlenwasserstoffe,”’ 2nd edn., Springer, Berlin, 1952. 
17 Napier and Rodda, Chem. and Ind., 1958, 1319. 
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from the weights of crude material and the areas under the peaks (to eliminate toluene). No 
dodecane could be detected in any experiment. The results are summarised in Table 2. 


TABLE 2. Comparison of Raney metals for dihexyl sulphide. 


Unchanged Unchanged 
sulphide Hexane sulphide Hexane 
Metal (%) (%) Metal (%) (%) 
Ramey W ...ccsscorsesesess 72-3¢ 13-6 OR CD crsecccsecessee —_ 82 
MEE UAE nrvacreccogoace 70 22-4 | 2 ee -— 82-5 
PEE DE bccccccnsecoces —_ 84-2 Reduced Ni ............ 89¢ 0-82 


* Yield obtained by distillation and isolation. 


Microanalyses were carried out by the C.S.I.R.O. Microanalytical Laboratory, Melbourne. 
This research was supported by a grant from The Petroleum Research Fund administered by the 
American Chemical Society. Grateful acknowledgment is hereby made to the donors of the 
said fund. 


UNIVERSITY OF ADELAIDE, SOUTH AUSTRALIA. (Received, November 2nd, 1959.] 


334. Alternaric Acid. Part III Structure. 
By J. R. BARTELS-KEITH. 


Alternaric acid is shown to be 12-(5,6-dihydro-4-hydroxy-6-methy]l-2- 
oxopyran-3-yl)-4,5-dihydroxy-3-methyl-9-methylene - 12 - oxododec - 6-ene- 5- 
carboxylic acid (I). 


Previous studies have shown that alternaric acid contains a carboxyl group and a 6-di- 
carbonyl grouping? and is oxidised by alkaline hydrogen peroxide to 7,8-dihydroxy-9- 
methyl-3-methyleneundec-5-ene-1,7-dicarboxylic acid+ (II). Evidence is here presented 
that alternaric acid has structure (I). 

It was further shown in the earlier work ? that alternaric acid gave carbon dioxide on 
acid hydrolysis and acetone (1 mol.) on alkaline hydrolysis. Repetition of this work shows 
that acetaldehyde (0-5 mol.) is also formed on alkaline hydrolysis. The ready formation 
of both acetone (1 mol.) and acetaldehyde under these conditions is best explained by the 
presence of the grouping (III). The presence of a tricarbonylmethane system is indicated 


= OH OH CH, ° OH Me=CH—CH- COmGH =CO= 
Et-CH—CH—C~ CH=CH io ceca Hei 5 | o- i 
(I) CO>,H ON 57 ~Me a 

Me OH OH CH, 

we aR i OH CMe, 
Et—CH—CH—C— CH=CH =CH;-C=CH,—CH,-CO;H CHO 0” *o 

Dcctd 
(11) Cop Me Ao BuSHC— C-CO}H 
CO,Me 
(IV) (V) 


by the orange ferric reaction of alternaric acid and its derivatives, as well as by their 

ultraviolet absorption spectra in acid and in alkaline media which recall the behaviour 3 of 

2-formy1-5,5-dimethylcyclohexane-1,3-dione (cf. IV) but are inconsistent with the presence 

of a simple $-dicarbonyl function. The enol (IV) shows a band at 235 mu in the presence 

of acid, whereas under these conditions alternaric acid and its derivatives absorb near 
1 Part II, Bartels-Keith, J., 1960, 860. 


2 Grove, J., 1952, 4056. 
* Akehurst and Bartels-Keith, J., 1957, 4798. 
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210 mp, suggesting the presence of an ester or lactone group in the tricarbonylmethane 
system. ; 

4 Ozonolysis of the acid (II) gave formaldehyde, levulic acid, and succinicacid.! Alternaric 
acid on ozonolysis under similar conditions also gave formaldehyde and levulic acid, 
together with other products which complicated the isolation of succinic acid. Esterific- 
ation of the total acidic ozonolysis products followed by gas-liquid chromatography of 
the volatile methyl esters gave methyl oxalate, methyl levulate, methyl succinate, and 
methyl (—)-8-hydroxybutyrate. Formation of the last ester affords additional evidence 
for the presence of the grouping (III). 

Alternaric acid is readily cleaved by periodic acid and gives a positive reaction with 
potassium triacetoxyosmiate,‘ indicating that the glycol system of the acid (II) is present 
also in alternaric acid. The ozonolysis results for alternaric acid further indicate the 
presence of a terminal methylene group located as in the acid (II), and it follows that one 
or both of the carboxyl groups of the latter are derived from the points of attachment of 
the grouping (III) to the carbon chain of the acid (II). 

Methyl alternarate with acetone in the presence of sulphuric acid gave an unstable 
liquid isopropylidene derivative which retains the enolic chromophore of alternaric acid, 
as shown by its ultraviolet absorption in acid and alkaline media, its infrared absorption 
spectrum, and its characteristic colour reactions with ferric chloride and cupric acetate. 
Oxidation with potassium permanganate in acetone gave the half-ester (V), originally 
obtained } on similar oxidation of the isopropylidene derivative of the ester of acid (II). It 
follows that the ester group of (V) is derived from the carboxyl group of alternaric acid, and 
therefore that the terminal carboxyl group of acid (II) represents the sole point of attach- 
ment of the grouping (III) in alternaric acid. This conclusion can be accommodated only 
by structure (I), which moreover explains the acid-hydrolysis of alternaric acid since the 
chromophore may be regarded as the ring-homologue of an acyltetronic acid. 

The infrared absorption spectra of alternaric acid and its derivatives all show a band 
near 1710 cm. consistent with the presence of a conjugated ester or 8-lactone grouping. 
Further, sodium hydrogen alternarate shows infrared absorption characteristic of the 
carboxylate ion, together with a band at 1714 cm. which must therefore arise solely from 
the unbonded carbonyl group of the tricarbonylmethane system. Since alternaric acid 
contains no alkoxyl group ? but retains all the structural features of acid (II), these findings 
confirm the presence of the 8-lactone ring. 


EXPERIMENTAL 


M. p.s are corrected. Unless otherwise stated, ultraviolet absorption spectra were deter- 
mined for ethanol solutions with a Unicam S.P. 500 spectrophotometer, and infrared absorption 
spectra refer to Nujol mulls. 

Sodium Hydrogen Alternarate.—0-0985N-Sodium hydroxide (2-65 ml.; 1 equiv.) was added 
to alternaric acid (107 mg.), and the mixture evaporated at room temperature in vacuo. The 
residue was dissolved in hot ethanol, and the solvent displaced with ethyl acetate until further 
addition of the latter caused turbidity. Evaporation of the solution gave sodium hydrogen 
alternavate, m. p. 156—158-5° (decomp.) (97 mg.) (Found: C, 58-4; H, 6-9; Na, 5-4%; equiv., 
436. C,,H,,O,Na requires C, 58-3; H, 6-8; Na, 5-3%; M, 432-5), Amex, 210, 274 my (e 12,560, 
10,700), Vmax, 3345, 1714, 1614, 1596, and 1559 cm.}. The salt gave a yellow colour with 
ferric chloride in aqueous methanol, and a blue precipitate, partly soluble in chloroform, when 
shaken with aqueous cupric acetate. 

Condensation of Methyl Alternarate with Acetone.—A solution of concentrated sulphuric acid 
(0-20 ml.) in acetone (20 ml.) was added to methyl alternarate (395 mg.) in acetone (20 ml.). 
After 18 hr. powdered sodium ‘hydrogen carbonate (685 mg.) was added with shaking and the 
mixture left for 2hr. The suspension was then cooled to 0°, and shaken with ether (80 ml.) and 
water (25 ml.), and the aqueous layer was further extracted with ether (20 ml.). The combined 
ethereal extracts were washed with 25% aqueous sodium chloride and evaporated, giving an 

* Criegee, Marchand, and Wannowins, Annalen, 1942, 550, 99. 
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oil (433 mg.). A solution of the product in light petroleum (5 ml.; b. p. 60—80°) was filtered 
to remove a trace of polymeric material, and the filtrate evaporated in a stream of nitrogen, 
Distillation of the residue at 115°/5 x 10° mm. (path length 1 cm.) gave methyl OO-iso- 
propylidenealternarate (338 mg.) as a viscous oil (Found: C, 65-0; H, 7:9; OMe, 8-2. C,;H,,0, 
requires C, 64-6; H, 7-8; OMe, 6-7%), [aJ,"* —5-2° (c 3-68 in EtOH), Amax. (in hexane) 274 my 
(¢ 9880), Amax. (in 0-1N-NaOH) 250, ~270 my (e 15,120, 12,640), vmax (film) 3700—3260w, 1715s, 
1639m, 1563s, and 1538 (shoulder) cm."}, vpay (in CCl,) 1730s cm.?. The compound was 
sparingly soluble in water but dissolved slowly in aqueous sodium hydrogen carbonate, and was 
miscible with the common organic solvents. It gave an orange colour with methanolic ferric 
chloride, and a blue-violet chloroform-soluble copper complex with aqueous cupric acetate. 

Permanganate Oxidation of Methyl OO-Isopropylidenealternarate.—The ester (333 mg.) in 
acetone (15 ml.) was treated portionwise with powdered potassium permanganate (1-71 g.} 
during 2 hr. at 22° (cooling). After a further 0-5 hr. the mixture was decolorised with aqueous 
sulphurous acid at 5—10° and rapidly extracted with ether (3 x 20 ml.). The combined 
ethereal extracts were washed with 9% aqueous sodium hydrogen carbonate (9 x 5 ml.), and 
the combined aqueous washings were acidified with 3N-sulphuric acid and rapidly extracted 
with ether (3 x 20 ml.). The combined ethereal extracts when washed with water and 
evaporated gave methyl hydrogen 2,2-dimethyl-5-s-butyl-1,3-dioxolan-4,4-dicarboxylate (V) 
(153 mg.), identified by its infrared absorption spectrum. The S-benzylthiouronium salt had 
m. p. 146—146-5° (75 mg., 25%), identical (mixed m. p. and infrared absorption spectrum) 
with a specimen obtained earlier.? 

Ozonolysis of Alternaric Acid.—(a) Ozonised oxygen was passed through a solution of alter- 
naric acid (202 mg.) in methyl acetate (12 ml.) at —50° for 23 min. The mixture was diluted 
with water and distilled to small bulk, and the distillate (100 ml.) added to 0-25% aqueous 
dimedone (100 ml.). After 6 days, isolation gave a derivative, m. p. 180—186° (119 mg.). 
Recrystallisation from methanol gave formaldehyde dimethone, m. p. 187—189° (106 mg., 
0-74 mol.), identical (mixed m. p. and infrared absorption spectrum) with a synthetic specimen. 

The residue from the foregoing distillation was continuously extracted with ether for 22 hr. 
Evaporation of this extract gave a product (170 mg.) which partly dissolved in methylene 
chloride leaving a solid (30 mg.) which could not be purified further but contained succinic acid 
as indicated by its infrared absorption spectrum. Treatment of the methylene chloride- 
soluble fraction with hot methanolic 2,4-dinitrophenylhydrazine hydrochloride gave a product 
from which was obtained methyl levulate 2,4-dinitrophenylhydrazone (52 mg., 34%), identical 
(mixed m. p. and infrared absorption spectrum) with a synthetic specimen. 

(b) Ozonised oxygen was passed through a solution of alternaric acid (1-010 g.) in methyl 
acetate (60 ml.) at —50° for 1-8 hr. Evaporation at 0° under reduced pressure gave a syrupy 
ozonide which was decomposed with water and left overnight at 0°. The product was made 
alkaline with 9% aqueous sodium hydrogen carbonate (20 ml.), washed with ether, acidified, 
and continuously extracted with ether for 22 hr. Evaporation of the extracts gave a mixture 
of acids (1-111 g.) which was treated with an excess of ethereal diazomethane. The mixture 
of esters (1-098 g.) so obtained was distilled at 24—67°/0-015 mm. into a trap at —80°. Gas- 
liquid chromatography of the distillate (756 mg.) gave methyl oxalate, methyl (—)-f8-hydroxy- 
butyrate, methyl levulate, and methy] succinate, identified by comparison of their retention 
volumes and infrared absorption spectra with those of synthetic specimens. The results are 
summarised in the Table. The unidentified product was apparently unstable on the column, as 
were several minor products of large retention volume which were not further investigated. 

Alkaline Hydrolysis of Alternaric Acid.—Alternaric acid (1-03 g.) was heated under reflux 
with n-sodium hydroxide (20 ml.), the system being closed by a bubbler containing water. 
After 1 hr. the mixture was cooled, adjusted to pH 9, and steam-distilled. The distillate was 
washed with ether to remove an oil, and the aqueous layer combined with the contents of the 
bubbler and added to 0-2% aqueous dimedone (500 ml.). After 4 days the product was 
collected (m. p. 135—136°; 382 mg.). Recrystallisation from light petroleum (b. p. 60—80°) 
gave acetaldehyde dimedone (357 mg.), m. p. and mixed m. p. 137—138°. The aqueous 
filtrate from the foregoing derivative was distilled to half bulk, giving a distillate which yielded 
a 2,4-dinitrophenylhydrazone, m. p. 117—121° (186 mg.). Repeated recrystallisation from 
ethanol and from light petroleum (b. p. 60—80°) gave acetone 2,4-dinitrophenylhydrazone 
(42 mg.), m. p. and mixed m. p. 123—125°. 

Estimation of Acetone produced on Alkaline Hydrolysis of Alternaric Acid.—Samples of 
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Gas-liquid chromatography of methyl esters derived from ozonolysis of 


alternaric acid. 
Relative retention volumes 
at 129°¢ Separation at 141°° 
From ozonolysis Synthetic Recovery (mg.) Yield (%) 

Meg CURES. oisinviecesieqereeresscosnes 0-57 0-568 10-9 , 
Me (—)-8-hydroxybutyrate* ...... 0-92 0-910 24-2 11-5 
RIE Sb bivoiddcecescecetaceseses 137 — 0-7 wine 
UTI i bininidie ss osisthsccsessbecesn 1-69 1-67 116-4 50-2 
BED, SIE 5 oo cinceaccncscbesconioesens 1-95 1-93 29-5 11:3 


* Column: 88-0 x 0-5 cm. of dinonyl sebacate ® (28-6%) on Celite 545. Nitrogen, 10-5 ml./min.; 
inlet pressure, 244 mm.; outlet pressure, 34mm. Thermal conductivity detector. Retention volumes 
were measured from the air peak and expressed relative to the retention volume of cyclohexanol as an 
internal standard. * The mixed esters (548 mg.) were chromatographed on a column (366 x 1-5 cm.) 
of the same static phase. Nitrogen, 103 ml./min.; inlet pressure 912 mm.; outlet pressure 753 mm. 
¢ [a]p*® —18° (c 1-04 in EtOH). 


alternaric acid (~100 mg.) were added to 7% aqueous cupric sulphate pentahydrate (5 ml.) and 
6n-sodium hydroxide (5 ml.) containing 35% of sodium potassium tartrate, and the mixture 
was steam-distilled for 1 hr., the distillate being collected under N-sodium hydroxide (20 ml.). 
5% Aqueous silver nitrate (3 ml.) and 6% hydrogen peroxide (3 drops) were added to the 
distillate with shaking. After 30 min., the precipitate was separated and washed with water 
(15 ml.), and the acetone in the filtrate and washings was determined volumetrically by 
Messinger’s method.* Alternaric acid (89-8, 105-5, 89-4, and 92-4 mg.) gave acetone (0-98, 0-90, 
1-04, and 1-11 mol., respectively). Under similar conditions the copper complex of acetyl- 
acetone gave 1-96 mols. of acetone. Preliminary investigations showed that acetaldehyde did 
not interfere in this procedure. 


In am indebted to Dr. L. A. Duncanson and Mr. M. B. Lloyd for infrared measurements, to 
Mr. B. D. Akehurst for technical assistance, and to many colleagues for helpful discussions. 


IMPERIAL CHEMICAL INDUSTRIES LIMITED, AKERS RESEARCH LABORATORIES, 
Tue FRYTHE, WELWYN, HERTs. (Received, November 13th, 1959.) 


5 Haslam and Jeffs, J. Appl. Chem., 1957, 7, 24. 
® See Scott, ‘‘ Standard Methods of Chemical Analysis,” D. van Nostrand Co., Inc., New York, 5th 
edn., Vol. II, p. 2136; Goodwin, J. Amer. Ghem. Soc., 1920, 42, 39. 





335. Organophosphorus Compounds of Sulphur and Selenium. Part 
XV.* Reactions of Organic Thiosulphonates with Trialkyl Phosphites 
and Dialkyl Phosphites. 


By J. Micuatsxr, T. Mopro, and J. WieczorkKowskI. 


Reaction of trialkyl phosphites, (RO),P, with alkyl esters of aliphatic 
and aromatic thiosulphonic acids, R’S:SO,R” led to formation of OOS-tri- 
alkyl phosphorothiolates and esters of sulphinic acids, in high yields. 
Reaction of trialkyl phosphites with aryl esters of aromatic thiosulphonic 
acids took, however, a different course, involving primarily reduction of the 
thiosulphonates to disulphides. Reaction of sodium dialkyl phosphites, 
(RO),P-ONa, with thiosulphonates gave phosphorothiolates and sodium 
sulphinates. S-Alkyl sodium thiosulphates (Bunte salts), RS-SO,Na, failed 
to react with trialkyl phosphites; with sodium dialkyl phosphites, however, 
they gave phosphorothiolates in low yield. 


ELECTROPHILIC attack on ésters of tervalent phosphorus acids by compounds exhibiting 
sulphenyl activity offers interesting possibilities of synthesizing organic phosphorothioates 
and their derivatives. This type of reaction was recently studied in this laboratory, 


* Part XIV, J., 1960, 885. 
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sulphenyl activity of various organic thiocyanates 4 and disulphides * being demonstrated 
in reactions with trialkyl phosphites and dialkyl phosphites. It seemed of interest to 
extend our studies on organic thiosulphonates and S-alkyl sodium thiosulphates (Bunte 
salts). 

(1) Reactions of Thiosulphonates with Trialkyl Phosphites—Two structures may be 
considered for the esters of thiosulphonic acids—a disulphoxide, R*SO-SO-R’, and a 
thiosulphonate type, RS-SO,R’, of which the latter shows better agreement with experi- 
mental evidence.*5® Thiosulphonates exhibit some interesting chemical properties. 
Foss * includes them in compounds with sulpheny]l activity, on the grounds of their ability 
to split off cations RS* in reactions with nucleophilic reagents, such as cyanides, 
mercaptides,”’*® and compounds with active methylene groups.5 On the other hand, 
thiosulphonates may be considered as mixed pseudohalogens (interhalogenoids), owing to 
the pseudohalogen character of both the sulphonyl ” and the alkylthio-radicals.* 

We have found that alkyl, but not aryl, esters of aliphatic and aromatic thiosulphonic 
acids react readily with trialkyl phosphites, forming OOS-trialkyl phosphorothiolates (I) 
and alkyl esters (II) of aliphatic or aromatic sulphinic acids: 


R*SO,°SR’ + P(OR”’), ——t R’*S*P(O)(OR”), (I) ++ R'S(O)OR” (ID . . - - - @ 


The reactions were carried out without solvent, and the temperature of the slightly 
exothermic process was kept at 20—30°. The products were isolated by distillation 
in vacuo. The yield of either ranged between 80 and 90%. Where unambiguous identific- 
ation of OOS-trialkyl phosphorothiolates by comparison with known compounds was 
impracticable, degradation by oxidative chlorination was the method of choice. The 
resulting alkanesulphony] chlorides were converted into readily characterizable p-toluidides. 
To identify alkyl sulphinates (II), we used controlled alkaline hydrolysis to sulphinic acids, 
which were formed in almost quantitative yield. Sulphinic acids were recognized after 
being converted into corresponding sulphones by condensation with 1-chloro-2,4-dinitro- 
benzene. Some difficulties were experienced when boiling points of reaction products 
precluded isolation by distillation. Compositions of the mixtures were then calculated 
from refractive indexes and analytical data, and from some additional degradation experi- 
ments, according to the following procedure: the mixture was oxidized and then 
hydrolyzed, and the resulting sodium benzenesulphonate converted into benzenesulphonyl 
chloride and identified as anilide. The reaction of ethyl n-butanethiosulphonate with 
triethyl phosphite gave in addition to ethyl n-butanesulphinate, as the main product, the 
isomeric butyl ethyl sulphone. Thiosulphonic esters failed to react with triaryl phosphites 
even at 180°. 

For the reactions described we propose a mechanism involving heterolysis of the 
sulphur-sulphur bond and formation of a quasi-phosphonium complex, analogous to that 
suggested for reactions of trialkyl phosphites with thiocyanates! and disulphides,? and 
resembling that accepted for Arbusov’s reaction: !* 


r) +¥orr' 
R*SO,—SR’ + P(OR"), —> jee-Fe | — > R’*SP(O)(OR"), + R-S(O)-OR" 
R:SO,- 





! Michalski and Wieczorkowski, Bull. Acad. polon. Sci., Cl. 111, 1956, 4, 279; Roczniki Chem., 1959, 
33, 105. 
Michalski and Wieczorkowski, Bull. Acad. polon. Sci., Cl. III, 1957, 5, 917. 
Michalski, Wieczorkowski, Wasiak, and Pliszka, Roczniki Chem., 1959, 33, 247. 
Foss, Acta Chem. Scand., 1947, 1, 307. 
Brooker and Smiles, J., 1926, 1726. 
Cymerman and Willis, J., 1951, 1332. 
Smiles and Gibson, J., 1924, 125, 176. 
Otto and Réssing, Ber., 1887, 20, 2079. 
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Footner and Smiles, J., 1925, 127, 2887. 

Horner and Nickel, Annalen, 1955, 597, 20. 

Stirling, J., 1957, 3597. 

Kukhtin and Pudovik, Uspekhi Khim., 1959, 28, 96. 
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Although isomerization of the sulphinate cannot be fully excluded, side-formation in one 
case of sulphone results probably from the mesomeric nature of the sulphinic anion which 
is capable of forming O- and S-derivatives. 

Reaction between triethyl phosphite and phenyl benzenethiosulphonate was more 
complicated than the analogous reactions discussed above. The process appears to 
involve three parallel reactions: the reaction of thiosulphonate with triethyl phosphite 
yielding ethyl benzenesulphinate and OO-diethyl S-phenyl phosphorothiolate (scheme a), 
the reduction of thiosulphonate by triethyl phosphite to diphenyl disulphide with form- 
ation of triethyl phosphate (scheme 8), and a third reaction, involving disulphide, referred 
to further below: 

Ph*SO,'SPh + 2P(OEt)s ——t> Ph:S‘SPh + 2PO(OEt)s - - - . ia 

One mol. of thiosulphonate, reacting with 2 mol. of triethyl phosphite, gave a mixture 
containing triethyl phosphate, ethyl benzenesulphinate, O0-diethyl S-phenyl phosphoro- 
thiolate, and a small amount of diphenyl disulphide. The disulphide disappeared when 
more triethyl phosphite was added. When triethyl phosphite and thiosulphonate were 
used in equimolar proportion, or the latter was used in excess, diphenyl disulphide and 
triethyl phosphate were the main products. It may be concluded that the reaction of 
thiosulphonate (a) and also reduction (6) are more rapid than the reaction of triethyl 
phosphite with diphenyl disulphide: 

Ph*S*SPh -+ P(OEt); ——t> Ph*S*P(O)(OEt), + SPhEt 


Similar reduction of compounds possessing a sulphonyl group by triethyl phosphite | has 
been recently demonstrated by Hoffman e¢ al. for benzenesulphony] chloride. 

(2) Reactions of Thiosulphonic Esters with Sodium Dialkyl Phosphites.—We have also 
demonstrated reactions of esters of aliphatic and aromatic thiosulphonic acids with 
sodium dialkyl phosphites. Although dialkyl phosphites are only slightly nucleophilic, 
their sodium derivatives are much more so and were expected to react with esters of thio- 
sulphonic acids in a similar manner to reaction with disulphides * and thiocyanates.'® 
This was found to be the case; esters of aliphatic and aromatic thiosulphonic acids react 
readily with sodium dialkyl phosphites: 

R*SO4’SR’ + (R”O),P*ONa ——B R’*S*P(O)(OR”), + R‘SO,Na 
00-Dialkyl S-alkyl(aryl) phosphorothiolates and sodium salts of sulphinic acids were 
formed in high yields (70—90%). The phosphorothiolates were identified as in the 
previous section. The sodium sulphinates were condensed with 1-chloro-2,4-dinitro- 
benzene and recognized as corresponding sulphones. 

(3) Reactions of S-Alkyl Sodium Thiosulphates with Trialkyl Phosphites and Dialkyl 
Phosphites.—S-Alkyl sodium thiosulphates (Bunte salts) are known also to exhibit 
sulphenyl activity in reactions with cyanides and mercaptides;!” however, their 
reactivity with regard to nucleophilic reagents, due to the presence of a negative charge 
in the molecule, may be expected to be considerably decreased. Bunte salts failed to react 
with trialkyl phosphites, when sodium diethyl phosphite was used as nucleophilic reagent 
formation of OOS-triethyl phosphorothiolate in ca. 10% yield was observed: 

EtS*SO,Na -++ P(OEt),*ONa ——p Et-S*PO(OEt), 


EXPERIMENTAL 

Materials.—Ethy] n-butanethiosulphonate, b. p. 86—87°/0-4 mm., »,,?° 1-4866, was prepared 
according to Boldyrev and Litkovits,!* and so was ethyl benzenethiosulphonate, b. p. 83— 
85°/0-01 mm., n,*° 1-5724. 

#8 Gilman, ‘‘ Organic Chemistry,” ‘Wiley, New York, 1947, Vol. I, 916. 

1 Poshkus and Herweh, J]. Amer. Chem. Soc., 1957, 79, 4245. 

15 Hoffman, Moore, and Kagan, ibid., 1956, 78, 6413. 

16 Schrader, U.S.P. 2,640,847; Chem. Abs., 1954, 48, 5206. 

" Bunte, Ber., 1874, 7, 646. 

18 Boldyrev and Litkovits, Zhur. obshchei Khim., 1956, 16, 3360. 
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Phenyl benzenethiosulphonate was prepared by a modified Hinsberg method: ¥ diphenyl 
disulphide, hydrogen peroxide in 30% excess, and glacial acetic acid were heated with stirring 
to 80° on a water-bath. The temperature then rose spontaneously and a violent reaction 
occurred, which made intensive cooling necessary. The mixture was diluted with a large 
volume of water, and extracted with benzene. The solvent was removed under reduced 
pressure, and the crude product separated from ethanol in white crystals, m. p. 39—40° 
(yield 50%). 

S-Ethyl sodium thiosulphate was prepared by Bunte’s method.!” 

Reaction of Ethyl n-Butanethiosulphonate with Tributyl Phosphite—Ethyl butanethio- 
sulphonate (27-3 g., 0-15 mole) was treated with the tri-n-butyl phosphite (37-5 g., 0-15 mole) 
and the temperature of the slightly exothermic reaction was kept at 20—25°. The products 
were fractionated by distillation im vacuo and afforded n-butyl n-butanesulphinate (24-0 g., 
90%), b. p. 52—54°/0-2 mm., m,,* 1-4444 (Found: C, 53-1; H, 9-9. Calc. for CgH,,0,S: C, 
53-9; H, 10-2%), and OO-di-n-butyl S-ethyl phosphorothiolate (33-7 g., 89%), b. p. 87— 
89°/0-3 mm., 157—158°/14 mm., ,* 1-4524 (Found: P, 11-9. Calc. for C,,H,,0,PS: P, 
12-2%). Michalski and Wieczorkowski ! reported b. p. 156—158°/14 mm., ,,*° 1-4523, for the 
latter. In order to confirm the structure of the phosphorothiolate, the product was treated 
with chlorine in water," yielding ethanesulphony] chloride, b. p. 66°/14 mm., 7,,* 1-4509 (lit.,2 
b. p. 172—175°, n,,® 1-4518), which was transformed into ethanesulphon-p-toluidide, m. p. and 
mixed m. p. 79—80°. In order to confirm the structure of the sulphinic ester it was hydrolysed 
in 1-4N-aqueous alcoholic sodium hydroxide, and the resulting sodium butanesulphinate was 
condensed with 1-chloro-2,4-dinitrobenzene, which afforded n-butyl 2,4-dinitrophenyl sulphone, 
m. p. and mixed m. p. 91—92°. 

Reaction of Ethyl n-Butanethiosulphonate with Triethyl Phosphite——Ethyl butanethiosul- 
phonate (36-4 g., 0-2 mole) was treated with triethyl phosphite (33-2 g., 0-2 mole) under 
conditions identical with those of the preceding experiment. Fractional distillation of the 
product gave three fractions, of which the lowest-boiling (13-6 g.) was identified as an azeotropic 
mixture of 83% of ethyl butanesulphinate and 17% of OOS-triethyl phosphorothiolate, b. p. 
80—83°/11 mm., m,” 14385. The second fraction (16-2-g.) proved to be pure OOS-triethyl 
phosphorothiolate, b. p. 115°/12 mm., m,”° 1-4572 (Found: C, 36-5; H, 7:7; P, 15-6. Calc. for 
C,H,,0,;PS: C, 36-4; H, 7-6; P, 156%). Michalski and Wieczorkowski? reported b. p. 
112°/11 mm., »,*° 1-4570. The composition of the azeotropic mixture being taken into account, 
yields of ethyl ester of n-butanesulphinic acid and of OOS-triethyl phosphorothiolate were 67 
and 89%, respectively. The highest-boiling fraction (2-1 g.), which solidified, was recrystallised 
from ethanol and proved to be n-butyl ethyl sulphone (yield 9%), m. p. and mixed m. p. 49— 
50°. The structure of the ester of butanesulphinic acid was confirmed by the methods referred 
to in the preceding experiment. 

Reaction of Ethyl Benzenethiosulphonate with Triethyl Phosphite—Ethyl benzenethio- 
sulphonate (20-3 g., 0-1 mole) was treated with triethyl phosphite (16-6 g., 0-1 mole) at 20—25° 
(cooling with cold water), and the products were fractionated im vacuo. Two fractions were 
obtained: (i) b. p. 121°/14 mm., n,® 1-4695; (ii) b. p. 127°/16 mm., »,° 1-5030. Fraction (i) 
contained 84% of OOS-triethyl phosphorothiolate and 16% of ethyl benzenesulphinate 
(Found: C, 39-9; H, 7-5; P, 13-6. Calc. for the mixture: C, 39-6; H, 7-4; P, 13-1%). The 
structures of the products were confirmed as follows: fraction (i) was treated with chlorine 
in aqueous medium, yielding ethanesulphonyl chloride, which was transformed into ethane- 
sulphon-p-toluidide, m. p. and mixed m. p. 78°. Fraction (ii), containing 59% of the 
ethyl benzenesulphinate and 41% of OOS-triethyl phosphorothiolate, was hydrolysed by 
the theoretical amount of aqueous-alcoholic sodium hydroxide, and the resulting sodium 
benzenesulphinate was condensed with 1-chloro-2,4-dinitrobenzene, yielding 2,4-dinitrodiphenyl 
sulphone, m. p. and mixed m. p. 158°. From the compositions of fractions (i) and (ii), over- 
all yields of OOS-triethyl phosphorothiolate and ethyl benzenesulphinate were 98 and 74%, 
respectively. 

Reaction of Ethyl Benzenethiosulphonate with Tri-n-butyl Phosphite——The benzenethio- 
sulphonate (30-5 g., 0-15 mole) was treated with the phosphite (37-5 g., 0-15 mole) as in a 
previous experiment. Distillation gave a constant-boiling mixture, b. p. 95—96°/0-4 mm., 
n,*° 1-4848. The structure of the resulting n-butyl benzenesulphinate was confirmed as follows: 


1® Hinsberg, Ber., 1908, 41, 2836. 
2° Lee and Dougherty, J. Org. Chem., 1940, 5, 83. 
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(i) a sample was hydrolysed by aqueous-alcoholic sodium hydroxide, giving sodium benzene- 
sulphinate, which was converted into 2,4-dinitrodiphenyl sulphone, m. p. and mixed m. p. 158°; 
(ii) a sample was dissolved in acetone and treated with potassium permanganate, yielding n- 
butyl benzenesulphonate (b. p. 78°/0-01 mm., m,,*° 1.4774). The product was then hydrolysed 
by the above alkaline solution, and the solid product, after crystallisation from ethanol, was 
heated at 170° with phosphorus oxychloride and gave benzenesulphonyl chloride, b. p. 
117°/10 mm., ,,”° 1-5518 (lit.,24 b. p. 120°/10 mm., m,,* 1-5505); this was converted into the 
anilide, m. p. and mixed m. p. 108°. The structure of OO-di-n-butyl S-ethyl phosphorothiolate 
was confirmed as in previous experiments, i.e., by chlorination and conversion of ethane- 
sulphonyl chloride (b. p. 70°/15 mm., m,,** 1-4563) into the corresponding p-toluidide, m. p. and 
mixed m. p. 79°. 

Attempted Reaction of Ethyl n-Butanethiosulphonate with Triphenyl Phosphite-—The thio- 
sulphonate (18-2 g., 0-1 mole) was heated with the phosphite (31-0 g., 0-1 mole) at 180° for 
3hr. Distillation gave unchanged substances. 

Reaction of Phenyl Benzenethiosulphonate with Triethyl Phosphite-—(a) Triethyl phosphite 
(83 g., 0-5 mole) was added to a solution of phenyl benzenethiosulphonate (125 g., 0-5 mole) in 
benzene (100 ml.) at 20—25°. The solvent was removed under reduced pressure and on distil- 
lation in vacuo five fractions were obtained. Fraction (i) was pure triethyl phosphate (29-6 g.), 
b. p. 101°/15 mm., m,,”> 1-4068 (lit.,2* b. p. 90°/10 mm., m,,* 1-4039) (Found: C, 39-7; H, 8-3; 
P, 16-6. Calc. for CgH,,0O,P: C, 39-6; H, 8-3; P, 17-0%). Fraction (ii) (32-3 g.; b. p. 122— 
128°/25 mm.; ,*5 1-4170) was composed of 91% of triethyl phosphate and 9% of ethyl benzene- 
sulphinate (Found: C, 42-0; H, 8-5; P, 16-0. Calc. for mixture: C, 41-1; H, 8-1; P, 16-0%). 
Fraction (iii) (14-8 g., b. p. 96—106°/0-5 mm., m,,** 1-5243) was composed of 90-5% of OO-di- 
ethyl S-phenyl phosphorothiolate and 9-5% of diphenyl disulphide (Found: C, 51-5; H, 5-8; 
P, 10-5. Calc. for mixture: C, 50-7; H, 5-9; P, 11-4%). The highest-boiling products were 
recognized as diphenyl disulphide (50-6 g.), m. p. and mixed m. p. 59°, and an excess of phenyl 
benzenethiosulphonate (41 g., 33%), m. p. and mixed m. p. 39°. With allowances for the 
composition of two mixtures, yields of triethyl phosphate, ethyl benzenesulphinate, OO-diethyl 
S-phenyl phosphorothiolate, and diphenyl disulphide were 65%, 3-4%, 11%, and 48%, respec- 
tively. The structure of the ethyl benzenesulphinate was confirmed by alkaline hydrolysis; 
the resulting sodium benzenesulphinate was converted into 2,4-dinitrodiphenyl sulphone, m. p. 
and mixed m. p. 156°. That of OO-diethyl S-phenyl phosphorothiolate was confirmed as 
follows: the mixture was dissolved in chloroform (50 ml.), and a solution of chlorine (7-2 g.) in 
chloroform (90 ml.) was added with stirring at —12°,41 to give diethyl phosphorochloridate 
and benzenesulphenyl chloride. Ethylene was then passed through till the mixture was de- 
colorized and the crude diethyl phosphorochloridate (2 g., b. p. 90—100°/18 mm.) was then 
distilled off and converted into the corresponding anilide, m. p. and mixed m. p. 94°. 

(b) Triethyl phosphite (33-2 g., 0-2 mole) was added to a solution of phenyl benzenethio- 
sulphonate (25-0 g., 0-1 mole) in benzene (30 ml.) at 25°. The solvent was removed under 
reduced pressure and on distillation im vacuo the product yielded: (i) triethyl phosphate 
(16-8 g.), b. p. 101°/13 mm., m,,** 1-4133 (Found: C, 40-4; H, 8-3; P, 16-4. Calc. for C,H,,0,P: 
C, 39-6; H, 8-3; P, 17-0%); (ii) ethyl benzenesulphinate (5-0 g.), b. p. 58°/0-05 mm., ,,*° 1-5308 
(Found: C, 56-1; H, 6-1. Calc. for C,H,,0,S: C, 56-4; H, 5-9%); (iii) OO-diethyl S-phenyl 
phosphorothiolate (17-5 g.), b. p. 87—88°/0-04 mm., ,,*5 1-5259 (Found: C, 49-3; H, 6-0; P, 
12-0. Calc. for C,yH,;0,PS: C, 48-8; H, 6-1; P, 12-6%); and (iv) diphenyl disulphide (2 g.), 
m. p. and mixed m. p. 59°. 

Reaction of Ethyl n-Butanethiosulphonate with Sodium Diethyl Phosphite-——Sodium (3-4 g., 
0:15 mole) was dissolved in a solution of diethyl phosphite (20-7 g., 0-15 mole) in 
benzene (150 ml.), and the solution treated with ethyl butanethiosulphonate (27-3 g., 0-15 mole) 
at 25—30° with cooling and stirring. The colourless suspension was extracted with water 
(3 x 50 ml.), the combined water extracts were washed with benzene (3 x 20 ml.), and the 
benzene extracts were combined with a benzene solution of the reaction mixture. The product 
was dried (Na,SO,), the solvent removed under reduced pressure, and the residue distilled 
in vacuo giving OOS-triethyl phosphorothiolate (24-5 g., 83%), b. p. 121—122°/15 mm., n,*° 
1-4570 (Found: C, 36-6; H, 7-6; P, 15-6. Calc. for CsH,,0,SP: C, 36-4; H, 7-6; P, 15-6%). 
The aqueous layer was evaporated to dryness under reduced pressure and the crude sodium 

*1 Beilstein’s ‘‘ Handbuch, etc.,”” 1928, Vol. 11, 34; Landau, J. Amer. Chem. Soc., 1947, 69, 1219. 

ad — Davies, and Jones, J., 1930, 1310. 
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n-butanesulphinate (11-6 g., 54%) was suspended in ethanol (100 ml.) and refluxed with 1-chloro- 
2,4-dinitrobenzene (16 g.), giving n-butyl 2,4-dinitrophenyl sulphone, m. p. and mixed m. p. 89°. 

Reaction of Ethyl n-Butanethiosulphonate with Sodium Di-n-butyl Phosphite——The thio- 
sulphonate (27-3 g., 0-15 mole) was added to a benzene solution of the phosphite (0-15 mole), and 
the reaction carried out as in the preceding experiment, yielding OO-di-n-butyl S-ethyl phos- 
phorothiolate (30-5 g., 80%), b. p. 162—164°/18 mm., ,”° 1-4568, and sodium n-butane- 
sulphinate (18-8 g., 86%). The phosphorothiolate was treated with chlorine in aqueous 
medium, affording ethanesulphony] chloride, b. p. 66°/16 mm., m,,”° 1-4527, which was converted 
into the p-toluidide, m. p. and mixed m. p. 79°. The sodium butanesulphinate was condensed 
with 1-chloro-2,4-dinitrobenzene, giving the corresponding sulphone, m. p. and mixed m. p. 88°, 

Reaction of Ethyl Benzenethiosulphonate with Sodium Diethyl Phosphite-——The phosphite 
(0-1 mole) in benzene was treated with the thiosulphonate (20-3 g., 0-1 mole) by the same 
procedure as before. The reaction yielded OOS-triethyl phosphorothiolate (14-0 g., 71%), b. p. 
114°/12 mm., ,”° 1-4566 (Found: P,15-7. Calc. forC,H,,0,SP: P, 15-6%) ; and sodium benzene- 
sulphinate (14-0 g., 85%), which was converted into 2,4-dinitrodiphenyl sulphone, m. p. and 
mixed m. p. 157°. 

Reaction of Phenyl Benzenethiosulphonate with Sodium Diethyl Phosphite-——The phosphite 
(0-1 mole) in benzene was treated with phenyl benzenethiosulphonate (25-0 g., 0-1 mole), and 
the reaction carried out as previously described, giving OO-diethyl S-phenyl phosphorothiolate 
(17-0 g., 69%), b. p. 91°/0-05 mm., m,,” 1-5238 (lit.,23 b. p. 108°/0-2 mm., »,™ 1-5240), and 
sodium benzenesulphinate (15-1 g., 92%) which was converted into 2,4-dinitrodiphenyl 
sulphone, m. p. and mixed m. p. 159°. The ester was treated with chlorine in aqueous medium, 
giving benzenesulphonyl chloride, b. p. 128—130°/20 mm., m,*° 1-5458, and thence the 
p-toluidide, m. p. and mixed m. p. 110°. 

Non-reaction of S-Ethyl Sodium Thiosulphate with Triethyl Phosphite.—(a) Triethyl phosphite 
(16-6 g., 0-1 mole) was refluxed under stirring with a suspension of S-ethyl sodium thiosulphate 
(16-4 g., 0-1 mole) in benzene (70 ml.) for 2hr. The resulting mixture was cooled, the precipitate 
was filtered off, and washed with benzene, and the filtrate evaporated under reduced pressure. 
Distillation of the residue gave unchanged triethyl phosphite (11-7 g., 70%). 

(b) A suspension of S-ethyl sodium thiosulphate (16-4 g., 0-1 mole) in triethyl phosphite 
(16-6 g., 0-1 mole) was heated at 110—120° till slight decomposition was observed (2 hr.). The 
resulting mixture was cooled and filtered, and the filtrate distilled in vacuo, giving unchanged 
phosphite (5-0 g., 30%), and a pitch-like, undistillable residue. No trace of OOS-triethyl 
phosphorothiolate was detected. 

Reaction of S-Ethyl Sodium Thiosulphate with Sodium Diethyl Phosphite.—A solution of the 
phosphite (0-15 mole) in ethanol (100 ml.) was added with stirring to a suspension of the thio- 
sulphate (24-6 g., 0-15 mole) in ethanol (100 ml.) at 20°. The temperature rose by about 10°. 
Ethanol was removed under reduced pressure, benzene (200 ml.) added, the suspension washed 
several times with water, and the benzene solution dried (Na,SO,). The solvent was removed 
under reduced pressure, and the product gave on distillation OOS-triethyl phosphorothiolate 
(3-2 g., 11%), b. p. 59—60°/0-4 mm., m,,” 1-4570 (Found: P, 16-0. Calc. for C,H,,0,SP: 
P, 15-6%). 
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336. The Conductance of Solutions in which the Solvent Molecule is 
** Large.’ Part V.* Solutions in Dialkyl Alkylphosphonates. 


By C. M. Frencu and P. B. Harr. 


Conductances of four quaternary ammonium picrates in three dialkyl 
alkylphosphonates at 15°, 25°, 45°, and 65° have been measured in the 
concentration range 10°—10*n. Limiting equivalent conductances and 
ion-pair dissociation constants have been estimated for all except two 
systems. Shedlovsky plots failed to show linearity in these two cases. Ina 
number of respects the conductometric behaviour of solutions in phosphonate 
esters is found to resemble that in phosphoric acid esters, and anomalies 
have again been observed. A qualitative theory is advanced to account for 
certain effects in terms of the formation of an ‘‘ atmosphere ”’ of oriented 
solvent dipoles round the solute ions. 


In 1939, Elliot and Fuoss ! commenced work on conductance relations in solutions where, 
because of the large size of its molecules, the solvent can no longer be regarded as a homo- 
geneous continuum whose structure may be ignored except insofar as it determines its 
viscosity and dielectric constant. This work was extended in earlier papers in the present 
series.25 All investigations have revealed abnormalities in such properties as ionic 
mobilities and ion-pair dissociation constants in these systems which are not amenable to 
the treatment applied to classical systems. To obtain more results in an attempt to 
assess the influence of various structural features of large solvent molecules on conductivity, 
measurements have been made in dilute solutions of four quaternary ammonium picrates 
of gradually increasing size, in three dialkyl alkylphosphonates, again of varying size, and 
at several temperatures. The results are now presented. 


EXPERIMENTAL 


The larger conductances were measured with the apparatus described earlier *? except for 
the replacement of the telephone used previously for detection of current, in conjunction with 
the Gambrell bridge, by a single-beam cathode-ray oscilloscope, Model 2300, made by Industrial 
Electronics Ltd. This oscilloscope was used as a vertical deflection amplifier. Solvent 
conductances and those of the more dilute and therefore poorly conducting solutions in 
di-(2-ethylhexyl) 2-ethylhexylphosphonate were measured by means of the Schering bridge. 

Bright platinum electrodes were employed when polarisation was undectable, but very 
lightly platinised electrodes were essential for solutions in diethyl ethylphosphonate where the 
concentrated solutions were subject to polarisation if bright platinum electrodes were used, 
but where dilute solutions gave the same results irrespective of the nature of the platinum 
electrodes. 

A solvent correction was always applied, and consisted of subtraction of the specific 
conductance of the solvent from that of the solution. This correction varied in magnitude from 
approximately 0-01% of the solution conductance for the most concentrated solutions, to 2% 
for the most dilute. 

Measurements of the constants of the cells with bright platinum electrodes (which are 
generally to be preferred for organic solutions in view chiefly of the possibility that platinised 
electrodes might catalyse an otherwise negligible undetected reaction in the cell solution) and 
with potassium chloride * or benzoic acid? revealed the occurrence of small but significant 
polarisation errors. Accordingly, the conventional two-electrode parallel plate cells were 
calibrated by an intercomparison method, those with platinised electrodes first being 
standardised with potassium chloride and with benzoic acid, and then used for the measurement 


Part IV, J., 1959, 3582. 


* 

1 Elliot and Fuoss, J. Amer. Chem. Soc., 1939, 61, 294. 

* French and Singer, J., 1956, 1424. 

’ French and Singer, /., 1956, 2428. 

4 French and Muggleton, /J., 1957, 5064. 

5 French, Hart, and Muggleton, J., 1959, 3582. 

® Jones and Bradshaw, J]. Amer. Chem. Soc., 1933, 55, 1780. 
7 Ives and Sames, J., 1943, 511. 














1672 French and Hart: The Conductance of Solutions in 


of the resistance of dilute solutions of some tetra-alkylammonium picrates in dibutyl butyl- 
phosphonate which seemed to be unaffected by the platinum black. These solutions were 
then taken as secondary standards for the calibration of cells with bright electrodes. The 
constant of the three-electrode cell was calculated from the capacitance measured on the 
Schering bridge, by using the relation * 


Capacitance = 8-842 x 10744/(cell constant) 
The constants for the various cells used were as follows: 


(I) Two-electrode parallel plate cells 
(a) Platinised electrodes: (1) 0-1167, (2) 0-06971, (3) 0-03932 
(b) Bright electrodes: (1) 0-2360, (2) 0-05075, (3) 0-02510, (4) 0-008200 


(Il) Three-electrode cell: 6-657 x 10°. 


Dielectric constants were measured by the resonance method and with the apparatus 
described earlier.® 

The quaternary ammonium picrates were prepared by interaction between recrystallised 
“ AnalaR ”’ picric acid and the appropriate quaternary ammonium hydroxide, itself prepared 
(except for tetraethylammonium hydroxide, which was commercially available) from the 
tertiary amine and alkyl iodide via the corresponding quaternary ammonium iodide. The 
m. p.s of the final picrates, after recrystallisation from water for the two lower homologues, and 
from ethyl acetate for the two higher ones, were as follows: tetraethylammonium 256° (lit., 
255-8°,® 256-0° 1°); tetra-n-propylammonium 115-8° (agreeing closely with the more recent 
literature value, 116-0°,' cf. 120-0° 1%); tetra-n-butylammonium 89° (lit., 89°,1% 89-5° 14); 
tetra-n-pentylammonium 73—73-5° (lit., 73°,15 73—74° 36). 

The three dialkyl alkylphosphonates used as solvents were obtained from the Virginia- 
Carolina Chemical Corp. and were purified as follows. The two lower homologues were first 
distilled to remove low-boiling impurities, and then fractionated. They were next refluxed for 
some hours over activated alumina, and finally distilled. Because of the observed thermal 


TABLE 1. Physical data for solvents. 
Property 15° 25° 45° 65° Property 15° 25° 45° 65° 
(I) Diethyl ethylphosphonate: B. p. 54°/0-3 mm.; mp!7-5 1-4165 (lit., b. p. 62°/2 mm.; 18 mp?® 1-4172,”" 
1-4148 34), 


9 (CP.) ssseeeee 1-627 13300-9689 0-7431 eo... eeeeeeeeee 11:00 1057 986 917 

d(g./ml.) ... 1-026 1019 1-004 09880 «x x 108 ...... 5s 6&7 +08 6 

(II) Dibutyl butylphosphonate: B. p. 104°/0-1 mm.; np” 1-4330 (lit.,7 b. p. 127—128°/2-5 mm.; np™ 
1-4310). 

9 (CP.) ..eeeeees 4368 3173 2:06] 1-623 — € ....e.cessee 696 676 636 601 

d (g./ml.)...... 0-9520 0-9436 0-9281 09108 x x 10° ...... 0-8—2 1-1—3-2 14-53 2—9 


(III) Di-(2- 7 ae 2- ae B. p. 155°/0-1 mm.; mp'7-5 1-4489 (lit.,17 b. p. 160— 
161°/0-25 mm.; mp” 1-4480). 


@ UEP.) écsecs.8s 18- 31 11-98 6-000 3-609 OD desdiieccssiics 4-35 4-27 4-09 3-94 
d (g./ml.) ... 09126 0-9052 0-8912 0-8770 « x 10"...... 36—9 2—8 5—17 12—26 


Fuoss and Kraus, ]. Amer. Chem. Soc., 1933, 55, 3614. 

Walden, Ulich, and Loun, Z. phys. Chem., 1924, 114, 275. 

1® Walden and Ulich, Z. phys. Chem., 1923, 106, 49. 

1 Taylor and Kraus, J. Amer. Chem. Soc., 1947, 69, 1731. 

12 Walden, Ulich, and Birr, Z. phys. Chem., 1927, 180, 495, 515. 

18 Cox, Kraus, and Fuoss, Trans. Faraday Soc., 1935, $1, 749. 

14 Mead, Fuoss, and Kraus, Trans. Faraday Soc., 1936, 32, 594. 

15 Vernon and Masterson, J]. Amer. Chem. Soc., 1942, 64, 2822. 

16 Tucker and Kraus, J]. Amer. Chem. Soc., 1947, 69, 454. 

16a Ford-Moore and Williams, /., 1947, 1465. 

17 “ Dialkyl Alkyl Phosphonates,”’ Virginia~Carolina Chemicals Corp., 1953. 
18 Arbuzov and Vinogradova, Doklady Ahad. Nauk S.S.S.R., Otdel khim. Nauk, 1947, 459. 
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yl- instability of higher phosphonates, the di-(2-ethylhexyl)-2-ethylhexylphosphonate was purified 
re simply by a number of successive, slow distillations, generous head and tail fractioris being 
he discarded each time. The physical constants for the three solvents are given in Table 1. 
he Results.—The variation of equivalent conductance with concentration and temperature in 

the 12 systems is recorded in Table 2. 

TABLE 2. Equivalent conductivity () at concentration c. 
(I) In diethyl ethylphosphonate : 
15° 25° 45° 65° 
c x 104 A c x 104 A c xX 104 A c x 104 A 
(a) Tetraethylammonium picrate 
151-0 10-36 149-5 12-39 147-3 16-59 145-0 21-01 
84-70 11-75 83-69 13-65 82-46 18-34 81-14 23-40 
41-63 13-12 41-23 15-65 40-62 21-08 39-97 26-97 
tus 32-10 13-27 32-66 15-87 32-18 21-28 31-66 27-28 
29-23 13-98 28-94 16-73 28-52 22-00 28-06 28-97 
13-33 16-58 13-20 19-88 13-01 26-96 12-80 34-30 
sed 12-72 16-51 12-60 19-77 12-41 26-62 12-22 34-35 
red 8-911 17-96 8-824 21-53 8-695 29-27 8-556 37-68 
the 4-210 20-52 4-169 24-72 4-107 33-71 4-042 43-40 
2-160 22-57 2-139 27-38 2-107 37-52 2-074 48-45 
The 0-7441 253 
and 
lit., (6) Tetrapropylammonium picrate 
ent 83-04 10-62 81-58 12-66 81-02 16-88 79-73 21-87 
14); 60-24 11-30 59-18 13-63 58-77 18-29 57-84 23-13 
38-89 12-20 38-20 14-71 37-94 19-76 37-34 25-31 
‘ 7-744 17-29 7-608 20-95 7-556 28-35 7-434 36°40 
a 1-959 21-69 1-925 26-21 1-912 35-71 1-881 46-34 
first 1-487 22-56 1-461 27-35 1-451 37-24 1-428 48-42 
for 0-8513 23-94 0-8363 29-16 0-8306 39-77 0-8174 51-74 
mal 0-4423 25-37 0-4345 30-75 0-4315 41-83 0-4246 55-10 
0-1670 27-8 0-1642 33-6 0-1629 45-8 0-1604 60-29 
(c) Tetrabutylammonium picrate x 
° 118-6 9-511 117-8 11-38 116-0 15-35 114-2 19-67 
. 109-6 9-725 108-9 11-58 107-2 15-37 105-6 19-12 
79,17 53-47 11-14 53-10 13-28 52-32 17-95 51-49 22-94 
j 29-72 12-72 29-52 15-23 29-10 20-62 28-62 26-47 
20-72 13-56 20-58 16-26 20-27 21-96 19-95 27°81 
7 5-849 17-68 5-809 21-16 5-724 28-90 5-633 37°37 
-9 4-217 18-81 4-188 22-55 4-132 30-73 4-060 39-88 
1-634 21-62 1-623 26-06 1-599 35-70 1-574 46-27 
np 1-104 22-92 1-097 27-49 1-070 38-00 1-063 49-03 
0-3629 24-33 0-5589 29-22 0-5563 40-40 0-5423 52-78 
. (@) Tetrapentylammonium picrate 
85-92 9-750 85-69 11-66 84-20 15-77 82-90 20-14 
60— 72-74 10-08 72-03 12-07 70-97 16-26 69-84 20-93 
14-44 14-13 14-37 16-90 14-14 22-92 13-94 29-34 
9-880 15-53 9-784 18-61 9-640 25-19 9-487 32-49 
oe 5-339 17-43 5-318 20-80 5-231 28-38 5-151 36-48 
-26 2-245 20-20 2-223 24-30 2-191 33-81 2-156 42-95 
ro 1-053 22-26 1-048 26-54 1-031 37-48 1-015 47-42 
(II) In dibutyl butylphosphonate: 
(a) Tetraethylammonium picrate 
120-1 0-4409 119-0 0-5856 117-0 0-9393 114-9 1-377 
36-76 0-4997 36-43 ¢ 0-6643 35-83 1-069 35-17 1-574 
9-510 0-764 9-425 1-018 9-271 1-644 9-098 2-375 
3-414 1-151 3-384 1-527 3-328 2-462 3-266 3-622 
1-071 1-911 1-061 2-556 1-044 4-106 1-025 6-001 
0-2346 3-58 0-2325 4-065 0-2287 7-591 0-2244 11-15 


0-07102 5-60 0-07039 7-473 0-06924 12-09 0-06794 
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TABLE 2. 
15° 25° 
ee - - ——) 
c x 108 A c x 104 A 
(6) Tetrapropylammonium picrate 
99-39 0-6022 98-51 0-8010 
37-81 0-6784 37-48 0-8973 
18-81 0-8315 18-64 1-100 
10-14 1-025 10-05 1-350 
8-622 1-075 8-545 1-428 
2-546 1-719 2-523 2-285 
2-157 1-858 2-138 2-459 
0-6874 2-873 0-6812 3-802 
0-5456 3-182 0-5407 4-195 
0-3129 3-876 0-3101 5-118 
0-1368 5-172 0-1358 6-795 
0-1062 5-536 0-1052 7-34 
(c) Tetrabutylammonium picrate 
117-5 0-6708 116-4 0-8857 
85-03 0-6902 84-27 0-9112 
29-45 0-8127 29-18 1-085 
8-421 1-262 8-346 1-663 
6-146 1-412 6-092 1-861 
4-583 1-542 4-542 2-039 
4-390 1-572 4-351 2-075 
2-252 2-007 2-231 2-653 
0°8857 2-897 0-8778 3-846 
0-1633 5-122 0-1618 6-786 
0-08602 6-089 0-08525 8-082 
(d) Tetrapentylammonium picrate 
72-81 0-6900 72-16 0-9148 
54-37 0-7181 53-89 0-9438 
29-17 0-8200 28-91 1-089 
9-844 1/164 9-756 1-510 
8-624 1-222 8-548 1-611 
2-609 1-903 2-585 2-502 
2-048 2-089 2-030 2-741 
1-067 2-664 1-058 3-520 
0-7156 3-065 0-7094 4-047 
0-3240 4:04 0-3213 5-319 
c x 104 A x 108 c x 104 A x 108 
(a) Tetraethylammonium picrate 
24-26 3-974 24-06 7-085 
14-53 4-195 14-40 7-430 
8-910 4-850 8-842 8-376 
4-977 5-935 4-935 10-48 
3-752 6-668 3-722 11-51 
06664 14-74 0-6613 25-60 
0-5203 17-18 0-5162 28-71 
0-4302 18-81 0-4269 31-72 
(b) Tetrapropylammonium picrate 
67-06 5-267 66-52 8-596 
44-82 4-818 44-45 8-407 
43-78 4-646 43-43 7-847 
14-44 4-500 14:32 7-835 
5-058 6-787 5-017 11-46 
1-335 13-37 1-324 20-18 
0-8401 15-28 0-8332 25-94 
0-1666 36-56 0-1652 60-35 
0-:05674 64-66 0-05628 90-0 
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(III) In di-(2-ethylhexyl) 2-ethylhexylphosphonate: 


(Continued.) 
45° 
ec x 104 


96-88 

36-86 

18-34 
9-884 
8-405 
2-482 
2-103 
0-6701 
0-5319 
0-3051 
0-1334 
0-1035 


114-5 
82-89 
28-71 

8-209 
5-992 
4-468 
4-279 
2-195 
0-8634 
0-1592 


0-08385 


70-98 

53-00 

28-44 
9-597 
8-408 
2-543 
1-996 
1-040 
0-6977 
0-3160 


c x 104 


23-68 

14:17 
8-702 
4-862 
3-662 
0-6504 
0-5077 
0-4202 


65-49 
43-77 
42-76 
14-10 
4-939 
1-303 
0-8204 
0-1627 
0-05541 


1-274 
1-429 
1-752 
2-156 
2-255 
3-618 
3-917 
6-060 
6-655 
8-168 
10-76 
11-58 


1-407 
1-454 
1-726 
2-642 
2-959 
3-250 
3-295 
4-383 
6-083 
10-77 
12-81 


1-427 
1-486 
1-702 
2-420 
2-538 
3-623 
4-325 
5-567 
6-390 
8-396 


A x 108 


16-89 
17-79 
20-98 
25-68 
28-71 
66-87 
77-60 
83-20 


20-13 
18-89 
18-80 
18-77 
26-65 
49-82 
63-86 
153-9 
239-0 


65° 


c x 108 


95-09 

36-18 

18-00 
9-700 
8-248 
2-435 
2-064 
0-6576 
0-5220 
0-2994 
0-1309 
0-1016 


112-4 
81-34 
28°17 

8-056 
5-880 
4-385 
4-200 
2-154 
0-8473 
0-1562 
0-08229 


69-68 

52-02 

27-91 
9-488 
8-251 
2-496 
1-959 
1-021 
0-6847 
0-3101 


c x 104 


23-29 

13-95 
8-560 
4-781 
3-602 
0-6397 
0-4996 
0-4132 


64-45 
43-07 
42-07 
13-88 
4-861 
1-283 
0-8073 
0-1601 
0-05452 


1-851 
2-082 
2-541 
3-146 
3-292 
5-195 
5-581 
8-733 
9-720 
11-87 
15-60 
16-86 


2-045 
2-089 
2-500 
3-832 
4-281 
4-693 
4-774 
6-058 
8-821 
15-52 
18-41 


33-90 
35-51 
42-17 
51-32 
56-23 
129-4 
147-4 
162-4 


39-26 
37-13 
35-97 
36-27 
53-63 
97-90 
125-1 
303-8 
481-3 





e 
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TABLE 2. (Continued.) 
15° 25° 45° 65° 


a eet Seiestamemateininaneana a _ 2 ~ — 
cx10* Ax10 cx 10* Ax 10 cx 10 Ax 10° cx 10! Ax10° 








(c) Tetrabutylammonium picrate 


107-5 6-223 106-7 10-21 105-0 23-34 103-3 44-58 
80-50 5-445 69-62 8-485 78-62 20-47 77-37 39-59 
70-18 5-130 31-94 7-733 68-54 19-63 67-45 37-93 
32-20 4-646 10-29 9-815 31-45 18-21 30-95 35-73 
26-00 4-827 6-820 11-63 25-39 18-54 24-99 36-34 
10-37 6-118 3-604 14-93 10-13 23-05 9-712 46-73 
10-11 6-049 2-422 18-08 9-869 23-27 6-607 55-62 

6-875 7-029 1-848 19-62 6-714 27-42 3-492 71-99 
3-633 9-072 1-081 24-89 3-548 35-38 2-346 82-76 
2-441 10-84 0-6284 32-25 2-384 41-31 0-6088 150-4 
1-863 12-75 0-5890 33-10 1-819 46-77 0-1345 298-4 
1-090 15-68 0-1388 63-96 1-065 59-19 0-02694 588-3 
0-6335 19-92 0-02781 138-9 0-6187 75-24 

0-1399 38-70 0-5798 78-53 

0-02804 89-97 0-1366 147-2 


0-02738 299-5 


(d) Tetrapentylammonium picrate 


115-9 6-280 114-9 10-24 113-2 23-10 111-4 53-96 
56-62 4-498 50-18 7-417 49-43 17-16 48-65 33-16 
47-26 4-281 46-88 7-035 46-15 15-52 45-42 31-53 
23-14 4-478 25-44 7-280 25-05 15-96 24-65 30-38 

8-542 8-866 8-339 11-10 8-258 23-21 8-127 45-76 

0-9266 17°78 0-9190 26-61 0-9048 63-63 0-8904 125-1 

0-3280 25-63 0-3848 39-55 0-3789 94-33 0-3728 189-8 

0:1148 45-59 0-1139 68-69 0-1121 181-2 0:1103 326-7 
DISCUSSION 


Earlier work in solvents having large molecules ?* has shown that some conductance 
phenomena are governed by the existence of a dipole “‘ atmosphere ” of solvent molecules 
round the solute ions. It is therefore pertinent to consider structural aspects which may 
affect the formation of such an atmosphere. 

The mean radius (in A) of each dialkyl alkylphosphonate as calculated from molar- 
volume data is diethyl ethyl- 3-95, dibutyl butyl- 4-71, and di-(2-ethylhexyl) 2-ethylhexyl- 
phosphonate, 5-67, Courtauld models indicating that the P=O group is probably 
prominent and not shielded to any significant extent by the alkyl chain. Furthermore, 
the dipole moments of these solvent molecules may be expected to be high; the moment 
of the P=O group has been extimated as 2-66 p #4 with the negative end of the dipole on 
the oxygen atom, and the P-O-C and P-C bonds seem likely to increase the moment of the 
O-PO-O group. The dielectric constants of the phosphonates decrease both with tem- 
perature and with molecular size, increasing linearly at all temperatures with increasing 


TABLE 3. Energy of viscous flow (E, in kcal.). 


Solvent 15° 25° 45° 65° 
IRIE wadissccoqudesptonssensesaieuepes 4-03 3°79 3°10 2-81 
SRE ivcnrendvcntecusunssccsnactetenss 5-54 5-26 3-51 2-17 
BORIRIEP po vncda wvinGuescimecssnssontinhs 7-09 7-09 6-18 5-17 


number of these polar molecules per unit volume, thus showing a “ dilution effect ” with 
increasing length of alkyl chain. Finally, the energy of viscous flow, E,, was estimated 
graphically by using the relation ** » = A exp (E,/kT), and the results are shown in Table 3. 


1” Arbuzov and Arbuzova, J. Russ. Phys. Chem. Soc., 1930, 62, 1533. 
2° Kosolapoff, J. Amer. Chem. Soc., 1945, 67, 1180. 

' Hunter, Phillips, and Sutton, /J., 1945, 146. 

22 de Guzman, Anales real Soc. espat. Fiz. Quim., 1913, 11, 353. 
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As expected, E, decreases both with decrease in molecular size, although not in direct 
proportion to it, and with increase in temperature, the latter effect indicating some break- 
down in structure of the solvent as temperature increases. Of great interest is the relatively 
small value of E, and of its temperature coefficient when compared with the corresponding 
quantities in strongly hydrogen-bonded solvents, and it would appear that any solvent 
association in the dialkyl alkylphosphonates is fairly loose. 

One further factor of importance in ion-solvent interaction is the charge density at the 
surface of the ion. This must be low for the quaternary ammonium ions with their 
spherical symmetry and large radii, and especially low for the higher homologues used in 
the present work. [The radii (in A) estimated by Robinson and Stokes * from a Catalin 
model for the first ion, and from molar volumes for the higher homologues are: (C,H;),N* 
4-00; (C,H,),N* 452; (CyH,),N* 4-94; (C;H,,),N* 5-29.) 

The 2-c# plots gave evidence of ion association in all three solvents, and the extent of 
curvature of these graphs increased very considerably with increase in size of the solvent 
molecules. Thus, in diethyl ethylphosphonate the plots became linear at low concen- 
trations but with slope greater than theoretical; in the butyl compound moderately steep 
curves extended over the whole concentration range studied, while in di-(2-ethylhexy]) 
2-ethylhexylphosphonate the curves were very steep and showed pronounced minima at 
about 5 x 10%n. 

Plots of log 4 against log c over a wide range of concentration for solutions in non- 
aqueous solvents may be expected to exhibit certain distinct regions, which can be 
explained in terms of ion association. In the most dilute region there is curvature towards 
the concentration axis, changing to a linear portion as concentration increases, owing to 
the effect of ion-pair formation. This is succeeded by an increasing curvature in the 
opposite direction and the ultimate appearance of a minimum as concentration increases 
still further and ion triplets are formed. Ultimately, in the most concentrated regions 
the curve rises again owing to the extensive formation of ion triplets and higher aggregates. 
Low solubility at higher concentrations, and uncertainties in the most dilute solutions due 
to the high proportion of the total conductance represented by that of the solvent, 
frequently prevent the whole curve from being observed in a single system. In the 
present work all regions of the curve can be examined by considering systems in the three 
solvents used. In general, as these solvents increase in size and the dielectric constant 
decreases, the whole curve is shifted towards lower concentrations. In diethyl ethyl- 
phosphonate only the initial curvature and linear portion were detectable, but in the butyl 
compound both this region and the subsequent curvature were observed, and although 
there was no minimum there were indications that this might be expected at about 10°— 
104n, which is outside the range studied. The curvature was absent from the most dilute 
region of the four systems studied in the 2-ethylhexyl compound, but the other features 
including the minimum, were obtained. 

Limiting equivalent conductances (accurate to within +0-5% in diethyl ethyl- and 
dibutyl butyl-phosphonate), and ion-pair dissociation constants K, were obtained from 
Shedlovsky plots which were linear to a fairly high concentration (1—2 x 10-*n in the 
ethyl, and only slightly less in the butyl compound). In the 2-ethylhexyl compound 
Shedlovsky plots could not be obtained for tetraethyl- or tetrapropyl-ammonium picrate 
since the graphs were not linear over any part of the concentration range, and 9 and K 
could not be determined. For the other two solutes in this solvent linearity was obtained 
only in the most dilute region, the ion-atmosphere term was large, and the accuracy of 
the resulting value of A, is only +5%, and of K is +15%. These quantities are given in 
Tables 4 and 5, together with the corresponding Walden products 2) and ion-pair radii 
(the Bjerrum “ a” parameter). 

It will be observed that in the two smaller solvents 4) resembles the corresponding 





*8 Robinson and Stokes, ‘‘ Electrolyte Solutions,” Butterworths, London, 1955. 
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TABLE 4. Limiting equivalent conductances (29) and Walden products (29). 



































15° 25° 45° 65° 
[ene ’ ren. ’ ER ae  aneree isnt“ on. 
Solute Ao Aon Ao Aon do Aon do Aon 
(I) In diethyl ethylphosphonate 

ere 29-3 0-477 38-1 0-506 50-5 0-489 65-3 0-485 
ae 28-4 0-462 34-7 0-461 46-3 0-448 62-3 0-463 
PIE  ssvessess 27-8 0-452 33-4 0-444 45-9 0-444 59-8 0-444 
Pent,NPi ...... 27-0 0-439 32-5 0-432 47-0 0-455 59-4 0-444 


(II) In dibutyl butylphosphonate 


Fee 13-0 0-567 17-5 0-555 23-9 0-493 37-5 0-609 
O_o 10-3 0-449 15:3 0-486 22-5 0-464 32-4 0-526 
BOGUS ssencares 10-3 0-449 13-7 0-435 21-5 0-443 30-0 0-487 
Pent,NPi ...... 9-1 0-397 12-4 0-393 19-4 0-399 28-0 0-454 


(III) In di-(2-ethylhexyl) 2-ethylhexylphosphonate 


a yee 0-165 0-0302 0-513 0-0614 0-74 0-0414 0-90 0-0275 
Pent,NPi ...... 0-245 0-0449 0-595 00-0712 1-12 0-0672 0-80 0-0245 


TABLE 5. JIon-pair dissociation constants (K x 108), radii “a” (A), and Bjerrum 
critical parameter (q). 











15° 25° 45° 65° 
(I) In diethyl ethylphosphonate 
10° 26-0, 26-2, 26-3, 26-6, 
ie ~ > c wiecemeaid | Seeerere gy memati 
Solute 10°K a 10°K a 10°K a 10°K a 
A ae 545 6-9, 373 6-1, 412 6-4, 395 6-4, 
oo ee 474 6-6 428 6-4, 564 7-2, 379 6-3, 
a” a hie 443 6-4, 456 6-5, 436 6-5, 372 6-3, 
Pent,NPi...... 460 6-55 435 6-4, 337 6-0, 360 6-2, 
(II) In dibutyl butylphosphonate 
10°q 41-1, 40-9, 40:8, 40-6, 
ee 2-06 5-45 2-03 5-3, 2-68 5-4, 2-38 5-3 
Sl reer 5-93 6-0, 4-35 5-7, 5-23 5-8, 5-12 5-7, 
| 5 eee 6-51 6-0, 6-84 6-0, 6-61 5-9, 7-22 6-0, 
Pent,NPi_ ...... 7-97 6-1, 8-41 6-1, 8-45 6-1, 8-23 6-1, 
(III) In di-(2-ethylhexyl) 2-ethylhexylphosphonate 
10°¢ 65-8, 64-8, 63-4, 61-9, 
ey, ’ ae ’ rn =) c ey 
eg 1-03 9-2, 2-24 9-8, 5-53 10-7, 9-34 11-4, 
Pent,NPi_ ...... 0-429 8-5, 0-199 7-8 0-266 77,5 1-99 9-1, 


values in other solvents of moderate size such as triethyl phosphate.5 These mobilities 
also decrease with increasing cation size, the greatest change usually being between the 
tetraethyl- and tetrabutyl-ammonium picrates as in the case of many other organic 
solvents. Correspondingly, the Walden products of all solutes in these two solvents are 
of normal magnitude, although in most cases slightly lower than the average values of 
0-560, 0-506, 0-471, and 0-449 for tetra-ethyl-, -propyl-, -butyl-, and -pentyl-ammonium 
picrates in conventional solvents. This might imply a slightly higher degree of solvation 
in the present solvents, although the negligible effect of temperature on Ay indicates that 
solvation is not extensive. It should nevertheless be remarked that in dibutyl butyl- 
phosphonate there is an ultimate tendency above 45° for 297 to increase; presumably at 
these temperatures thermal agitation becomes sufficiently vigorous to reduce or destroy 
the loose solvation. 

Mobilities in di-(2-ethylhexyl) 2-ethylhexylphosphonate are abnormally low 2) for 
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the two solutes where it can be evaluated being of the order of 50 times smaller than in 
the other two phosphonates, but resembling closely the corresponding values in trioctyl 
phosphate. These data would seem to indicate, as in this earlier case, considerable 
solvation here by the molecules of di-(2-ethylhexyl) 2-ethylhexylphosphonate. This is 
consistent with the relatively large increase in mobility with increase in temperature, 
especially from 15° to 25°, and also with the increase in mobility with increase in cation 
size, since the smaller ions are usually more highly solvated. The low mobilities in this 
solvent lead in turn to abnormally low values of 29, and of particular interest is the 
pronounced maximum in the Walden product over the temperature range 15—65°, which 
again parallels experience with the phosphate esters.‘ 

A survey of values of the Bjerrum “ a” parameter shows these to be somewhat larger 
in the phosphonates, and especially so in the 2-ethylhexyl compound, than in more con- 
ventional solvents such as ethylidene chloride where the ion-pair radius of tetraethyl- 
ammonium picrate, given by the data of Stern, Healey, and Martell 4 at 25° is 4-37 A. 
They are, however, slightly smaller than the values calculated by Robinson and Stokes 
from models, and from molar volumes, and do closely resemble those in triethyl and 
trioctyl phosphates. Although the variation in “a” with cation size and with tem- 
perature is somewhat irregular even if small in diethyl ethylphosphonate, both the regular 
but small increase in “a” with increase in cation size in the butyl compound, and the 
virtual absence of temperature effect in this solvent, indicate that the ions are only very 
slightly solvated in dibutyl butylphosphonate. The quite marked increase in “a” on 
passing to the 2-ethylhexyl compound is further evidence of solvation in this solvent, and 
as expected, the larger tetrapentylammonium ion appears to be less solvated, and 
consequently the ion-pair radius is smaller than that of the tetrabutylammonium ion. 
The most obvious feature here is, however, the steady increase in ‘‘ a” for tetrabutyl- 
ammonium picrate in di-(2-ethylhexyl) 2-ethylhexylphosphonate as temperature increases, 
and although there is no ready explanation for this phenomenon it is noteworthy that it 
also occurs in triethyl 5 and tritolyl * phosphates. 

An alternative approach to the variation in “ a’’ for a given solute in different solvents 
is to regard it as a measure of the dissociation of the salt in various media (the effect of ion 
size will still be reflected in the “ a”’ parameter since the smaller ions will tend to be more 
associated). 

The values of the dissociation constants shown in Table 5 can be compared with the 
corresponding data for the systems studied earlier.2* Whereas in the smaller solvents 
in all series, K is of the order of 10, this has decreased by a factor of approximately 100 in 
the larger solvents, the change occurring gradually with increasing size of the phthalic 
esters, but abruptly in passing from the ethyl to the butyl ester in the present series. 
It would be of interest, therefore, to examine this effect in more detail in the phosphoric 
esters. It has been noted‘ that the direction of change of K with cation size shows 
specific solvent effects, and this is further emphasised here where K consistently increases 
with increase in cation size in dibutyl butylphosphonate, and exhibits the reverse behaviour 
in the 2-ethylhexyl compound as far as the limited data indicate, and also in the ethyl 
compound at the highest temperatures. The appearance of a maximum value of K for 
the cations of intermediate size in diethyl ethylphosphonate at 25° and 45° and a minimum 
at 15° again emphasizes the complexity of the factors operating and producing specific 
effects in each particular system. This is further illustrated, as with the phosphates, by 
the temperature-dependence of K. No general relation covering solutions in al] the 
“large ’’ solvent molecule systems can yet be deduced, the variation in K depending on 
both solute and solvent, but increasing markedly in magnitude in the largest solvent of the 
present series. 

In partial explanation of some of these phenomena it is reasonable to assume that 
solvent dipoles will interact with the electric field due to the ions. One can postulate a 
** Stern, Healey, and Martell, J. Phys. Chem., 1951, 19, 1114. 
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“ time-average dipole atmosphere ’’ oriented in the field of an ion, which is dependent on 
the dipole moments of the solvent molecules and of the solute ion, the effective dielectric 
constant between ion and solvent dipole, the size of the ion, and the temperature. The 
presence of such a dipole atmosphere which represents a loose association of ion and 
solvent, could affect the mobility of the ion, since this structure will have to be broken 
down before the ion can flow. Secondly, it could affect the dissociation constant. If the 
ion-pair radius (4:37 A) of tetraethylammonium picrate in ethylidene chloride at 25° 
(« = 10-00), where the moment of the C-Cl bond is appreciably less than that of the P=O 
bond, is taken as a “ normal’’ value for this solute, then the corresponding ‘“‘ normal ” 
ion-pair dissociation constant at 25° in diethyl ethylphosphonate (« = 10-57) would be 
some six times less than its experimental value. 

Clearly, more data are required, and further work on this type of system is in progress. 


DEPARTMENT OF CHEMISTRY, QUEEN MARY COLLEGE, 
Lonpon, E.1. (Received, July 21st, 1959.) 





337. The Conductance of Solutions in which the Solvent Molecule is 


“ Large.’ Part VI.* Solutions in Heptane—Phosphonate Ester 
Miztures. 
By C. M. Frencu and P. B. Hart. 


The conductance of tetrabutylammonium picrate has been measured in 
three mixtures of heptane with diethyl ethyl- and dibutyl butyl-phosphonate 
over the concentration range 9 x 10 to 5-5 x 10°*n at 15°, 25°, 45°, and 65°. 
The conductometric behaviour of the solutions depends, not on the size of 
the solvent molecule, but on the formation of a dipolar atmosphere round the 
solute ion, which in turn is governed partly by the dielectric constant of the 
medium. Specific influences are also shown to be operative. Shedlovsky 
plots proved again to be unsatisfactory in solvents of dielectric constant of 
the order of 5 or less. . 


EARLIER work on the conductometric behaviour of systems in which the solvent molecule 
is ‘“ large ’”’ has been chiefly confined to solutions in homoiogous series of pure single esters. 
In the ascent of each series, however, in addition to the increasing size of the solvent 
molecule whereby the solvent becomes even further removed from the ideal of a dielectric 
continuum, other properties such as viscosity and dielectric constant change. Further- 
more, the dipole moment of any polar groupings may change. Thus, as the size of the 
solvent for a series of esters is increased, the polar ester groups are diluted by the increase 
in the size of the non-polar hydrocarbon residue. It was therefore decided to eliminate 
the changes in some of these factors, and this was done by adding the same proportion of 
hydrocarbon to polar group as in the higher pure ester but without its being attached to 
the polar group, 1.e., by the use of mixtures of ester and hydrocarbon as the solvent medium. 
In this case, provided the hydrocarbon molecule is smaller than that of the ester, there 
would be no increase in size of the solvent molecule, and viscosity would decrease with 
increasing hydrocarbon residue in contrast to the pure ester systems. The conductance 
relationships of tetrabutylammonium picrate in three solvent mixtures were accordingly 
investigated. Mixture I consisted of heptane and diethyl ethylphosphonate such that 
the ratio of -PO(O-), to hydrocarbon was the same as in dibutyl butylphosphonate. 
Mixture II contained the same constituents in the ratio corresponding to di-(2-ethylhexyl) 
2-ethylhexylphosphonate, and the latter was also simulated by mixture III, composed 
of the appropriate proportions of heptane and dibutyl butylphosphonate. 


* Part V, preceding paper. 
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Experimental.—Physical measurements were carried out as described in Part V. 

Heptane was purified by fractionation and distillation from activated alumina. Other 
materials were prepared and purified as before. The physical data for the mixtures are given 
in Table 1. 

TABLE 1.* Physical data for solvent mixtures. 


Temp. 15° 25° 45° 65° 15° 25° 45° 65° 15° 25° 45° 65° 
Mixture I. EtPO(OEt),: Mixture Il. EtPO(OEt),: Mixture III. BuPO(OBu),: 
C,Hy, = 166-16 : 84-15 C,Hy, = 166-16 : 252-45 C,Hy, = 250-31 : 168-30 
7 (cP) ...... 0-803 0-686 0-544 0-437 0-566 0-500 0-400 0-330 0-956 0-653 0-519 0-424 


d ((g./ml.) + en 0-8699 0-8510 0-8326 0-7922 0-7834 0-7657 0-7439 0-8276 0-8197 0-8037 0-7876 
GB ccsbbatsetsd 5-62 530 65-07 3-60 3:54 345 3-27 3-06 298 283 2-71 
i ee “- 66 78 1002-4 2-8 3-4 4-1 0-17 O32 048 # 41-07 
* = Viscosity, d = density, ¢ = dielectric constant, x = specific conductivity. Proportions of 
constituents are by weight. 


Results.—The equivalent conductance of tetrabutylammonium picrate at various concen- 
trations in the three solvent mixtures is given in Table 2 


DISCUSSION 
In all cases the A-ct plots were steep curves typical of weak electrolytes, and exhibited 
definite minima. 
In general, the log A-log c plots were similar to those in the pure esters, showing both 


TABLE 2. Equivalent conductivity A at concentration (c) of tetrabutylammonium 
picrate in various mixtures (see text). 


15° 25° 45° 65° 
(a) Mixture I : 

10*c A 104c A 10% A 10*c A 
89-52 1-710 88-64 1-992 86-72 2-596 84-84 3-230 
83-14 1-704 82-33 1-977 80-54 2-643 45-04 3-393 
47-52 1-757 47-05 2-049 46-03 2-692 28-22 3-770 
29-77 1-941 29-48 2-265 28-84 2-977 19-70 4-088 
20-79 2-084 20-58 2-434 20-13 3-215 13-35 4-835 
14-09 2-397 13-95 2-801 13-65 3-698 7-900 5-524 

8-335 2-812 8-254 3-294 8-074 4-347 4-268 7-214 
3-996 3-706 4-459 4-268 4-362 5-667 3-787 7-373 
2-884 4-262 3-957 4-347 3-871 5-774 2-732 8-450 
1-205 6-076 1-194 7-129 2-794 6-612 1-142 12-03 
1-168 9-435 
(b) Mixture II 

10*c 10A 10% 10A 10%c 10A 10*¢ 10A 
84-69 1-549 83-75 1-790 81-85 2-325 72-52 2-842 
77-22 1-453 76-37 1-681 74-64 2-212 14-36 2-533 
19-86 1-181 15-12 1-427 14-78 1-928 4-485 3-895 
15-29 1-215 4-723 2-194 4-617 2-946 3-380 4-104 

4-776 1-839 3-560 2-281 3-479 3-093 1-423 5-995 
3-600 1-942 1-499 3-342 1-465 4-512 0-5557 9-636 
1-516 2-846 0-5852 5-403 0-5720 7-257 0-5066 9-676 
0-5917 4-600 0-5335 5-451 0-5214 7-314 0-1590 19-15 
0-5394 4-638 0-1680 9-738 0-1642 13-12 0-09887 19-68 
0-1699 8-305 0-1041 10-89 0-1018 15-01 0-05227 25-60 
0-1053 9-42 0-05504 16-15 0-05380 18-88 


0-05566 13-89 
(c) Mixture III 


10*c 10°A 10*c 10°A 10*c 10°A 10%c 10°A 
39-48 8-477 39-12 10-99 38-35 17-83 37-58 20-03 
29-26 8-135 28-99 10-17 28-43 16-59 27-86 18-08 
13-96 6-407 13-84 7-941 13-57 13-50 13-29 20-99 

5-897 6-509 5-859 8-468 5-725 14-01 5-385 22-43 
3-362 17-29 3-329 9-543 3-264 16-12 3-198 25-74 
0-6877 13-06 0-6813 17-47 0-6680 29-46 0-6547 46-48 
0-4837 15-06 0-4790 20-86 0-4696 34-77 0-4602 55-06 
0-2822 19-34 0-2797 25-10 0-2742 45-95 0-2687 72-91 
0-1157 29-2 0-1124 5 
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a linear portion at low concentrations and a well-defined minimum at higher ones. As with 
solutions in pure di-(2-ethylhexyl) 2-ethylhexylphosphonate so here, the Shedlovsky plots 
were somewhat unsatisfactory, could not be extrapolated to A, in mixture III, and yielded 
values of Ay and K in the other two mixtures only of the same order of accuracy as for pure 
di-(2-ethylhexyl) 2-ethylhexylphosphonate (preceding paper). This is, of course, to be 
expected, since, in order to obtain the requisite data for these plots in the region where 
triple-ion formation is negligible, when the dielectric constant of the medium is as low as 5, 
measurements must be made in the concentration region 10*—10m. Solvent conduct- 
ance forms an appreciable part of the total solution conductance at these concentrations 
and this, coupled with the uncertainty in the nature of the solvent correction that should 
be applied to particular organic systems, renders Shedlovsky plots difficult to construct 
and of decreased reliability. Approximate values of Ay and K in mixtures I and II are 
given in Table 3. 
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TABLE 3. 
15° 25° 45° 65° 
10°K a 10°K a 10°K a 10°K a 

Mixture I 1-80 6-71 2-25 6-85 1-69 6-60 1-99 6-56 
Mixture IT 0-178 9-96 0-059 8-95 0-037 8-25 0-022 7:87 

Ao Aon Ao Aon Ao Aon No Aon 
Mixture I 44-5 0-358 47-1 0-323 70-4 0-383 80-0 0-350 
Mixture IT 7-50 0-452 15-5 0-0775 26-5 0-105 44-1 0-145 


It has already become clear that, where the solvent molecule is larger than usual, 
neither the macroscopic dielectric constant nor the bulk viscosity can be employed 
satisfactorily in conductance relationships, and in the case of mixtures the latter property 
may bear little relation to the frictional force encountered by the moving ion. Neverthe- 
less, although the Walden product cannot, therefore, be expected to remain constant, the 
trends of this quantity in conjunction with other data are of some qualitative interest. 

It will be observed that in mixture I the limiting equivalent conductance is comparable 
with, but owing to the lower solvent viscosity a little higher than, the corresponding values 
in the pure dibutyl butylphosphonate which the mixture simulates. The Walden products, 
however, while in no sense anomalous, are significantly lower than in dibutyl butyl- 
phosphonate itself, implying somewhat more extensive solvation. In mixture II the 
decrease in solvent viscosity, as compared with pure di-(2-ethylhexyl) 2-ethylhexyl- 
phosphonate, results again in a substantial increase in Ay, although the Walden products 
remain anomalously low. That this is due, in part at least, to solvation is shown by the 
higher ion-pair radii in mixture II than in I, and by the increase in Agn and decrease in a 
in mixture II as temperature rises. It is noteworthy also, that the effect of increase of 
temperature on a, indicating a decrease of solvation in the latter solvent, is the reverse 
of that in the pure ester to which II corresponds, whence very specific solvent effects can 
be inferred. 

Finally, and alternatively to the ion-pair radii, one may note appreciably lower ion-pair 
dissociation constants in both solvent mixtures I and II than in the pure esters they 
represent, and again the opposite effect of temperature on K in mixture II when compared 
with the corresponding values in di-(2-ethylhexyl) 2-ethylhexylphosphonate. The decrease 
in magnitude of K may be ascribed to the lower dielectric constants of the media. 

The most interesting fact that emerges from these measurements is that where there 
is a difference in the order of magnitude of a property such as K or Agy between the pure 
esters, the values in the mixtures resemble those in the esters they represent and not 
those of which they are constituted. The size in itself of the solvent molecule can therefore 
have little effect on conductance, and the explanation for various phenomena must be 
sought in terms of properties common to the solvent mixtures and to the pure solvents 
they represent, and these are few. Notable among them are the presence of a polar group 
surrounded by non-polar hydrocarbon groups, and comparable dielectric constants. As 
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suggested in the preceding paper the presence of a dipolar ‘‘ atmosphere ’’ round a solute 
ion will have a marked influence on its conductometric behaviour, and the formation of 
the atmosphere will be influenced both by the moment of the polar group of the solvent, 
and by the dielectric constant of the medium. This view is further supported by the 
present results, for it may be assumed that solvation in the mixtures is almost exclusively 
due to the phosphonate molecules, whence the effect of the moment of the polar group 
becomes identical with that in solutions of the pure constituent ester. The dielectric 
constant of each mixture, however, is very similar to that of the ester it represents, but is 
considerably less than that of the ester it contains. This lowered dielectric constant will 
(a) affect conductance relations in a manner which may be predicted from conventional 
theory and leads to increased ion association, and (6) result in a more marked formation 
of a dipolar atmosphere round the ions than when the solvent consists of pure ester alone. 

In conclusion, it must still be stressed that there are also very specific effects observable 
which vary from system to system, and for which no explanation is yet available. Thus, 
in addition to the anomalies already noted in the current work, marked differences may also 
be observed between the two mixtures corresponding to di-(2-ethylhexyl) 2-ethylhexyl- 
phosphonate. The equivalent conductances at finite concentrations in mixture III 
containing dibutyl butylphosphonate are appreciably lower than those at the same 
concentrations in mixture II containing diethyl ethylphosphonate, and the A-ct graphs 
show a very much sharper minimum and at a lower concentration in III than in II. 
These differences are greater than could be accounted for by the small change in dielectric 
constant and viscosity. 
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338. Chlorination, and Bromination, of Cyclic Acetals. 
By L. A. Cort and Ronatp G. PEARSON. 


Chlorination of trans-1,4,5,8-tetraoxadecalin yielded 2,3-dioxo-1,4-dioxan, 
in addition to di-2-chloroethyl oxalate. Bromination yielded only di-2- 
bromoethyl oxalate. Chlorination of 1,3-dioxolan yielded 2-chloroethyl 
formate [not the compound hitherto described (2-chloro-1,3-dioxolan)], and 
bromination yielded 2-bromoethyl formate. This is taken as evidence of 
rearrangement of «-chloro-acetals comparable with that for «-bromo-acetals, 
and further evidence is adduced which shows that the rearrangement is 
thermal. 

Interaction of the halogeno-esters with p-anisidine and with thiourea is 
described. 


trans-1,4,5,8-TETRAOXADECALIN (I), first obtained by Donciu,! from glyoxal and ethylene 

glycol, was obtained from 2,3-dichloro-1,4-dioxan and ethylene glycol by Béeseken, 

Tellegen, and Henriquez;* they assigned to it this ¢rans-structure, without rigorously 

establishing the constitution. Analysis * of the X-ray diffraction pattern of an addition 

compound showed this designation to be, in fact, correct. An isomer obtained in the 
' Donciu, Monatsh., 1895, 16, 8. 


2 Béeseken, Tellegen, and Henriquez, Rec. Trav. chim., 1931, 50, 909. 
3 Hassel and Romming, Acta Chem. Scand., 1956, 10, 138. 
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same reaction by Béeseken and his co-workers and long thought to be the cis-isomer has 
now been identified as bi-1,3-dioxolan-2-yl.4 

We have investigated the possibility of reactions (I) —» (II) —» (III), for ozonolysis 
of the final product should lead to 2,7-dioxo-1,3,5,8-tetraoxacyclodecane, which would 
provide an independent chemical proof of the structure of the starting material. 


Oo - CO = 60 


III) 

Chlorination of compound (I) in carbon tetrachloride with ultraviolet irradiation is 
said 5 to give a very high yield of a dichloro-derivative, though no chemistry of this deriv- 
ative is described apart from its reaction with phosphorus pentasulphide—alcohol mixtures ; 
the starting material there used was not pure (cf. Baker and Shannon *). After early 
failures (unless iodine was present), we repeated this reaction although the pure compound 
is much less soluble in carbon tetrachloride than is that used by Buntin.’ Chlorination to 
the point where a dichloro-derivative was expected, sometimes gave di-2-chloroethyl 
oxalate’ as the only product, suggesting that the expected product (II) had rearranged 


Ne ° an OLP UCI 
Gh) - |G} - SL 


asshown. Rearrangement of (unstable intermediate) «-bromo-acetals has been postulated 
previously. It probably proceeds via an oxonium salt, for the hydrolysis of «-chloro- 
ethers is believed to proceed in this manner,® and an oxonium salt has been reported 1° 
from hydrogen bromide and 1,4-dioxan at 101°, which breaks down to regenerate the start- 
ing materials or give 2,2’-dibromodiethyl ether. In the present instance, rearrangement 
of the dichloro-compound (II) might involve two oxygen atoms from the same ring, leading 
to 2,3-dioxo-1,4-dioxan and 1,2-dichloroethane, and in some experiments we did obtain 
the former. 1,2-Dichloroethane has not been identified as a product; when mixtures 
were examined for it only a very small yield (e.g. 0-35 g. from 60 g.) of a liquid of the ex- 
pected b. p. was isolated, and this gave no characteristic derivatives (Marvell and Joncich ? 
were similarly unable to isolate ethyl bromide). 

trans-1,4,5,8-Tetraoxadecalin (I) was unaffected by bromine, by N-bromosuccinimide in 
boiling carbon tetrachloride with irradiation, and by bromine—potassium chlorate in 
dioxan; with N-bromosuccinimide at 120° (sealed tube; 15 hours) it gave only di-2- 
bromoethyl oxalate, in very low yield. 

1,3-Dioxolan, however, reacts very readily with bromine or, in carbon tetrachloride, 
with N-bromosuccinimide, probably giving initially 2- and 4-bromo-1,3-dioxolan. The 
former rearranges rapidly to 2-bromoethyl formate; the latter probably eliminates hydrogen 


* Faass and Hilgert, Chem. Ber., 1954, 87, 1843; Furberg and Hassel, Acta Chem. Scand., 1950, 4, 
1584. 

5 Buntin, U.S.P. 2,749,271/1956. 

® Baker and Shannon, /J., 1933, 1598. 

7 Cort and Pearson, Chem. and Ind., 1959, 515. 

§ McElvain and Davie, J. Amer. Chem. Soc., 1952, 74, 1816; McElvain and Kundiger, ibid., 1942, 
64, 254; Marvell and Joncich, ibid., 1951, 78, 973. 

® Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,’’ G. Bell and Sons, Ltd., London, 1953, 
p. 333. 
1 Van Cleave and Blake, Canad. J. Chem., 1951, 29, 785. 
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bromide and the resulting 1,3-dioxole polymerises, there being analogous reactions for 
chloro-1,4-dioxan ™ (the distillate fore-run always blackened on storage, with evolution 
of hydrogen bromide). The yield of ester was far greater when N-bromosuccinimide was 
used, though there is no doubt that the yield with bromine could be considerably improved 
if the hydrogen bromide produced were removed from the sphere of reaction. 

We therefore re-examined the chlorination of 1,3-dioxolan, which is reported to give 
an inseparable mixture of 2- and 4-chloro-1,3-dioxolan;® the evidence for this is that 
repeated distillation at diminished pressure gave a product which, after hydrolysis, yielded 
glyoxal bis-2,4-dinitrophenylhydrazone that could arise only from the 4-chloro-isomer. 
The 2-chlorodioxolan would not yield a carbonyl compound, but neither would 2-chloro- 
ethyl formate, and these two isomeric compounds could not be distinguished by their 
hydrolysis products alone. It seemed likely that the major product obtained by Baker 
and Shannon ® was the ester; and by distillation at atmospheric pressure we obtained 
the ester in an overall yield of 45%, the 4-chloro-1,3-dioxolan breaking down to products 
at the higher distillation temperature which do not co-distil with the ester. 

It is possible, of course, that if the rearrangement of «-halogeno-acetals is caused by 
heat (as has been demonstrated for «-halogeno-ethers 1), then halogenation at low tem- 
peratures should lead to the «-halogeno-acetal. Our results show that it is very unlikely 
that such derivatives of cyclic acetals will be capable of isolation. 

Between 1500 and 2500 cm.* 1,3-dioxolan shows no selective absorption in the infrared 
region, and 2-chloroethyl and 2-bromoethyl formate show strong absorption at 1723 
cm. (Thompson and Torkington record absorption at 1722—1724 cm. for CO in alkyl 
formates 4). When 1,3-dioxolan at 0° is treated with a slow stream of chlorine for five 
minutes the mixture shows medium-intensity absorption at 1723 cm.1. This band may 
also be detected when 10 ml. of 1,3-dioxolan are treated’at 20° with three drops of bromine. 
Compound (I) also shows no selective absorption between 1500 and 2500 cm., but the 
di-2-halogenoethyl oxalates show strong absorption in this region, the chloro-ester at 1771 
and 1747, and the bromo-ester at 1774 and 1745 cm. (Hampton and Newell !5 record 
1746 cm. for C:O in dibutyl oxalate). After chlorine has been passed for one hour through 
a solution of compound (I) in carbon tetrachloride at 30—40°, irradiated with ultraviolet 
light, and the solvent evaporated isothermally, the residue shows medium-intensity 
absorption at about 1760 cm.. If the residue is heated in boiling carbon tetrachloride 
for one hour the absorption intensity increases somewhat; if this residue is heated at 
150—160° for 15 minutes the band becomes as strong as for the pure ester, and the absorption 
curve begins to separate into the two peaks. [That the initial absorption is not due to the 
breakdown to glyoxal is shown by the fact that two minutes are required before the residue 
(or the pure starting acetal) gives a precipitate with Brady’s reagent whereas traces of 
authentic glyoxal give a precipitate immediately.] 

This indicates that, when halogenation occurs readily, the «-halogeno-acetal begins 
to rearrange at once under mild conditions, and that under the reaction conditions used 
in the present experiments, and in those used by Baker and Shannon,® the rearrangement 
is complete. 

During the chlorination of compound (I) attempts were made to isolate monochloro- 
derivatives (or rearrangement products thereof), but without success: mixtures were 
obtained in low yields, much starting material was recovered, and there were large losses 
due to the formation of very volatile products. 

In an endeavour to characterise these halogeno-esters without affecting the ester 
linkage, the halogeno-esters have been treated with #-anisidine and with thiourea. /- 
Anisidine with 2-chloroethyl formate and di-2-chloroethy] oxalate gave f-anisidides, but with 


11 Summerbell and Bauer, J. Amer. Chem. Soc., 1935, 57, 2364. 

12 Summerbell and Berger, J. Amer. Chem. Soc., 1959, 81, 635; 1957, 79, 6504. 
18 Barker, Bourne, Pinkard, and Whiffen, J., 1959, 802. 

14 Thompson and Torkington, J., 1945, 640. 

18 Hampton and Newell, Analyt. Chem., 1949, 21, 914. 
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2-bromoethyl formate gave only an unidentified product, C,,H,,O,N,Br. Di-2-bromo- 
ethyl oxalate reacted with thiourea in 95% ethanol but gave neither a pure product nor a 
picrate; 2-bromoethyl formate gave S-2-hydroxyethylthiuronium picrate, indicating 
hydrolysis. 

In the presence of sodium iodide, 2-chloroethyl formate with thiourea in acetone gave 
an unidentified product (as picrate), which was neither S-2-hydroxyethylthiourea nor the 
2-formyloxyethyl compound; if water was added with the picric acid, S-2-hydroxyethyl- 
thiuronium picrate was obtained. 
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EXPERIMENTAL 


M. p.s are corrected. Light petroleum refers to the fraction of b. p. 60—80°. Ethanol 
refers to the 95% alcohol. 

tvans-1,4,5,8-Dioxadecalin (I) was prepared as described previously.1* There was quantitative 
recovery after chlorine had been passed for 18} hr. into a solution of it in carbon tetrachloride 
at 65—70° shielded from ultraviolet light. 

Chlorination of Compound (I).—(a) Chlorine was led into the molten compound (55 g.) 
containing a crystal of iodine, at 140°, until 1 mol. was absorbed. Distillation then furnished 
a fraction, b. p. 134—152°/0-6 mm. (4-2 g.), from which crystals, m. p. 116—136° (0-2 g.), 
were deposited. Recrystallisation from benzene furnished 2,3-dioxo-1,4-dioxan as needles, 
m. p. and mixed m. p. 144—145-5° (Found: C, 41-0; H, 3-8. Calc. for C,H,O,: C, 41-4; 
H, 35%). The infrared absorption (in Nujol) was identical with that of the ester (m. p. 
144—144-5°) prepared as described by Carothers e¢ al.!” with a broad band at 1770 cm.*}. 

(b) During chlorination of 60 g., as above, material volatile at 140° was passed through a 
water-condenser and then through a trap at 0°. The liquid condensate (1-4 g.) furnished a 
fraction, b. p. 80—98°/764 mm. (0-35 g.), from which no solid derivative could be obtained when 
it was treated with potassium hydroxide and «-naphthol in ethanol. 

(c) Chlorination of 67 g., as above, was continued until 0-5 mol. had been absorbed. Keep- 
ing the mixture at 80—95°/17 mm. for 5 hr. furnished a sublimate (22-6 g.), m. p. 127—135°; 
one recrystallisation from carbon tetrachloride raised the m. p. to 133—138°, undepressed on 
admixture with the starting material. The liquid residue from the sublimation was distilled 
and the following fractions were collected, the chlorine content (%) being as shown: (i) b. p. 
98—108°/0-2 mm. (6-4 g.; Cl, 20-6); (ii) b. p. 108—125°/0-2 mm. (3-3 g.; Cl, 26-0); (iii) b. p. 
125—150°/0-2 mm. (1-6 g.; Cl, 25-4); the residue (14-5 g.; Cl, 14-8) did not distil at 245°/0-2 
mm. (Calc. for C,H,O,Cl: Cl, 19-7%.) 

Di-2-bromoethyl Oxalate-—By the method of Contardi and Ercoli!” the ester was prepared 
from oxalic acid (64% yield); it crystallised from benzene-light petroleum in plates, m. p. 
55-0—55-5° (Found: C, 23-4; H, 2-8; Br, 53-0. Calc. for C,H,O,Br,: C, 23-7; H, 2-7; Br, 
52-7%). 

Bromination.—Compound (I) (19-5 g.) and N-bromosuccinimide (25-2 g.) were heated in a 
sealed tube for 22 hr. at 120°. The product was extracted (Soxhlet) with carbon tetrachloride. 
After distillation of the solvent the residue (4-2 g.) was held at 85°/14 mm. for 4 hr., unchanged 
compound (I) (0-22 g.) subliming. Recrystallisation of the unsublimed material from benzene- 
light petroleum gave di-2-bromoethyl oxalate (0-5 g.), m. p. and mixed m. p. 55-0—55-5°. 
The two samples had identical infrared spectra in CS, in the range 4000—650 cm.", with strong 
absorption at 1774 and 1745 cm.7}. 

Chlorination of 1,3-Dioxolan.—1,3-Dioxolan (266 g.) containing iodine (0-5 g.) was chlorinated 
at the b. p. (exothermic reaction) until there was no further increase in weight (3 days). The 
product was distilled at atmospheric pressure; the main fraction, after three more distillations, 
yielded 2-chloroethyl formate (185 g.), b. p. 131—132°/763 mm., ,*5 1-4251 (Found: C, 33-2; 
H, 4-6; Cl, 32-6. Calc. for C,H;O,Cl: C, 33-2; H, 4-6; Cl, 32-7%). 

2-Chloroethyl formate, prepared according to the method of Contardi and Ercoli '” from 
formic acid and ethylene chlorohydrin (60% yield), had b. p. 131—132°/764 mm., n,* 1-4251 
(Found: Cl, 33-1%), and an identical infrared spectrum with strong absorption at 1723 cm.*}. 

Bromination of 1,3-Dioxolan.—(a) With bromine. Bromine (294 g.) was added dropwise 


16 Contardi and Ercoli, Internat. Congr. Chem. (Madrid), 1934, 5, 163. 
™” Carothers, Arvin, and Dorough, J. Amer. Chem. Soc., 1930, 52, 3292. 
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to 1,3-dioxolan (136 g.) at 0°. The total product (425-5 g.) was distilled repeatedly under 
diminished pressure, to give 2-bromoethyl formate (37 g.), b. p. 147—149°/765 mm., 44-:0— 
44-5°/13 mm., »,* 1-4611 (Found: C, 23-4; H, 3-0; Br, 52-4. C,H,O,Br requires C, 23-6; 
H, 3-3; Br, 52-2%). 

In another experiment, where all distillations after the first were conducted at atmospheric 
pressure, the yield of ester was almost exactly the same. 

(b) With N-bromosuccinimide. Bromination of 1,3-dioxolan (23-5 g.) in carbon tetrachloride 
(25 ml.) with N-bromosuccinimide (50 g.) as given by Marvell and Joncich ? for acetals, followed 
by distillation at reduced pressure, gave 2-bromoethyl formate (13-4 g.), b. p. 44-0—44-5°/13 
mm., ”,* 1-4611 (Found: C, 24-0; H, 3-2%). 

A higher-boiling fraction (124—125°/13 mm.; Br, 52-8%), after hydrolysis with water at 
80° and treatment with Brady’s reagent, gave a mixture of derivatives. These, separated 
with ethanol, were identified as glyoxal bis-2,4-dinitrophenylhydrazone, m. p. and mixed 
m. p. 333—336° (decomp.), and formaldehyde 2,4-dinitrophenylhydrazone, m. p. and mixed 
m. p. 164—166°; they were present in approximately equal quantities. 

Reaction of the Halogeno-esters with p-Anisidine.—(a) Di-2-chloroethyl oxalate. A mixture 
of the ester (2-2 g.; from oxalic acid) and p-anisidine (2-5 g.), when heated at 100°, resolidified 
after 15 min. Crystallisation from tetrachloroethane and then dioxan—water furnished the 
di-p-anisidide of oxalic acid, m. p. 263-5—264-5°, as a colourless microcrystalline solid (lit.," 
m. p. 260—261°) (Found: C, 64-4; H, 5-4; N, 9-2. Calc. for C,,H,,O,N,: C, 64:0; H, 5-3; 
N, 93%). 

The ester prepared from compound (I) gave the same derivative; the mixed m. p. showed 
no depression and the two samples had identical infrared spectra in the range 4000—650 cm.}, 

(b) 2-Chloroethyl formate. The ester (10 g.; from 1,3-dioxolan) was boiled in benzene 
(30 ml.) with p-anisidine (11-3 g.) for 1 hr. After removal of the solvent, the solid product, 
the p-anisidide (5-2 g.) of formic acid, separated as prisms from ethanol or (better) as needles 
from benzene-light petroleum; it had m. p. 78° (lit.,2% m; p. 81°) (Found: C, 63-6; H, 5-9; 
N, 9-0. Calc. for C,H,O,N: C, 63-6; H, 6-0; N, 93%). The ester from authentic formic 
acid when treated similarly also furnished this derivative, ni. p. and mixed m. p. 78°. 

(c) 2-Bromoethyl formate. The ester (30 g.; from 1,3-dioxolan) and p-anisidine (24 -1 g.) 
were heated together on a steam-bath forl}hr. The cold mixture was triturated with methanol 
(10 ml.), and after 3 days the crystals were collected (11-2 g.). These were insoluble in ether, 
dioxan, acetone, benzene, and cold water, and soluble in methanol, and hot water. Crystallis- 
ation from methanol-dioxan (poor recovery) gave pale yellow needles of a substance, 
C,,H,,0,N,Br, m. p. 287—289° (decomp.) (Found: C, 55-9, 56-2; H, 5-55, 5-45; N, 7-5, 7-5; 
Br, 21-8, 21-5. C,,H,,O,N,Br requires C, 55-9; H, 5-8; N, 7:7; Br, 21-9%). 

When this material (3-5 g.) was treated with dilute aqueous sodium hydroxide and acetic 
anhydride there separated from the mixture colourless crystals (1-7 g.), m. p. 116—124°, giving 
acet-p-anisidide as plates (from water), m. p. and mixed m. p. 127°. 

S-2-Hydroxyethylthiuronium Picrate—Prepared in the usual manner (in ethanol) from 
ethylene bromohydrin, the picrate was obtained in yellow prisms (from water), m. p. 234—242° 
(decomp.) with previous melting at 162—164° and resolidification at 168° (lit.,2° m. p. 155— 
156°) (Found: C, 31-5; H, 3-0; N, 19-8; S, 9-3. Calc. forC,H,,0O,N,S: C, 31-0; H, 3-2; N, 20-1; 
S, 9-2%). The picrate was recovered quantitatively after being boiled for 8 hr. in acetone. 

Interaction of the Halogeno-esters with Thiourea.—(a) 2-Chloroethyl formate. The ester (3-6 g.; 
from 1,3-dioxolan), sodium iodide (5-0 g.), and thiourea (3-5 g.) were boiled together in acetone 
(15 ml.) for 8 hr. Picric acid (10 g.) was added to the cold mixture, then water (15 ml.), and 
the mixture boiled to give a clear solution; negligible solid separated on cooling. The solution 
was evaporated to half bulk, and an equal volume of water added. On cooling, there separated 
yellow prisms of S-2-hydroxyethylthiuronium picrate (3-2 g.), which after crystallisation from 
water had m. p. and mixed m. p. 236—246° (decomp.) with previous melting and resolidification 
at 162—-163° (Found: C, 31-3; H, 2-9; N, 20-0; S, 9-0%). 

Repetition of the experiment (with 14-5 g. of ester) in acetone alone as solvent at all stages 
gave yellow needles (21-1 g.) of a picrate, m. p. 240—244° (decomp.) (from acetone—benzene) 
(Found: C, 36-0, 36-0; H, 3-0, 2-8; N, 19-4, 19-5; S, 8-8, 8-9%). The m. p. was unchanged 





18 Bischoff and Fréhlich, Ber., 1906, 39, 3975. 
19 Fréhlich and Wedekind, Ber., 1907, 40, 1009. 
20 Jurectek and Vetefa, Coll. Czech. Chem. Comm., 1951, 16, 95. 
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after the compound had been boiled for 12 hr. in water. Mixed with the picrate obtained 
previously, it had m. p. 159°, resolidifying at 167°, and remelting at 220—232° (decomp.). 

(b) 2-Bromoethyl formate. This ester (3-6 g.) on treatment with thiourea in ethanol led to 
yellow prisms (3-5 g.) of S-2-hydroxyethylthiuronium picrate, m. p. 242—252° (decomp.) with 
previous melting and resolidification at 163—166° (Found: C, 31-4; H, 3-1; N, 19-8; S, 9-0%). 
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339. The Cyclodehydrogenation of 0-Terphenyl and 
1 -2’-Biphenylyl-3,4-dihydronaphthalene. 
By P. G. CopELAND, R. E. DEAN, and D. McNEIL. 


Catalytic cyclodehydrogenation of o-terphenyl has been shown to give 
triphenylene in high yield. Under the same conditions, 1-2’-biphenylyl-3,4- 
dihydronaphthalene did not give the expected 1,2-benzochrysene, but two 
compounds believed to be 1-2’-biphenylylnaphthalene and dibenzo[b,mno]- 
fluoranthene. A synthesis of 7-phenylfluoranthene is also described. 


THE various previous syntheses of triphenylene give low yields. Allen and Pingert,} 
however, obtained triphenylene (20%) and #-terphenyl (7-5%) by the action of a mixture of 
sodium and aluminium chlorides on o-terphenyl at 200°. This ring closure between the 
two o-positions in the terminal phenyl groups is a frequent side-reaction in the chemistry 
of o-terphenyl and is accomplished by most dehydrogenating and condensing agents 
although the yield of triphenylene is usually low. It has now been found that the passage 
of a decalin solution of o-terphenyl over palladium—platinum-charcoal at 490° gives a much 
improved overall yield (63%) of triphenylene uncontaminated with p-terphenyl. The 
decalin probably helps to prevent carbonisation by reducing the contact time, and the 
resulting naphthalene is readily removed from the product by steam-distillation. 


OU é 
: 


In an endeavour to shorten the Bradsher-Rapoport synthesis ? of 1,2-benzochrysene 
starting from 1-2’-biphenylyl-3,4-dihydronaphthalene, the latter compound was treated 
in the same way as o-terphenyl. After removal of the naphthalene, two substances were 
isolated. The first, although having almost the same melting point as 1,2-benzochrysene, 
considerably depressed the melting point of an authentic specimen. Elementary analysis 
and infrared examination showed the presence of a phenyl group and the absence of 
aliphatic CH groups, suggesting that the substance is 1-2’-biphenylylnaphthalene formed 
by a normal dehydrogenation. It had been thought that the higher-melting substance 





(1) 


1 Allen and Pingert, J. Amer. Chem. Soc., 1942, 64, 1365. 
* Bradsher and Rapoport, J. Amer. Chem. Soc., 1943, 65, 1646. 
8’ Bergmann and Szmuszkovicz, J]. Amer. Chem. Soc., 1947, 69, 1367. 
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might be 7-phenylfluoranthene, since fluoranthene itself has been obtained by cyclo- 
dehydrogenation of 1-phenylnaphthalene.* That this was not so was established by 
comparison with a synthetic specimen and by elementary analysis and infrared examin- 
ation which showed the absence of phenyl groups and aliphatic CH groups. The last 
finding suggests that the substance is dibenzo[{b,mno]fluoranthene (I) formed by loss of 
hydrogen as shown. 

An isomer of the above substance, namely, dibenzo[k,mno]fluoranthene (II), and the 
parent substance, benzo[mno]fluoranthene, have been reported by Campbell and Reid.5 


EXPERIMENTAL 
Light petroleum refers to material b. p. 60—80°. 


o-Terphenyl.—A commercial sample, m. p. 55°, crystallised from methanol, gave material of 
m. p. 57° (Allen and Pingert 4 give m. p. 58°). 

1-2’-Biphenylyl-3,4-dihydronaphthalene.—Reaction between 1-tetralone and the aryl-lithium 
compound prepared from lithium and 2-iodobiphenyl gave the required compound, m. p. 75— 
76°, in 45% yield.? 

Cyclodehydrogenation of o-Terphenyl—The apparatus is described elsewhere. In a 
typical experiment, a solution of o-terphenyl (4:5 g.) in purified decalin was passed over 
palladium—platinum-charcoal ? at 490° together with hydrogen (7—8 1./hr.) during 3 hr. The 
product, after removal of naphthalene in steam, crystallised from light petroleum to give 
triphenylene (2-67 g.) as needles, m. p. 198°, mixed m. p. 198—199°. Chromatography of the 
liquors on activated alumina (P. Spence, Type “‘H,” 100—200 mesh) gave unchanged 
o-terphenyl (1-04 g.) and triphenylene (0-16 g.) on elution with light petroleum and benzene, 
respectively. The yield, 82-5% at a conversion of 77%, is the highest recorded for a synthesis 
of triphenylene. 

Cyclodehydrogenation of 1-2’-Biphenylyl-3,4-dihydronaphthalene.—This compound (3-3 g.) in 
decalin (15 ml.) was cyclodehydrogenated in the same way as o-terphenyl. Chromatography 
of the product on alumina gave a white solid (1-35 g.), m. p. 110—111°, and a yellow solid 
(0-51 g.), m. p. 165—168°, on elution with light petroleum and benzene, respectively. Crystal- 
lisation of the former solid from ethanol gave 1-2’-biphenylylnaphthalene as prisms (1-10 g., 
34%), m. p. 115°, mixed m. p. with 1,2-benzochrysene (m. p. 116°) 92° (Found: C, 94-1; H, 5-9. 
Cy.H,, requires C, 94-3; H, 5-7%). Crystallisation of the higher-melting solid from benzene- 
light petroleum gave dibenzo[b,mno]fluoranthene as pale yellow needles (0-35 g., 10-9%), m. p. 
179-5° (Found: C, 95-6; H, 4-4. C,.H,, requires C, 95-6; H, 4:-4%). The hydrocarbon gave a 
green colour in warm concentrated sulphuric acid. The picrate separated from ethanol in 
orange needles, m. p. 231° (Found: N, 8-0. C,,H,,0,N, requires N, 8-3%). 

6b,7,10,10a-Tetrahydro-7-phenylfluoranthene.—According to a British patent® this com- 
pound can be prepared by the reaction between acenaphthylene and 1-phenylbuta-1,3-diene. 
Although the instructions were followed closely, only unchanged acenaphthylene and large 
amounts of polymer could be obtained. The following procedure proved to be more successful. 

A solution of 1-phenylbuta-1,3-diene ® (26 g.), acenaphthylene (30-4 g.), and diphenylamine 
(0-5 g.) in purified xylene (100 ml.) was refluxed for 15 hr. The solution was then washed with 
10% hydrochloric acid, dried (MgSOQ,), and distilled at 1 mm. to give unchanged acenaphthylene 
(12 g.) at 100°, and an oil (20-7 g.) at 190—200°. The latter fraction partly solidified. 
Crystallisation from ethanol—benzene gave colourless needles (6-9 g., 20%) of the required 
product, m. p. 155°. 

7-Phenylfluoranthene.—A slow stream of carbon dioxide was passed through a boiling mix- 
ture of 6b,7,10,10a-tetrahydro-7-phenylfluoranthene (2 g.), 10% palladium-charcoal (1 g.), and 
p-cymene (30 ml.) for 3 days. The catalyst was then removed by filtration and the solvent by 
distillation. Chromatography of the resulting yellow fluorescent oil on activated alumina gave 


* Orchin and Reggel, J. Amer. Chem. Soc., 1947, 69, 505. 
5 Campbell and Reid, J., 1952, 3281. 

* Copeland, Dean, and McNeil, following paper. 

7 Baker, Warburton, and Breddy, J., 1953, 4149. 

8 B.P. 646,214. 

® Grummitt and Becker, Org. Synth., 1950, 30, 75. 
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7-phenylfluoranthene (1-70 g., 86%) as colourless prisms (from light petroleum), m. p. 73° (Found: 
C, 94:9; H, 5-1. C,,H,,4 requires C, 94-9; H, 5-1%). The picrate crystallised in yellow needles 
(from ethanol), m. p. 145° (Found: N, 8-45. C,g.H,,O,N, requires N, 8-3%). 


We thank Mr. W. G. Wilman for the infrared examinations and Mr. G. A. Vaughan for the 
analyses. 
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340. Some Cyclodehydrogenation and Isomerisation Reactions of 
the Binaphthyls. 
By P. G. CopELAND, R. E. DEAN, and D. McNEIL. 


When 1,1’-binaphthyl is passed over platinum—alumina at 490° isomeris- 
ation is the main reaction, giving 1,2’- and 2,2’-binaphthyl. Some cyclo- 
dehydrogenation to benzo[k]fluoranthene also occurs. Cyclodehydrogen- 
ation predominates, however, when palladium—platinum-charcoal is used, 
but in this case perylene was the only product isolated. The three isomeric 
binaphthyls are interconvertible when passed over silica gel at 490°, the order 
of stability being 2,2’ > 1,2’ > 1,1’. 


WHEN perylene was required in this laboratory the most promising method for its prepar- 
ation was by catalytic cyclodehydrogenation of 1,1’-binaphthyl, for which Orchin and 
Friedel! report an overall yield of 10% using a 30% palladium-charcoal catalyst mixed 
with asbestos and glass helices. It has now been found that using palladium—platinum- 
charcoal and a solution of 1,1’-binaphthyl in purified decalin gives a 40% yield (48% 
conversion) of perylene. When the decalin was omitted, most of the binaphthyl 
apparently carbonised and only a trace of perylene was formed. In an attempt to improve 
the yield further, a commercial platinum-alumina catalyst was tried. Chromatography 
and fractional crystallisation of the yellow product gave no perylene but, instead, 1,2’- and 
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2,2’-binaphthyl and benzo{k]fluoranthene. The relative amounts of these compounds 
suggest that the main reaction at 490° is direct isomerisation of 1,1’- to 2,2’-binaphthyl, 
perhaps through the 1,2’-isomer. The benzofluoranthene is probably formed by loss of 
hydrogen from 1,2’-binaphthyl as shown. 

Orchin and Reggel? obtained benzo{j]- and benzo[k]-fluoranthene by passing 1,2’- 
binaphthyl over chromia-alumina at 500°. No benzo[j]fluoranthene was detected in our 
experiments. 


1 Orchin and Friedel, J]. Amer. Chem. Soc., 1946, 68, 573. 
* Orchin and Reggel, J. Amer. Chem. Soc., 1947, 68, 505. 








1690 Cyclodehydrogenation and Isomerisation Reactions of Binaphthyls. 


In order to determine whether 2,2’-binaphthyl could be formed directly from the 1,2’- 
isomer the behaviour of the three isomers towards a recognised isomerisation catalyst 
(silica gel) was investigated: conversion of 1- into 2-phenylnaphthalene over silica gel at 
350° had been reported. The three binaphthyls were passed separately over silica gel 


Yields (%) 


Binaphthyl 1,1’- 1,2’- 2,2’- 
1,1’- 25-7 18-7 32-0 
1,2’- 1-0 33-0 45-0 
2,2’- 1-0 27-0 59-0 


at 490° and the products isolated by chromatography on activated alumina followed by 
fractional crystallisation. The yields of each isomer found in the products expressed as a 
percentage of the initial feedstock are summarised in the Table. Only very small amounts 
of 1,1’-binaphthyl were formed from the other two isomers, and the yields suggest that the 
order of stability at 490° is 2,2’ > 1,2’ > 1,1’-binaphthyl. Optimum conditions for 
these conversions have not been obtained. 


EXPERIMENTAL 

Preparation of the Binaphthyls.—1,1’-Binaphthyl (m. p. 147-5°) was prepared in 57% yield 
by the reaction between 1-bromonaphthalene and copper powder.‘ Similarly, the reaction 
between 2-bromonaphthalene and copper powder gave the 2,2’-isomer (47%), m. p. 187°. 1,2’- 
Binaphthyl, m. p. 78°, was obtained in 48% yield by treating 1-tetralone with 2-naphthyl- 
magnesium bromide.5 

A pparatus.—The vessel consisted of a Pyrex-glass tube 30 in. long and of 0-5 in. internal 
diameter surrounded by an electrically heated steel tube. It was clamped vertically, and the 
operating temperature determined by means of an iron-constantan thermocouple placed 
between the tubes. The lower part of the glass tube contained the catalyst; the upper portion, 
packed with porcelain beads, acted as a preheater and vaporizer. A calibrated liquid-feed 
device, electrically wound, and controlled by a metal-in-glass valve, was fitted to the top of the 
tube, and an ice-cooled glass receiver connected to the bottom. 

Attempted Cyclodehydrogenation of 1,1’-Binaphthyl over Platinum—Alumina.—A 0-6%, 
platinum on alumina catalyst (Catalyst R.D. 150; Baker Platinum Division, Engelhard 
Industries Ltd.) was used. 

In a typical experiment, molten 1,1’-binaphthyl (8-55 g.) was passed over the catalyst 
(100 ml.) at 490° together with hydrogen (15 1./hr.) during 3 hr. Chromatography of the yellow 
product on activated alumina (P. Spence and Co. Type “‘ H ’’, 100—200 mesh) gave colourless 
semisolid fractions on elution with light petroleum (b. p. 60—80°). Further chromatographing 
and fractional crystallisation gave unchanged 1,1’-binaphthyl (0-53 g.), m. p. 146°, mixed m. p. 
146—147°, and 1,2’-binaphthyl (0-43 g.), m. p. and mixed m. p. 77°. Elution of the main 
column with gradually increasing amounts of benzene in light petroleum gave yellow fractions 
from which 2,2’-hbinaphthyl (1-13 g.), m. p. and mixed m. p. 187°, and benzo[k]fluoranthene 
(0-30 g.), m. p. and mixed m. p. 215°, were recovered. The identity of the last compound 
was confirmed by infrared examination. Elution of the main column with benzene gave more 
benzo[k]fluoranthene (0-30 g.). 

Cyclodehydrogenation over Palladium—Platinum—Charcoal.—The preparation of the catalyst and 
purification of the decalin were carried out as previously described. A solution of 1,1’-bi- 
naphthyl (5-25 g.) in decalin (26 ml.) was passed over the catalyst (70 ml.) at 490° during 3 hr. 
in hydrogen (7—8 l./hr.). Crystallisation of the product from benzene gave yellow-orange 
plates of perylene (0-94 g.), m. p. and mixed m. p. 274°. Removal of benzene, naphthalene, and 
decalin from the liquors by steam-distillation and chromatography of the dried residue on 
alumina gave unchanged 1,1’-binaphthyl (2-75 g.) and a further quantity of perylene (0-04 g.). 

Silica-gel Isomerisations.—The catalyst was prepared by treating 1-45% acetic acid (2-4 1.) 
with sodium silicate (2 1.; s.g. 1-2 at 20°) and washing the resulting gel with water until it was 


8 Mayer and Schiffner, Ber., 1934, 67, 67. 

* Schoepfle, J. Amer. Chem. Soc., 1923, 45, 1566. 

5 Hooker and Fieser, ]. Amer. Chem. Soc., 1936, 58, 1216. 
* Baker, Warburton, and Breddy, /J., 1953, 4149. 
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free from sodium (flame test). Each of the binaphthyls was passed over the silica catalyst 
(60 ml. of 4—8 mesh) at 490° together with hydrogen (5—61./hr.). The products were separated 
and identified as previously described. 


Tue Coat Tar RESEARCH ASSOCIATION, OxFoRD Roap, 
GOMERSAL, NEAR LEEDS. [Received, October 29th, 1959.] 


341. Addition Reactions of Heterocyclic Compounds. Part IV.* 
Dimethyl Acetylenedicarboxylate and Some Pyridines.t 


By R. M. AcHEson and G. A. TAYLor. 
[With an Appendix by P. HicHam and R. E. RICHARDs.] 


The structure of the “ stable yellow adduct ”’ obtained by Diels and Alder, 
from pyridine and dimethyl acetylenedicarboxylate has been established as 
tetramethyl 4H-quinolizine-1,2,3,4-tetracarboxylate. 3,5-Dimethylpyridine 
and the acetylenic ester give tetramethyl] 7,9-dimethyl-9aH-quinolizine-1,2,3,4- 
tetracarboxylate which tautomerises when heated to the 4H-quinolizine. 
The products from 3-methylpyridine are the corresponding sterically un- 
hindered 7-methyl-4H-quinolizine and the hindered 9-methyl-9aH- and -4H- 
quinolizine. Tetramethyl 4H-quinolizine-1,2,3,4-tetracarboxylate has been 
oxidised to quinolizinium salts, and to pyridine-2-carboxylic acid N-oxide. 
Degradation of both this 4H-quinolizine and the 9-methyl-9aH-quinolizine 
from 3-methylpyridine afforded pyridine-3,4,5-tricarboxylic acid. The struc- 
tures of all the quinolizines, and their tetrahydro-derivatives, one of which 
is a 1,2-dihydropyridine, were deduced from the above data, coupled with a 
series of ultraviolet absorption spectrum and nuclear magnetic resonance 
comparisons. 


THE reaction between pyridine and dimethyl acetylenedicarboxylate was first investigated 
by Diels and Alder }}2:3 who obtained isomeric labile (red) and stable (yellow) adducts, and 
a third material named “ Kashimoto’s compound ” for which they suggested structures 
(I), (II), and (III) respectively. Structures (I) and (II) were based on the easy isomeris- 
ation of the labile (red) compound to the stable (yellow) adduct and on the oxidation of the 
latter to pyridine-2-carboxylic acid N-oxide. The bicyclic structure of (II) was not proved, 
nor was the significance of the dotted bond in structure (I) defined. Diels and Alder 





CO,Me 4 COM CoM 
yMe aha CO,Me 
‘Sy CO,Me “ee 3) cO,Me al Sco,Me 47 Y= . 
7 COMe 6 NE 4 CO.Me SUN ACOmMe LNA — 
CO,Me - CO,Me * Co;> CO,Me 
(I) (II) (III) (IV) 


subsequently published a number of papers describing the adducts from dimethyl 
acetylenedicarboxylate and quinoline,*5 isoquinoline, acridine,* and phenanthridine ? 
and based the structures of many of these adducts on the pyridine analogy, but the 
structures of some of the acridine ® and phenanthridine ® adducts were later revised. 


* Part III, Acheson and Jefford, J., 1956, 2676. 
+ Cf. Acheson and Taylor, Proc. Chem. Soc., 1959, 186. 


Diels and Alder, Annalen, 1932, 498, 16. 

Diels and Alder, Annalen, 1933, 505, 103. 

Diels and Alder, Annalen, 1934, 510, 87. 

Diels and Kech, Annalen, 1935, 519, 140. 

Diels and Harms, Amnalen, 1936, 525, 73. 

Diels and Thiele, Annalen, 1939, 548, 79. 

Diels and Thiele, J. prakt. Chem., 1940, 156, 195. 
Acheson and Burstall, J., 1954, 3240. 

Acheson and Bond, /., 1956, 246. 
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Wiley and Knabeschuh ” examined the pyridine reaction under somewhat different 
conditions and obtained only trimethyl indolizine-1,2,3-tricarboxylate (IV). In view of 
the interest a compound of structure (II) [or (I); cf. (XI)] would attract, if genuine, and 
the uncertainty of the structures of most of the compounds obtained by Diels and Alder, 
further studies seemed necessary. 

Pyridine and dimethyl acetylenedicarboxylate combined exothermally in ether, 
depositing a tar which was then washed with the same solvent. The ether solutions, from 
which Wiley and Knabeschuh ” obtained trimethyl indolizine-1,2,3-tricarboxylate in 20% 
yield, were discarded. The tar crystallised on trituration with methanol, and fractional 
crystallisation gave only Diels and Alder’s stable (yellow) adduct, in 29% yield, with 
some of ‘“‘ Kashimoto’s compound.” 

The stable pyridine adduct, the correct structure of which is (V), was oxidised by Diels 
and Alder to pyridine-2-carboxylic acid N-oxide. This oxidation, which has been 
confirmed, shows the presence of ring A. Proof of the formation of ring B has now been 
obtained. Hydrogenation of the stable adduct (V) to the tetrahydro-derivative (VI) 
followed by oxidation with nitric acid gave a tribasic acid, CJH;NO,. Decarboxylation 


CO,Me CO,Me COH 
ZO H ON ZF H SS) CO.H 
A 1 — |ales ooze —> cO,Me —» Ils y 
ag x LN. JCO,Me N_ 7CO,Me N_CO,H 
H COM CO,Me 
(V) tos (VI) 


then gave pyridine, and as the acid gave no colour™ with ferrous sulphate it must be 
pyridine-3,4,5-tricarboxylic acid (derived from ring B), a formulation agreeing with its 
ultraviolet absorption spectrum and decomposition point. Pyridinepentacarboxylic acid 
is presumably formed first and subsequently decarboxylated.1* The positions of the 
hydrogen atoms in the tetrahydro-derivative (VI) have been located by studies of the 
nuclear magnetic resonance, and the 1,4-dihydropyridine structure is confirmed by the 
similarity of the ultraviolet absorption spectrum to that of dimethyl 1,4-dihydro-2,4,6- 
trimethylpyridine-3,5-dicarboxylate,™ the structure of which was also established by a 
nuclear magnetic resonance investigation. 

In confirmation of the bicyclic structure full hydrogenation of the stable adduct over 
Raney nickel gave an oily octahydro-derivative, which is presumably tetramethyl 
perhydroquinolizine-1,2,3,4-tetracarboxylate. This was basic and did not react with 
acetic anhydride or form crystalline salts or derivatives. Several attempts to degrade it to 
perhydroquinolizine by successive hydrolysis and decarboxylation failed. 

Oxidation of the stable pyridine adduct by bromine in methanol by Diels’s procedure ? 
yielded a perbromide (VII; X= Br,;, R= R’=H). This was converted into the 
perchlorate (VII; X = ClO,, R = R’ = H) which was also obtained from the adduct and 
bromine in perchloric acid. The ultraviolet absorption spectra of these salts were almost 
identical and closely resembled that of the simple quinolizinium cation » in confirmation 
of both the 1,2,3,4-tetra(methoxycarbonyl)quinolizinium structures suggested earlier and 
the bicyclic nature of the yellow adduct. Debromination of the perbromide (VII; X = 
Br, R = R’ = H) gave a simple bromide (VII; X = Br) instead of the ‘‘ dibromide ” or 
“‘methoxybromide”’ claimed earlier. It is possible that Diels and Alder’s “‘ dinitrate,” 
“ hydroxynitrate,” “ dibromide,” and “‘ methoxybromide ” are lattice compounds derived 
from simple salts of the quinolizinium cation (VII). The ultraviolet absorption spectrum 
of 1,2,3,4-tetra(methoxycarbonyl)quinolizinium perchlorate undergoes a reversible change 

10 Wiley and Knabeschuh, J. Org. Chem., 1953, 18, 836. 

11 Acheson and Taylor, J., 1959, 4140. 

12 Weber, Annalen, 1887, 241, 16. 

18 Kuss and Karrer, Helv. Chim. Acta, 1957, 40, 740. 


14 Sims, Proc. Chem. Soc., 1958, 282. 
18 Boekelheide and Gall, J. Amer. Chem. Soc., 1954, 76, 1832. 
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on the addition of alkali. The new spectrum is similar to that of the yellow pyridine 
adduct (V), which suggests that a pseudo-base (VIII) is formed. 2 
Professor R. B. Woodward 1 has independently proved the bicyclic nature of the 
stable pyridine adduct by quantitative hydrogenation experiments. He has also shown 
that Kashimoto’s compound is (IX) by a number of experiments including degradation to 


Heterocyclic Compounds. 


R COMe R CO,Me CO,Me 
Cd S) CO,Me ONC eer 7 ~7™ CO,Me ANA7™N COOH 
— HO’ ‘CO,Me ° ° 
(VII) (VIII) (IX) (X) 


compounds identical with synthetic 4-oxoquinolizine-2-carboxylic acid (X) and its methyl 
ester. The infrared and ultraviolet absorption spectra of Kashimoto’s compound, which 
were not reported by Woodward and Kornfeld, support structure (IX), and the ultraviolet 
absorption resembles that of quinolizin-4-one.?” 


Absorption spectra of the adducts and derivatives. 





Compound Solvent * Absorption maxima (A) (10~e) 
Stable adducts (XIV) 
R R’ 
H H M 4410 (1-11) 3445 (1-11) 3060 (1-57) 2590 (0-98) 
P 3120 (1-21) 
H Me M 4450 (1-10) 3470 (1-16) 3070 (1-44) 2630 (0-91) 
Pp 3170 (1-16) 2535 (0-61) f 
Me H M 4390 (0-97) 3600 (1-3) 3110 (1-0) 2620 (0-74) 
r 3165 (0-07) 2725 (0-91) 
Me Me M 4420 (1-29) 3600 (1-82) 3100 (1-26) 2670 (0-97) 
P 3225 (0-12) 2705 (1-07) 
Labile adducts (XII) 
H H N 4270 (0-5) t 2800 (1-4) ¢ 
Me H M 4410 (0:46) 2890 (1-48) 2350 (1-48) 
Me Me M 4440 (0-49) 2880 (1-51) 2335 (1-43) 
Reduced adducts 
(VI) M 3730 (0-91) 2860 (1-52) 2250 (1-16) 
(XV) M 4110 (0-58) 2860 (1-48) 2310 (1-20) 
Dihydro-derivative of M 4307 (0-78) 2715 (2-04) 
(XII; R = R’ = Me) 
Quinolizinium salts (VII) 
R R’ x 
H H ClO, M 3410 (1-21) 3280 (0-98) 
B 4525 (1-15) 3535 (0-75) 2960 (1-36) 2660 (1-12) 
H Me Br A 3460 3335 
Me H Br A 3520 3380 
Me Me Br A 3555 3430 
Kashimoto’s compound (1X) M 4295 (2-15) 3430 (0-66) 2665 (1-32) 2165 (1-86) 


* Solvents: A = glacial acetic acid (containing N-bromosuccinimide); B = methanol basified 
with sodium hydroxide; M = methanol; N = neutral solution, solvent unspecified; P = methanol 
~ Measured from diagram on p. 87 in ref. 3 [error 


containing 8% of perchloric acid. 


+100 A (+0-2)). 


t Inflection. 


Dimethyl acetylenedicarboxylate and 3-methylpyridine in cold ether or benzene gave 
two isomeric adducts, orange (XII; R = Me, R’ = H), m. p. 121°, and yellow (XIV; R = 
Me, R’ = H), m. p. 205°; a third, isomeric, yellow-brown adduct (XIV; R=H,R’ = 
Me), m. p. 221°, was isolated after a reaction carried out in hot benzene. The orange 

16 Professor R. B. Woodward, personal communication; E. C. Kornfeld, Ph.D. Thesis, Harvard, 1945. 


™ Boekelheide and Lodge, J. Amer. Chem. Soc., 1951, 78, 3681. 
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adduct (XII; R= Me, R’ = H), which corresponds to the labile (red) pyridine adduct, 
gave its stable yellow isomer (XIV; R = Me, R’ = H) on prolonged boiling in benzene. 
From 3,5-dimethylpyridine and the ester in cold benzene a labile (red) adduct (XII; R = 
R’ = Me) was obtained and heating this gave the stable (yellow) isomer (XIV; R = R’ = 
Me) which was also prepared from the reactants in boiling benzene. Attempts to isolate 
the labile (red) adduct of pyridine failed, although it was undoubtedly obtained by Diels 
and Alder. The ultraviolet absorption spectrum ? for this compound is very similar to 
those of our other labile adducts (Table). The ultraviolet absorption spectra of all the 
stable adducts were also similar (Table) to each other, and this indicates a correspondence 
in structure. On oxidation with N-bromosuccinimide in glacial acetic acid both the stable 
and the labile adducts gave solutions with similar ultraviolet absorption which was 
characteristic of the quinolizinium cation (Table). 

The charged structure (I) originally proposed for the labile (red) pyridine adduct 
suggests a type of quinquecovalent nitrogen atom and would now be interpreted as 
(XI). The labile adducts from both 3-methyl- and 3,5-dimethyl-pyridine are stable to 
methanol. The charged formulation (XI) is therefore improbable because addition of a 
proton to yield the corresponding pyridinium methoxide would be expected by analogy 
with results obtained with acridine,’ benz[bjacridine,1* and phenanthridine.® The cyclic 


co,M 
—— R H CO,Me R  CO,Me R  CO,Me 
al SS) CO,Me al ‘S) CO,Me | Sy S)COo,Me ii al ee 
SN. 7 CO,Me RQ UN, 7CO,Me R’ N 7 COMe = R/Q LN CO,Me 
- cO,Me CO,Me H, CO,Me H CO,Me 
(XI) (X11) (XII) (XIV) 


structure (XII) is attractive for the labile adducts as isomerisation to structures (XIII) or 
(XIV), which are fully conjugated, could account for the formation of the stable adducts. 
The ultraviolet absorption spectra (Table) of all the adducts is consistent with this type of 
isomerisation. The bicyclic nature of the labile adduct (XII; R= Me, R’ = H) from 
3-methylpyridine, and hence that of the other labile adducts, has been proved by degrad- 
ation. Hydrogenation over Raney nickel, which was separately shown not to convert the 
labile into the stable adduct, gave a tetrahydro-derivative (XV) and oxidation yielded 
pyridine-3,4,5-tricarboxylic acid. This conclusion is consistent with Diels and Alder’s 
observations that the acid- and alkali-hydrolysis products of the labile pyridine adduct 
are (i) pyridine and some crotonaldehyde, and (ii) pyridine, oxalic and aconitic acid, 
respectively, although these authors argued that the pyridine moiety could only be 
attached through the nitrogen atom to the other atoms of the original molecule. 


Me 4 cO,Me 


S) CO,Me he ‘ 
N. 7 COMe N~ CMe2*CO2H 
(XV) CcO,Me H (XVI) 


It is known that the 1,2-dihydroquinoline (XVI) splits !* on alkali- or acid-hydrolysis to 
quinoline and isobutyric acid, in agreement with both our structure (XII) for the labile 
adduct and Diels and Alder’s data. The structure of the tetrahydro-compound (XV) has 
been established from nuclear magnetic resonance measurements, and its ultraviolet 
absorption spectrum is almost identical with that 2° of diethyl 1,2-dihydro-1,2,4,6-tetra- 
methylpyridine-3,5-dicarboxylate except that the long-wavelength absorption band has 
moved towards the visible region. 

Four adducts (XII, XIV; R = R’ = H or Me) are possible products from the reaction 

18 Acheson and Jefford, J., 1956, 2676. 


1® Staudinger, Annalen, 1910, $74, 1. 
20 Traber and Karrer, Helv. Chim. Acta, 1958, 41, 2066. 
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between 3-methylpyridine and dimethyl acetylenedicarboxylate. Steric interaction 
between the methyl and the ester groups is expected in one of the stable adducts (XIV; 
R = Me, R’ = H) but not in the other (XIV; R =H, R’ = Me). This is shown in the 
ultraviolet absorption spectra which closely resemble those of the corresponding adducts 
from 3,5-dimethylpyridine and pyridine respectively. On this basis, structures were 
allocated to the two stable adducts, and one of these (XIV; R = H, R’ = Me) has been 
confirmed by oxidation to a compound which was identical with authentic 5-methyl- 
pytidine-2-carboxylic acid. Since the labile pyridine adduct (XII) seems particularly 
unstable in comparison with the labile 3,5-dimethylpyridine adduct (XII; R = R’ = Me) 
it appears that steric hindrance near the ring junction stabilises the labile series of com- 
pounds. This supports the supposition that the mobile hydrogen atom is initially at 
position 9a and is in conformity with the isolation of only the hindered labile adduct (XII; 
R = Me, R’ = Me) from 3-methylpyridine; the unhindered labile adduct presumably 
rearranges rapidly, as does the labile pyridine adduct. 

From the chemical and physical evidence presented above it is clear that both the labile 
and the stable adducts are bicyclic, and likely that the saturated ring carbon atom is at 
position 9a in the labile adducts. The more highly conjugated stable adducts could 
have the saturated atom at position 2, 4, 6, or 8. The positions of the hydrogen atoms 
in the labile and the stable adducts have been established as 9a and 4 respectively by 
the nuclear magnetic resonance study detailed in the Appendix; these structures were 
independently suggested, but not proved, by Professor R. B. Woodward. Concurrently, 
infrared adsorption spectra of all the adducts and a number of other compounds were 
accurately measured in the 5—7 my region in the hope of resolving this problem, but the 
results merely confirmed the structural similarity between the individual members of the 
stable and the labile groups of adducts. 


“OO. OMe 
CO,Me Me H_COMe RH c r | co,me 
” ‘) CO,Me ein the oayrte if yon 7 7 CO,Me 
RN Come RQ NL /COMe Kopala RUNS a 
H CO,Me H CO,Me — CO,Me CO,Me OMe 
(XVII) (XVII1) (XIX) (XX) 


The ultraviolet absorption spectra of the stable adducts are altered very considerably 
on the addition of perchloric acid. Independently, Professor A. W. Johnson and Mr. J. C. 
Tebby showed that the stable adducts, but not the labile adducts, were basic to perchloric 
acid in glacial acetic acid and we have confirmed this observation. The addition of a 
proton to a stable adduct can take place at position 1, 3, 5, 7, or 9. If it occurred at 
position 5 the conjugation would be little affected and a marked change in the ultraviolet 
absorption spectrum would not be expected. Addition at position 7 or 9 is very unlikely 
as the conjugated system would be interrupted. The ultraviolet absorption spectra of the 
cations from both the stable pyridine adduct (XIV) and the unhindered stable 3-methyl- 
pyridine adduct (XIV; R = H, R’ = Me) are very similar and show strong absorption at 
ca. 3100 and 2330 A. As 3,4-dihydroquinolizinium iodide has a very similar absorption 
it appears that the proton has added to position 3 in these adducts, yielding (XVII) as the 
cation. The hindered stable adducts from 3-methyl- and 3,5-dimethyl-pyridine show 
strong absorption only at ca. 2700 A; their absorption at ca. 3200 A is very weak. This 
is consistent with an unconjugated pyridine structure and it therefore appears that the 
proton adds to position 1 to give (XVIII). It is difficult to account for this change in 
orientation of proton addition except on the basis that there is steric strain between the 
substituents at positions 1 and 9, that this is reduced by making the 1-carbon atom tetra- 
hedral, and that the strain is so considerable as to make a reduction preferred to a retention 
of conjugation. 
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If the two isolated double bond systems of the classical formula for the labile adducts 
(XII) can conjugate, as is likely to some extent, zwitterionic structures such as (XIX) and 
(XX) will be produced. These charged structures were first suggested by Professor A. W. 
Johnson. The apparent non-basicity of these labile adducts is understandable if they 
are considered as resonance hybrids to which such charged structures make a contribution, 
and the nuclear magnetic resonance measurements are consistent with this. 

However, the ultraviolet absorption spectrum of the labile adduct (XII; R= Me, 
R’ = H) is similar to that of its tetrahydro-derivative (XV). The difference between the 
long-wavelength absorption bands of these compounds is not as great as the difference in 
the positions of the maxima might suggest, as both bands are very broad. This suggests 
that there can be little additional conjugation in the labile adduct and that the contribution 
of structures such as (XIX) and (XX) must be small. 

The oxidation ! of the stable pyridine adduct (XIV ; R = R’ = H) to methy] indolizine- 
1,2,3-tricarboxylate has been confirmed. The mechanism proposed? for the oxidation 
included the “ dinitrate’ and “ hydroxynitrate’’ as intermediates. The oxidation of 
1,2,3,4-tetra(methoxycarbonyl])quinolizinium perchlorate to the indolizine is in agreement 
with the new formulation of these intermediates as solvated quinolizinium salts. 

Oxidation of the labile 3-picoline adduct (XII; R = Me, R’ = H) with dilute nitric 
acid or chromic acid gives the corresponding indolizine compound (XXI; R = Me, 
R’ = H) which was identical with the product obtained by Johnson and Tebby #! by 
oxidation of the hindered stable 3-picoline adduct (XIV; R = Me, R’=H). Similarly, 
oxidation of both the labile and the stable adduct of 3,5-dimethylpyridine gave the same 
trimethyl dimethylindolizine-1,2,3-tricarboxylate (XXI; R = R’ = Me). 


R MeO,C 
cO,M 
o — vat M MeO,C ail 4g 
R’Q_ UN Z ™ be: ZN J 
CcO,Me MeO XXII 
(XX1) P — oo 


It is especially interesting in connection with our results that while quinolizinium salts 
are well known all attempts 7 to prepare quinolizine itself have so far failed. It is 
possible that the additional conjugation provided by the many ester groups stabilises the 
ring system in our compounds. 


APPENDIX: Nuclear Resonance Measurements. 
By P. HicHaM and R. E. RIcHARDs. 


The high-resolution spectra were recorded on the apparatus which has been described 
previously.22 The compounds were dissolved in chloroform or nitromethane and no 
important differences in the spectra were observed between these two solvents. The 
measurements were made at 29-92 Mc./sec. and the chemical shifts are quoted in parts per 
million (p.p.m.) from the chloroform solvent such that increased chemical shift corresponds 
to increased magnetic shielding. The results are shown in Figs. 1 and 2. 

The group of lines in the adducts at 3-4—3-8 p.p.m. are due to the four ester-methyl 
groups. The resonances of the ring-methyl groups of the labile (XII; R = R’ = Me) and 
stable (XIV; R = R’ = Me) adducts are at 5-4 and 5-1 p.p.m. respectively. Resonances 
of methyl groups on aromatic systems occur at lower fields than on unsaturated ones, 
owing to the fields caused by ring currents. It may therefore be concluded that ring A [cf. 
(v)] of this labile adduct has lost its aromatic character but that in the stable adduct the 
aromatic character remains and the extra proton must be in position 2 or 4. 

In the labile adduct (XII; R = R’ = Me) it could be at positions 6, 8, or 9a. At 
position 6 the resulting methylene resonance would appear as a doublet at about 3 p.p.m., 


*1 Johnson and Tebby, personal communication. 
22 Leane, Richards, and Schaefer, J. Sci. Inst., 1959, 36, 230. 








lt i, ee, 





cts 


ley 
on, 


Me, 
ms 


sts 
ion 


ne- 
ion 
- of 
ent 


tric 
Me, 


rly, 
ame 


salts 
It is 
_ the 


ibed 
1 no 


; per 
onds 


thyl 
and 
nces 
ones, 
a (cf. 
t the 


At 
p.m., 





(1960) 


being split by the C, proton. A methylene group in the 8-position would give the same 
spectrum. A proton on the 9a position would be split by the protons at C, and C,, the 
resulting lines being at the limit of observation. 

The absence of a doublet in the labile dimethylpyridine adduct which could be 
attributed to a methylene group indicates that the extra proton is in the 9a-position. An 
indistinct hump at 1-3 p.p.m. could be the resonance of this proton. The stable adducts 
(XIV; R= R’ =H or Me) give a sharp line at 1-3 p.p.m., and this must be due to a 
proton in the 2- or 4-position. 

Additional evidence may be gained from the spacing of the ester-methyl resonances. 
The spectra of the reference compounds with two, three, or four methoxycarbonyl groups 
can be explained if the methyl resonances occur at higher fields when the methoxycarbonyl 
Fic. 1. Nuclear magnetic resonance spectra of sub- 

stances (a) (XIV; R=R’=H), (6) (XII; 
R = R’ = Me), (c) (XIV; R = R’ = Me), and 
(d) —— (VI), --—--— (XV) in chloroform. 
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Fic. 2. Ester-methyl resonances of (i) dimethyl 
itaconate, (ii) dimethyl pyridine-2,3-dicarboxylate, 
(iii) ester (XXI; R = R’ = H), (iv) ester (XXIT), 
it estey (XII; R = R’ = Me), and (vi) ester 
(XIV; R = R’ = Me) in chloroform. 
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group is on the carbon atom § or 8 to the nitrogen atom. This is probably the result of 
transfer of negative charge from the nitrogen atom to these positions by resonance 
structures of type (XXII). 

Thus, in trimethyl indolizine-1,2,3-tricarboxylate (XXI) charge can be transferred to 
the 1- and 2-methoxycarbonyl groups but not to that on Cy). The resonances of these 
two ester-methyl groups occur at higher fields than that of the 3-methoxycarbonyl, to give 
the spectrum shown in Fig. 2 (iii), the resonance at higher fields being of twice the intensity 
of the low field one (a 1-2 spectrom). In tetramethyl indolizine-5,6,7,8-tetracarboxylate 
charge can be transferred to the 6- and 8-methoxycarbonyl group but not to that on Cy) 
or C;,), so that the spectrum shown in Fig. 2 (iv) has two sets of resonances, one at high field 
(Cg), Cg) and the other at low field (C,s), Cy») of equal intensity. (Note that the intensity 
is measured by the area under an absorption curve, and not by the peak height.) 
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Further, the methyl resonance in C=C*CO,Me appears at lower fields than in 
-C-CH-CO,Me, as shown by the spectra of itaconic ester [Fig. 2 (i)] and by mixtures of 
succinic and maleic ester. If, therefore, a hydrogen atom is added to the 2- or 4-position 
of the adducts, the methyl resonance of the methoxycarbony]l group in this position might 
be expected to shift to higher fields near the resonance of the 1- and 3-methoxycarbonyl 
groups which will not be appreciably affected, and a spectrum of the type 1-3 would be 
obtained with the high-field resonance three times as strong as the low-field resonance. 

The labile adduct (XII; R= R’ = Me) gives a 2-2 spectrum in the ester-methyl 
region, confirming the absence of protons in the 2- or 4-position. 

The stable adducts (XIV; R= R’=H or Me) and the partially hydrogenated 
pyridine adduct (VI), on the other hand, have a 1-3 spectrum in the ester-methyl region. 
This shows that in these compounds there is an extra hydrogen atom at either the 2- or the 
4-position and that the structures of the rings containing the methoxycarbony]l groups are 
otherwise the same in the two compounds. This means that the hydrogenated pyridine 
adduct (VI) is reduced in ring A. The resonance from the methylene groups occurs near 
4-0 and 5-5 p.p.m. 

The single resonance from the 2- or 4-hydrogen atom occurs at 2-2 p.p.m. in compound 
(VI) and 1-3 p.p.m. in the stable adducts. This large difference could not arise from the 
saturation of one ring in the hydrogenated product and so indicates that the hydrogen is 
at position 2 or 4 in this and at position 4 or 2 in the stable adducts. Resonance from the 
hydrogen atom adjacent to nitrogen is expected to occur at lower magnetic fields than the 
other one in the 2-position, and so we conclude that in the stable adduct the hydrogen is 
in the 4-position and in the hydrogenated product it is in the 2-position. The evidence 
of nuclear magnetic resonance therefore suggests that the labile and the stable adducts are 
best represented by (XII) and (XIV) respectively, and that the tetrahydro-derivative 
of the stable pyridine adduct has structure (VI). , 

The proton resonance spectrum of the tetrahydro-derivative (XV) of the labile 3- 
picoline adduct has a 2-2 spectrum in the ester-methyl region. A low hump at 
ca. 2-5 p.p.m. is probably due to a proton attached to the 9a-position, and is not at all like 
the sharp resonance observed with isolated protons (7.e., at positions 2 and 4). The broad 
band due to a chain of methylene groups is also present, strongly suggesting that the 
correct structure for this compound is (XV). 

We have also examined the stable quinoline adduct, to which an open-chain structure 
has been assigned,”* and found that the grouping of the ester-methyl resonances differs 
from that observed in the adducts of the pyridine series. 


EXPERIMENTAL 

The ultraviolet absorption spectra were determined with a Carey recording spectro- 
photometer. The infrared absorption spectra were measured, unless otherwise specified, for 
chloroform (ca. 1 mg./ml.) solutions with a Perkin model 21 recording instrument, and the 
positions of the absorption maxima in the 5—7 p region are recorded. 

Tetramethyl 4H-Quinolizine-1,2,3,4-tetracarboxylate (XIV; R = R’ = H).—Pyridine (50 g.) 
was added to a solution of dimethyl acetylenedicarboxylate (125 ml.) in dry ether (700 ml.), a 
vigorous reaction ensuing. After 24 hr. the ether was decanted from the tarry precipitate which 
was washed with ether, the ether solution and washing being rejected. The tar was shaken 
with methanol (100 ml.) until crystallisation was complete. The orange solid was recrystallised 
twice from methanol (2 1.), giving the stable pyridine adduct, tetramethyl 4H-quinolizine- 
1,2,3,4-tetracarboxylate as yellow plates (66 g., 29%), m. p. 187—188° (Found: C, 55-9; H, 
4-95; N, 3-91; OMe, 33-3. Calc. for C,,H,,NO,: C, 56-2; H, 4-68; N, 3-85; 40Me, 33-9%), 
unchanged on recrystallisation from ethanol, vinx 5°75, 5-99, 6-13, 6°35, 6-73, and 6-95 u. 

Concentration of the mother-liquors from the first recrystallisation gave a mixture of yellow 
needles of the stable adduct and pale yellow plates with a purple sheen. The latter were 
separated mechanically and recrystallisation from aqueous acetic acid gave Kashimoto’s 

23 van Tamelen, Aldrich, Bender, and Miller, Proc. Chem. Soc., 1959, 309. 
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compound in yellow needles, m. p. 183—184° (Found: C, 55-0; H, 3-9; N, 4:15; OMe, 25-9. 
Calc. for C,,H,,NO,: C, 55-3; H, 3-7; N, 4:0; 30Me, 26-8%), vmax, 5°74, 5-93, 6-13, 6-41, 6-79, 
and 6-96 pu. 

When the reaction was performed in benzene, no precipitate was formed. The tarry product 
obtained by evaporation of the solution was treated as described above and gave the stable 
adduct (XIV). This adduct did not react with methyl iodide or sulphate at 100° in nitro- 
methane; charring occurred with methyl sulphate in nitrobenzene at 140°. 

Teivamethyl 6,7,8,9-Tetrahydro-2H-quinolizine-1,2,3,4-tetracarboxylate (V1).—Tetramethyl 
4H-quinolizine-1,2,3,4-tetracarboxylate (XIV) (20 g.) in methanol (4 1.) was shaken with Raney 
nickel under hydrogen at 1 atm. until absorption ceased. The solution was filtered, evaporated 
to small volume, and cooled to 0°. The product (VI) separated as a yellow solid which 
recrystallised from methanol in pale yellow prisms (11 g., 52%), m. p. 145—146° (Found: C, 
55°8; H, 5-9; N, 3-8; OMe, 34-2. Calc. for C,,H,,NO,: C, 55-6; H, 5-7; N, 3-9; 40Me, 33-8%), 
Vmax. 5°76, 5-96, 6-28, 6-61, and 6-98 u. 

Evaporation of the mother-liquor left an oil identified as tetramethyl perhydroquinolizine- 
1,2,3,4-tetracarboxylate by comparison of its infrared absorption spectrum with that of an 
authentic sample. 

Tetramethyl Perhydroquinolizine-1,2,3,4-tetracarboxylate——Tetramethyl 4H-quinolizine- 
1,2,3,4-tetracarboxylate (XIV; R = R’ = H) (5g.), methanol (80 ml.), and Raney nickel were 
agitated for 8 hr. at 130° under hydrogen at 120 atm. After filtration the perhydroquinolizine 
was obtained as a pale yellow oil, b. p. 160—163°/0-01 mm. (Found: C, 54:8; H, 7:0; N, 3-4. 
C,,H,,NO, requires C, 54-9; H, 6-7; N, 3-8%). 

Degradation of Tetramethyl 6,7,8,9-Tetrahydro-2H-quinolizine-1,2,3,4-tetracarboxylate (V1).— 
The ester (VI) (4 g.) and concentrated nitric acid (100 ml.) were mixed, with cooling, and heated 
at 100° for 18 hr. Water (100 ml.) was added and the heating continued for 10 hr. A white 
residue was obtained after filtration and evaporation in vacuo. Two recrystallisations from 
water gave colourless crystals of pyridine-3,4,5-tricarboxylic acid (ca. 0-5 g.) which charred 
without melting at 261° (Found, after drying at 60° in vacuo: C, 45-4; H, 2-7; N, 6-75%; 
equiv., 74. Calc. for C,H;NO,: C, 45-5; H, 2-4; N, 66%; equiv., 70-3). The ultraviolet 
absorption spectrum showed one maximum at 2710 A (ce 3200) and, on basification, 2710 A 
(e 2800). 

A mixture of soda-lime (0-5 g.) and pyridine-3,4,5-tricarboxylic acid (83 mg.) was distilled 
in a slow stream of nitrogen, the products being trapped in cold dilute hydrochloric acid. When 
distillation was complete, the acid solution was evaporated to dryness, leaving a small amount 
of residue. The residue had an ultraviolet absorption spectrum with maxima at 2547 A in 
acid solution, splitting into peaks at 2618, 2559, 2500, and 2441 A in alkaline solution. The 
corresponding maxima for authentic pyridine are 2618, 2556, 2544, and 2500 A respectively. 

Addition of chloroauric acid to a solution of the residue precipitated a yellow solid having an 
infrared absorption spectrum and X-ray powder photograph identical with those of authentic 
pyridinium chloroaurate. 

1,2,3,4-Tetramethoxycarbonylquinolizinium Perchlorate (VII; R= R’=H, X = ClO,).— 
A 10% w/v solution of bromine in glacial acetic acid (5 ml.) was added to tetramethyl 4H- 
quinolizine-1,2,3,4-tetracarboxylate (1-0 g.) suspended in glacial acetic acid (5 ml.) and 60% 
perchloric acid (1 ml.). After a few minutes’ warming, water (10 ml.) was added, and the whole 
cooled to 0°. 1,2,3,4-Tetramethoxycarbonylquinolizinium perchlorate was deposited (1-12 g., 
88%) as needles, m. p. 196°, unchanged on mixture with the compound obtained from the 
corresponding perbromide. Infrared maxima in the 5—7 pw region were at 5-75, 6-13, 6-29, 
6-59, 6-88, 6-95 uw in Nujol mull. 

1,2,3,4-Tetramethoxycarbonylquinolizinium Bromide (VII; R = R’ = H, X = Br).—1,2,3,4- 
Tetramethoxycarbonylquinolizinium perbromide (10 g.) and acetone (50 ml.) were boiled under 
reflux for 10 min., and on cooling to 0° a brown solid deposited. Two recrystallisations from 
methanol gave 1,2,3,4-tetramethoxycarbonylquinolizinium bromide as white needles (3 g., 
41%), m. p. 113° (decomp.). 

The picrate after recrystallisation from methanol was obtained as golden needles, m. p. 
172—173° (decomp.); the styphnate had m. p. 187—188° (decomp.). A mixture of a hot 
methanolic solution of the bromide with chloroplatinic acid precipitated the platinichloride as 
orange needles, decomp. 195—200° [Found: C, 35-3; H, 2-7; Residue, 18-9. (C,;H,,NO,),PtCl, 
Tequires C, 36-0; H, 2-8; Pt, 17-2%]. 





1700 Acheson and Taylor: Addition Reactions of 


Tetramethyl 9-Methyl-9aH-quinolizine-1,2,3,4-tetracarboxylate (XII; R = Me, R’ = H) and 
7-Methyl-4H-quinolizine-1,2,3,4-tetracarboxylate (XIV; R =H, R’ = Me).—A mixture of di- 
methyl acetylenedicarboxylate (120 ml.), 3-methylpyridine (50 ml.), and ether (500 ml.) was 
set aside at room temperature for 15 hr., after the initial vigorous reaction had subsided. The 
ether was then decanted, and the tarry residue shaken with methanol (100 ml.) until crystallis- 
ation was complete. The orange solid after two recrystallisations from methanol gave tetra- 
methyl 9-methyl-9aH-quinolizine-1,2,3,4-tetracarboxylate as orange needles (28 g., 14%), m. p. 
121—122° (Found: C, 57-4; H, 5-05; N, 39%; M, 331. C,sH,,NO, requires C, 57-3; H, 5-1; 
N, 3:7%; M, 377), Vmax, 5°75, 5-80—5-89, 6-20, 6-64, and 6-97 u. 

From a similar preparation in benzene, a small quantity of a yellow solid very sparingly ic 
soluble in methanol was obtained. Recrystallisation from methanol gave tetramethyl T-methyl- — 
4H-quinolizine-1,2,3,4-tetracarboxylate as yellow-orange needles, m. p. 223° (Found: C, 57-3; H, 

1; N, 3-8. C,,H,,NO, requires C, 57-3; H, 5-0; N, 3-7%). 

Tetramethyl 9-Methyl-4H-quinolizine-1,2,3,4-tetracarboxylate (XIV; R= Me, R’ = H).— 
(i) Tetramethyl 9-methyl-9aH-quinolizine-1,2,3,4-tetracarboxylate (5 g.) was refluxed for 15 hr, 
in benzene (50 ml.). The solvent was removed in vacuo and the residual solid recrystallised 
from methanol, affording tetramethyl 9-methyl-4H-quinolizine-1,2,3,4-tetracarboxylate as yellow= — 
brown prisms (4:5 g., 90%), m. p. 205° (Found: C, 57-4; H, 4:95; N, 3-8; OMe, 32-6, — 
CigH,,NO, requires C, 57-3; H, 5-0; N, 3-7; 40Me, 32-9%), vmax 5°75, 5°99, 6-17, 6°35, 6-49, © 
6-83, and 6-97 pu. : 

(ii) Dimethyl acetylenedicarboxylate (25 ml.) in toluene (10 ml.) was added slowly to a ~ 
boiling solution of 3-methylpyridine (1 ml.) in toluene (10 ml.) and boiling was © 
continued for 15 min. The toluene was evaporated im vacuo and the residual tar shaken with ~ 
methanol. The solid formed (0-86 g.) was recrystallised twice from methanol, affording almost ~ 
pure tetramethyl 9-methyl-4H-quinolizine-1,2,3,4-tetracarboxylate as irregular yellow-brown ~ 
crystals, m. p. 201°. : 

Tetramethyl 6,7,8,9-Tetrahydro - 9 -methyl-9aH-quinolizine-1,2,3,4-tetracarboxylate (XV).—A ~ 
solution of methyl 9-methyl-9aH-quinolizine-1,2,3,4-tetracarboxylate (6-0 g.) in methanol ~ 
(200 ml.) was shaken with Raney nickel under hydrogen at 2 atm. until rapid absorption ceased, ~ 
The resulting solution was evaporated to dryness. The syrup, obtained on evaporation, slowly ~ 
solidified. Recrystallisation from methanol afforded tetramethyl 6,7,8,9-tetrahydro-9-methyl-9aH> ~ 
quinolizine-1 ,2,3,4-tetracarboxylate as irregular yellow crystals (2-65 g., 44%), m. p. 132° (Found: © 
C, 56-4; H, 6-0; N, 3-9. C,,H,,NO, requires C, 56-7; H, 6-0; N, 3-7%), vmax, 5°75, 5-93, 6-23, * 
6-58, and 6-97 yp. : 

Oxidation of Tetramethyl 6,7,8,9-Tetrahydro-9-methyl-9aH-quinolizine-1,2,3,4-tetracarboxylate, | 
—The ester (1-0 g.) was added to cold concentrated nitric acid (40 ml.) and the mixture was | 
heated on a steam-bath for 24 hr. After a further 18 hours’ boiling, water (20 ml.) was added ~ 
and boiling continued for 3 hr. Evaporation followed by cooling gave crystals of pyridine- ~ 
3,4,5-tricarboxylic acid, which recrystallised from water, charred at 266° without melting ~ 
(Found, after drying at 60° im vacuo: C, 45-3; H, 2-6%) and was identical in ultrae” 
violet absorption spectrum with the same acid described above. S 

, Oxidation of Tetramethyl 7-Methyl- ee ngmarnant 1,2,3,4-tetracarboxylate (XIV; R=H, > 

= Me).—A mixture of this ester (1 g.), 30% hydrogen peroxide (100 ml.), and glacial aceti¢ ~ 
acid (200 ml.) was heated at 100° for 15 hr. The solution was evaporated to dryness and the ™ 
process was repeated twice more with the residue. The acetone-soluble fraction, after two” 
recrystallisations from water, gave 5-methylpyridine-2-carboxylic acid N-oxide as needles, m. Pp. | 
162—163° (Found: C, 54-7; H, 4-9; N, 9-5. C,H,NO, requires C, 54-9; H, 4-6; N, 9-15%)s & 

Amax, 2535 A (e 7000) in MeOH. 

5-Methylpyridine-2-carboxylic Acid N-Oxide.—2,5-Dimethylpyridine (10 ml.), potassium | 
hydroxide (5 g.), potassium permanganate (30 g.), and water (800 ml.) were stirred together at 7 
30—35° for 3 days, by which time the purple colour had been discharged. After clarification © 
with sulphur dioxide, the mixture was evaporated to 100 ml. The pH was adjusted to 4 by ™ 
the addition of phosphoric acid and disodium hydrogen phosphate, after which the mixture was ~ 
evaporated to dryness. The residue was extracted (15 hr.) with ethyl acetate in a Soxhlet © 
apparatus. A white solid was deposited in the boiling solvent and was collected. The solid” 
was dissolved in hot water (20 ml.), and the solution cooled to room temperature. The supef ~ 
natant solution was evaporated to dryness, leaving a white solid (5 g.) which was very soluble 7 
in water and gave an orange colour with ferrous sulphate solution. This solid (1 g.), glacial 
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acetic acid (30 ml.), and 80% hydrogen peroxide (10 ml.) were heated at 100° for 6 hr., after 
which the mixture was evaporated to dryness. The residual syrup crystallised on being stirred 
with water (5 ml.), and the colourless solid (0-2 g.) recrystallised from water, affording 5-methyl- 
pyridine-2-carboxylic acid N-oxide as needles, m. p. 164°, unchanged by addition of the 
product obtained from (XIV; R =H, R’ = Me); the infrared absorption spectra of the two 
materials were identical. 

Trimethyl 8-Methylindolizine-1,2,3-tricarboxylate (KXI; R = Me, R’ = H).—Tetramethyl 
9-methyl-9aH-quinolizine-1,2,3,4-tetracarboxylate (10 g.) and 2m-nitric acid (8 ml.) were 
warmed on a water-bath until the solid dissolved. The solution was diluted with hot water 
(12 ml.) and, on cooling, deposited a brown solid. Recrystallisation from aqueous methanol 
afforded trimethyl 8-methylindolizine-1,2,3-tricarboxylate as faintly yellow needles (0-35 g., 
43%), m. p. and mixed #4 m. p. 109°, with the product obtained by Johnson and Tebby by 
oxidation of the corresponding 4H-quinolizine (Found: C, 59-4; H, 5-0; N, 4:05; OMe, 30-2. 
C,;H,;NO, requires C, 59-0; H, 4:9; N, 4:6; 30Me, 30-5%), vmax 5-76, 5-89, 6-59, 6-71, and 
6-93 pu. 

Tetvamethyl 7,9-Dimethyl-9aH-quinolizine-1,2,3,4-tetracarboxylate (XII; R= R’ = Me).— 
3,5-Dimethylpyridine (10 ml.) in dry benzene (50 ml.) was added slowly to dimethyl acetylene- 
dicarboxylate (20 ml.) in dry benzene (150 ml.), the temperature being kept below 20°. When 
addition was complete the mixture was left for 1 hr. and then evaporated in vacuo, the temper- 
ature being kept below 20°. The residue recrystallised from methanol (300 ml.), from which 
tetramethyl 7,9-dimethyl-9aH-quinolizine-1,2,3,4-tetracarboxylate was obtained as irregular red 
crystals (19 g., 52%), m. p. 141—142° (Found: C, 58-4; H, 5-5; N,3-7; OMe, 31-2. C,H 21NO, 
requires C, 58-3; H, 5-4; N, 3-6; 40Me, 31-7%), vmax, 5°75, 5-89, 6-22, 6-65, and 6-97 p. 

Tetramethyl 7,9-Dimethyl-4H-quinolizine-1,2,3,4-tetracarboxylate (XIV; R= R’ = Me).— 
(i) 3,5-Dimethylpyridine (10 ml.) in benzene (50 ml.) was added slowly to a boiling solution of 
dimethyl acetylenedicarboxylate (20 ml.) in benzene (50 ml.). The mixture was refluxed for 
4 hr. and evaporated to dryness. The tarry residue was washed with methanol and 
recrystallised from methanol (600 ml.), affording tetramethyl 7,9-dimethyl-4H-quinolizine-1,2,3,4- 
tetracarboxylate as bright yellow plates (14 g., 20%), m. p. 221° (Found: C, 58-0; H, 5-5; N, 
3-7; OMe, 31-1. C,gH,,NO, requires C, 58-3; H, 5-4; N, 3-6; 40Me, 31-7%), Vmax. 5°75, 6-01, 
6-36, 6-49, 6-79, and 6-98 u. A further quantity (4-5 g.) was obtained from the mother-liquors. 

(ii) Tetramethyl 7,9-dimethyl-9aH-quinolizine-1,2,3,4-tetracarboxylate (0-1 g.) was refluxed 
for 17 hr. in benzene (5 ml.). The residue, obtained on evaporation, when recrystallised from 
methanol, gave a product, m. p. 222°, identical with that described above. 

Trimethyl 6,8-Dimethylindolizine-1,2,3-tricarboxylate (XXI; R = R’ = Me).—This indolizine 
was obtained from tetramethyl 7,9-dimethyl-4H-quinolizine-1,2,3,4-tetracarboxylate (1-0 g.) 
and 2m-nitric acid (4 ml.) by the method described for (XXI; R = Me, R’ = H) and recrystal- 
lised from aqueous methanol in pale yellow needles (0-36 g., 44%), m. p. 159° (Found: C, 60-4; 
H, 5-3; N, 4:5. C,,H,,NO, requires C, 60-15; H, 5:3; N, 44%), vax. 5°76, 5-90, 6-59, 6-68, 
6-90, and 6-94 p. 

Oxidation of tetramethyl 7,9-dimethyl-9aH-quinolizine-1,2,3,4-tetracarboxylate (1-0 g.) by 
an identical procedure gave the same product (0-43 g., 52%), m. p. and mixed m. p. 160°. 

Tetramethyl Dihydro -7,9-dimethylquinolizine -1,2,3,4-tetracarboxylate.—Tetramethyl 7,9-di- 
methyl-9aH-quinolizine-1,2,3,4-tetracarboxylate was hydrogenated in conditions identical with 
those used for tetramethyl 9-methyl-9aH-quinolizine-1,2,3,4-tetracarboxylate. The resulting 
yellow dihydroquinolizine, recrystallised from methanol, had m. p. 114° (Found: C, 58-1; H, 
&9; N, 3-7. C,,H,,;NO, requires C, 58-0; H, 5-85; N, 36%), vmax 5°75, 5-93, 6-23, 6-64, 6-87, 
and 6-97 yp. 

Oxidation of the Adducts with N-Bromosuccinimide.—A freshly prepared solution of the adduct 
in cold glacial acetic acid was shaken with just sufficient N-bromosuccinimide to decolorise the 
solution. The solution was diluted with water and its ultraviolet absorption spectrum measured. 


We thank Professor R. B. Woodward for the loan of a thesis, Dr. G. D. Meakins for the 
infrared absorption spectra, Mr. H. M. Powell for the X-ray powder photographs, 
Professor A. W. Johnson and Mr. ‘J. C. Tebby for discussions, and the D.S.I.R. for a mainten- 
ance grant (to G. A. T.). 
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342. Mechanism of the Azide—Nitrite Reaction. Part IV. 
By G. STEDMAN. 


Reaction between nitrous acid and hydrazoic acid in an acetate buffer 
occurred by two mechanisms. Nitrosyl acetate was formed by a nucleo- 
philic attack by the acetate ion on the nitrous acidium ion, and then reacted 
either with the azide ion, to form nitrosyl azide, or with the nitrite ion, to 
form dinitrogen trioxide, which in turn either reacted with the azide ion, to 
form nitrosyl azide, or was hydrolysed. The rates of these processes were 
similar. The nitrosyl azide subsequently rapidly decomposed to nitrogen 
and nitrous oxide. The rate of formation of nitrosyl acetate was found from 
the rate variation with azide concentration by extrapolation; it was similar 
to the rate of other substitutions by anions at the nitrous acidium ion. The 
mechanism of the diazotisation of aniline in acetate buffers was studied. 
An explanation of reported apparently contradictory results for this reaction 
is suggested. 


THE present investigation was commenced in order to explain a discrepancy between some 
results reported by Seel and Schwaebel? in a study of the kinetics of the azide—nitrite 
reaction in acetate buffers, and the work of Hughes, Ingold, and Ridd * on the diazotisation 
of aromatic amines in mildly acidic media. Seel and Schwaebel reported that the rate 
equation was of the form v oc [H*][HNO,] and they interpreted this as showing a rate- 
determining formation of the nitrosonium ion: 


“ 
H,NO,* ——s H,O + NOt —» N,NO—w»N,+N, ..... (I) 
slow fast _ fast 


Hughes, Ingold, and Ridd, on the other hand, were unable to find any evidence for 
nitrosation by the nitrosonium ion in acetate buffers, Gr in mildly acidic aqueous media 
(pH > 2). Bunton, Llewellyn, and Stedman * showed that Seel and Schwaebel’s results 
could also be interpreted as a rate-determining formation of nitrosyl acetate : 


we 
CH,'CO,~ + H,NO,+ ——t H,O + CH,:CO,"NO — CH,°CO,- + NINO—»N,+N,0 (2) 
slow fast fast 


A number of authors >? have studied the kinetics of reactions of nitrous acid in solutions 
buffered with acetate or phosphate, and have interpreted their results in terms of 
mechanisms involving the nitrosonium ion as an intermediate in mildly acidic conditions. 
Hughes, Ingold, and Ridd showed that the nature and concentration of carboxylate 
buffers can have a profound effect on the kinetics and mechanism of reactions of nitrous 
acid. It was therefore essential to study first the mechanism of reaction in the absence 
of such buffers. Thus previous papers in this series were devoted to a study of the azide- 
nitrite reaction in excess of perchloric acid,§ and in azide buffers. The present paper 
describes an extension of this work to a system containing an acetate buffer. 


EXPERIMENTAL 


Materials.—Buffers were made from stock solutions of ‘‘ AnalaR ”’ acetic acid and sodium 
acetate. Aniline was purified by distillation. Solutions of aniline perchlorate were prepared 
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by adding the calculated amount of standard perchloric acid to aniline. 3-Hydroxynaphtha- 
lene-2,7-disulphonic acid was purified by the method of Hughes e¢ a/.? Other materials used 
were as described in previous papers. 

Kinetic Runs.—For the azide-nitrite reaction the procedure and analytical method were 
essentially the same as described earlier.*® For the diazotisation of aniline the methods used 
were similar to those of Hughes et al. 

Buffer Solutions.—In many runs the quantity of sodium azide added was sufficient to affect 
significantly the pH of the buffer, by reaction to form undissociated hydrazoic acid. A 
calculated quantity of standard perchloric acid was always added with the azide, sufficient to 
correct for this disturbance. 

Calculation of Results First-order rate constants were obtained from the initial slopes of 
plots of log [nitrite] against time. For the diazotisation of aniline the reaction-time relation 
was linear, and the slope gave the rate of reaction directly. The value of [H*] was calculated 
from the buffer composition, a value of 1-65 x 10 being used for the dissociation constant of 
acetic acid at 0°.1° The values of [HN,] and [N,~] were calculated from the total azide concen- 
tration, the value of [H*] was calculated as above, a value for the dissociation constant of 
hydrazoic acid of 1-0 x 10° mole 1.1 being used. [HNO,] and [NO,~] were calculated by 
using a dissociation constant of nitrous acid of 3-2 x 10 mole 1.4.1 

In this paper the term [nitrite] means stoicheiometric nitrite concentration, i.e., [nitrite] = 
[HNO,] + [NO,7]; similarly [azide] = [HN,] + [N,7]. 


RESULTS AND DISCUSSION 


Preliminary experiments indicated that, with azide and nitrite concentrations of 
approximately 0-002M, and 0-I1M-acetate buffer, the rate of reaction was of first order in 
nitrite and between zero and first order in azide. This is consistent with Seel and 
Schwaebel’s? results. The non-integral dependence on azide concentration made it 
difficult to calculate rate constants. The procedure used was to calculate initial first- 
order rate constants with respect to nitrite; these were then compared for a series of runs 
in which only one factor was varied. This is essentially a comparison of initial rates of 
reaction, but it is more convenient to use this procedure than to determine initial rates of 
reaction directly. 

The order with respect to nitrite was determined from a series of experiments in which 
buffer and azide concentrations were kept constant, and only the initial nitrite concen- 
tration was varied. The results are given in Table 1. The initial first-order rate constant 
with respect to nitrite does not vary with the initial nitrite concentration; clearly reaction 
is of first order in nitrite. 


TABLE 1. Effect of nitrite concentration on the rate of the azide-nitrite reaction at 0°. 


10°(CH,*CO,H] (M) ............ 5-90 590 126 12-6 12-6 23-6 23-6 
10%(CHy*CO,~] (M) ....eeeeeees 13-2 13-2 6-54 6-54 6-54 6-54 6-54 
10%fazide] (M) ..........000000.. 5-45 5-45 5-45 5-45 5-45 2-73 2-73 
10°(nitrite] (M) ...........00000. 1-60 6-40 0-80 1-60 6-40 1-60 6-40 
BOA, (000.78) .......cccceccscesess 4:13 387 35:3 37-2 35-0 80-5 80:8 


The order with respect to azide was determined from experiments in which the buffer 
and nitrite concentrations were kept constant, and only the azide concentration was 
varied. The results are given in Table 2. The rate increases with azide concentration, 
but the rate of increase with azide is much less than corresponds to a first-order law. A 
value of the “‘ order” with respect to azide was obtained from the slope of a plot of log k, 
against log [azide]; the values ranged from ca. 0-2 to ca. 0-5. These values have only an 
approximate quantitative significance, because for the experiments listed in the third 
column of Table 2, the plot of log k, against log [azide] was slightly curved, while for the 
experiments listed in the second column, the graph showed a very pronounced curvature. 


10 Harned and Ehlers, J. 4mer. Chem. Soc., 1932, 54, 1350. 
1 Klemmens and Hayek, Monatsh., 1929, 54—55, 407. 
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TABLE 2. Effect of azide concentration on the rate of the azide-nitrite reaction in 
acetate buffers at 0°. 


10*(CH,°CO,H] (™): 2-95 5-90 12-6 23-6 
10*(CH,-CO,-] (m): 6-82 6-82 6-54 6-82 
10°(azide] (st) 10°R, 10°h, 10°, 10°k, 
0-545 1-12 4-29 — 42-2 
0-682 = =e 15-8 = 
1-36 1-65 5-92 21-6 58-5 
4-87 
2-05 - — 24-3 - 
2-73 2-02 6-98 27:3 80-5 
6-93 
3-41 - — 32:3 _ 
5-45 2-10 _ 37-2 —_ 
6-82 2-15 8-28 —_ 102-5 
7-83 
105k, : 0-613 2-09 7-73 20-8 


k,{nitrite] = d[{N,O,]/d?, see page 1706. 
k, and &, in sec.'; [nitrate] = 0-0016m in all experiments. 


TABLE 3. Effect of buffer concentration on the rate of azide-nitrite reaction in 
acetate buffers at 0°. 


10*(CH,°CO,H] (m) 107(CH,°CO,~] (m) 10°[azide] (m) 10°[nitrite] (m) 105k, (sec.-) 
2-95 6-82 6-82 1-60 2-15 
5-90 13-64 6-82 1-60 3°77 
2-95 6-82 5-45 1-60 2-10 
5-90 13-64 5-45 1-60 4-13 
2-95 3-41 2-73 1-60 3-7 
5-90 6-82 2-73 1-60 6-93 
5-90 6-82 2-73 1-60 6-98 
11-8 13-6 2-73 1-60 12-7 
12-6 6-54 5-45 1-60 37-2 
25-3 13-1 5-45 1-60 69-0 
11-8 3-41 2-73 1-60 45-2 
23-6 6-82 2-73 1-60 80-5 


The effect of buffer concentration on the rate of reaction at constant azide and nitrite 
concentrations was investigated in a series of experiments summarised in Table 3. The 
rate is approximately proportional to the acetate buffer concentration, although there is a 
small component of the rate equation that is independent of buffer concentration. This 
is very probably due to a small part of the reaction occurring by mechanisms (3) and (4): 


N,~ + H,NO,* ——» H,O + N,NO ——» N, + N,O jim .2 ee 
slow fast 
N,- 
NO,~ + H,NO,* ——» H,O + N,O;, ——» NO,- + N,;NO ——® N, + N,O ss @& 
slow fast fast 


Previous work on the kinetics of the azide—nitrite reaction in excess of perchloric acid 
has shown the existence of these mechanisms.®® 

It is not possible to determine the dependence of the reaction rate upon acidity by 
directly comparing the results from different buffers, because the order with respect to 
azide varies with acidity. The reason for this is that the reactive azide species is the 
ion N,~, and it is the value of [N,~] that determines the order with respect to azide. In 
the acetate buffers, the values of [N,~] and [HN,] were comparable, and solutions with the 
same value of [azide] and different values of [H*] therefore had different values of [N,°]. 
Values of k, corresponding to [N,~] = 0-5, 1-0, 1-25, and 2-5 x 10m were obtained by 
interpolation. Fig. 1 shows a typical graph of log k, against log [H*]. The slopes obtained 
were 2-1, 2-1, 2-2, and 2-0. Clearly the rate is proportional to the square of [H*). 

The complete rate equation is thus v oc [H*]*(CH,*CO,-][NO,-][N,7]}*, where 0 < 
x <1; this can be rewritten as v oc [H*][HNO,)[CH,°CO,"][N,-]*. This expression 
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ignores the small term in the full rate equation which is independent of buffer concen- 
tration. A mechanism that is consistent with this rate equation is given by: 


CHs°CO,~ + H,NO,+ a H,O + CHs'CO,"NO > CHy'CO,~ + NsNO —— Na+ NiO (5) 

2 4 ast 
In the most alkaline buffer, the value of [N,~] was sufficiently high for k,[N,~] to be much 
greater than &,([H,O]. In this case nearly all the nitrosyl acetate molecules formed react 
to give nitrosyl azide, and very few are hydrolysed back to the initial reactants. The rate 
of reaction is then the rate of formation of nitrosyl acetate, and is of zero order in azide, 
i.e.,% = 0. In the more acid buffers the concentration of the azide ion was lower, and 
the ions were not able to compete so effectively with the solvent for nitrosyl acetate. 


Fic. 2. Dependence of the vate of the 
azide-nitrite reaction upon azide con- 
centration (runs 8—14, Table 2). 
; [H+] = 3-2 x 10m. 
Fic. 1. Dependence of rate of the azide— 
nitrite reaction upon acidity. Values 
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Under these conditions, the order of reaction, with respect to azide, rises from nearly zero 
to a higher value between zero and one. 

The above mechanism is believed to be correct so far as it goes, but it is inadequate to 
explain all of the results. If the steady-state treatment is applied to the mechanism in 
reaction (5), the rate equation takes the form: 


Ry(N3] 








v = k,[H*)}[HNO,}[CH,°CO,7] - RIN] + helH,0) ke ae 
This can be rearranged to: 
= y by{H,0) am 
v — k{H*)[HNO,)[CHg°CO,-] © k,[H*)[HNO,}(CH,°CO.-] x &INs]  * 


A plot of the reciprocal of the initial rate against the reciprocal of the azide-ion concen- 
tration should be linear, with a positive intercept on the 1/[azide] = 0 axis. (This holds 
at constant buffer concentration, acidity, and stoicheiometric nitrite concentration.) 
When the results in Table 2 are plotted in this manner, curves are obtained, and not 
straight lines (see graph C, Fig. 2). 
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The explanation of this is that there is another reaction mechanism that is also impor- 
tant. Hughes, Ingold, and Ridd * showed that the formation of dinitrogen trioxide from 
nitrous acid is strongly catalysed by acetate buffers: 


k NO,- 
CH,°CO,- + H,NO,* => H,O + CH;CO,"NO — CH,'CO,- + NO, 
3 5 


NiOs + CeHy'NHp te CoHy'Nat + HO+NOH . - - . ss ® 
c 


Previous work showed that at a very low concentration, ca. 10-’M, azide ions can compete 
on equal terms with water for dinitrogen trioxide, the products being nitrosyl azide, 
nitrite ions, and molecular nitrous acid. In the present work, the concentration of azide 
ions was far above this critical value, so that every molecule of dinitrogen trioxide formed 
by mechanism (8) would react to form nitrosyl azide: 


N,O, + N,;~ ——® NO,” + N,NO ——» N, + N,O oe eo so os & 
fast fast 


A number of kinetic runs on the diazotisation of aniline was carried out. The conditions 
were identical with those used in the experiments on the azide-nitrite reaction, save that 
the azide was replaced by aniline perchlorate. The results, discussed in detail later, show 
that the rate of formation of dinitrogen trioxide by (8) varies from 15 to 50% of the total 
rate of the azide-nitrite reaction. Equation (7) makes no allowance for this important 
reaction path, and hence is inadequate, the plot of 1/k, against 1/[N,~] being curved, 
It is possible to allow for this additional reaction path by replacing 1/k, by 1/(k, — &), 
where k,[nitrite] = d[N,O,j/dé. There is then a linear relation between 1/(k, — k,) and 
1/[N,~]. Values of k, are given at the bottom of Table 2, and they can be compared with 
the corresponding values of &,, the initial first-order rate constant for the total azide- 
nitrite reaction. Graph D in Fig. 2 is a plot of 1/(k, — k,) against 1/[N,~] for runs 8—14, 
and it can be seen that this gives a much better fit to the results than does a plot of 1/k, 
against 1/[N,~] (graph C). In correcting the total rate of the azide-nitrite reaction for 
reaction via dinitrogen trioxide, it is necessary to express both rates in the same form; the 
total rate has been expressed as a first-order rate constant, k,, and so, therefore, the rate 
of dinitrogen trioxide formation has been expressed as k,, which, from the definition above, 
is a formal first-order rate constant. We might equally well have expressed each as an 
instantaneous rate, and have obtained a similar dependence upon azide-ion concentration. 
The dependence of rate upon azide-ion concentration can be deduced as follows. 

Using the steady-state treatment we can write the rate equation for the total reaction 
as eqn. (11): 


kq(Ng"] + &s[NO,7)) 

= k,{H*][HNO,][(CH,°CO __(hgINg7] + AelNO3" —~— . . (10 
: al Il 2 CH CO2 1@,[H,0) + kNg7] + &s[NO,°)) (10) 
If the dissociation constant of nitrous acid is Kyyo,, then 


[nitrite] = [HNO,] + [NO,-] = [HNO,](1 + Kuwo,/[H*]) . . (11) 


On substitution and rearrangement, it follows that eqn. (10) is equivalent to eqn. (12): 


_ uv _, — *e[H*}(CH,°CO,7] (ka[Ng"] + &s[NO,")) 
{nitrite} 7% 





~ ((A*] + Kauwo,) ~ (4s[H,O] + &{Ng~] + &s[NO,7]) 
Similarly, for the formation of dinitrogen trioxide by mechanism (8), it can be shown that 
the rate equation is given by eqn. (13): 

v __ k,{H*}?(CH,°CO,"] ks{NO,7] 


“"RfHO) FRING) 





(12) 


[nitrite] — “*~ ~ ((H*) + Kuno) 
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From eqns. (12) and (13) it can be shown that: 


1 ([H*] + Kuwo,)  , (As[H,O] + &s[NO,°)) | (1 4 ’slH,0) + se) (14) 


ky — Ra ~ Rg{H*?(CHy°CO,7] * ks(H,0} RA(Ns"] 











For a given acidity, buffer concentration, and stoicheiometric concentration of nitrite, a 
plot of 1/(k, — ka) against 1/(N,~] should be linear, with a positive intercept on the 
1/[N,_] = 0 axis. Graph D in Fig. 2 shows that a relation of this type fits the exceptional 
results satisfactorily. 

The above treatment takes no account of reaction occurring by the non-buffer-catalysed 
paths (3) and (4). The fact that the rate of the azide-nitrite reaction in acetate buffer 
is nearly proportional to the buffer concentration shows that the total rate of reactions 
(3) + (4) is small compared to the buffer-catalysed rate, and hence these reactions have 
been neglected in this work. It is a little surprising that, as an appreciable fraction of the 
azide—nitrite reaction proceeds via dinitrogen trioxide as an intermediate, the order of the 
total reaction, with respect to nitrite, is not slightly greater than unity. No sign of such 
an effect was found. 

The Rate of Formation of Nitrosyl Acetate-——In the above experiments, the rate of 
reaction was always less than the rate of formation of nitrosyl acetate, because there was 
not a sufficiently high concentration of azide ion to trap effectively all the nitrosyl acetate 
formed; some was hydrolysed back to nitrous and acetic acid. To obtain the rate. of 
formation of nitrosyl acetate it is necessary to extrapolate the results to a much higher 
concentration of azide ion. This could not be realised experimentally, without adding so 
much azide that the nature of the buffer was changed. The linear relation between 
1/(k, — Ra) and 1/[N,~] enables this extrapolation to infinite azide concentration, 1.e., 
1/[N,~] = 0, to be made. A second estimate can be obtained by extrapolating a graph 
of 1/k, against 1/[N,~] to 1/[N,-] = 0. Although the graph is curved, it approximates 
to a straight line as 1/[N,~] tends to zero, and a fairly reliable extrapolation can be made. 


TABLE 4. Rate constants for the formation of nitrosyl acetate at 0°. 


10°[(CH,°CO,H] (M) .....sccseeeceeseees 2-95 5-90 12-6 23-6 

ee a | ae 6-82 6-82 6-54 6-82 
Sh, Bale Sic cn A ART OF SO 2230 2150 2750 2220 
"UNC OE AT EE PL 2193 2149 2534 2137 


k, in mole~ 1.2 sec.?; values in row I were obtained by extrapolation of 1/(k,; — A) against 1/[N,~] 
to 1/[N,;~] = 0. Values in row II were obtained by extrapolation of 1/k, against 1/[N,~] to 1/[N,~] 
0. [Nitrite] = 0-0016m in all experiments. 


The values obtained by the two methods are given in Table 4. They are in good agree- 
ment. The rate constant k, is defined by the equation: 


Rate of formation of nitrosyl acetate = k,{H*][HNO,](CH,’CO, "}. 


It is of interest to compare this result with those of other workers. Bunton, Llewellyn, 
and Stedman ‘ reported preliminary studies on the exchange of oxygen atoms between 
nitrous acid and water in acetate buffers. Their results suggest that exchange is of first 
order in nitrite, consistently with the idea that it occurs by the formation and hydrolysis 
of nitrosyl acetate: 


CHy'CO,~ + H,NO,* == CHyCOyNO+H,O . . ~~... (IS) 


A more detailed study by Bunton and Masui ” confirms this early result. The numerical 
value of the rate constant k, is in satisfactory agreement with the values of the rate con- 
stants for the attack of nucleophilic anions on the nitrous acidium ion, obtained from other 
#2 Bunton and Masui, personal communication. 
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kinetic studies. The chloride, bromide, thiocyanate, iodide, nitrite, and azide ions al] 
substitute at the nitrous acidium ion to form the corresponding nitrosyl compounds with 
rate constants varying from 975 to 2340 mole*1.*sec.+. The value for the acetate ion falls 
within this range. Because the calculated value of k, depends upon the dissociation 
constant of nitrous acid, and on the value of [H*], which was calculated from the buffer 
composition and the dissociation constant of acetic acid, there is some uncertainty about 
its absolute numerical value. For this reason it is not possible to decide where the acetate 
ion fits into the reactivity sequence of the other anions. 

These conclusions differ somewhat from those recorded by Seel, Wolfle, and Zwarg ¥ 
in a recent paper, in which the earlier theory of Seel and Schwaebel appears to have been 
abandoned, i.¢., that the azide—nitrite reaction in acetate buffers occurs via the nitrosonium 
ion as an intermediate. The view is now apparently accepted that nitrosyl acetate is in- 
volved. However, they state that acetate buffers have an extraordinarily large catalytic 
effect on the rate of the azide—nitrite reaction, which they consider to be much too large 
to be accounted for by mechanism (5) alone. They suggest an additional mechanism for 
the formation of nitrosyl acetate: 


NO,~ + CHy°CO,H,t = CHyCOyNO+HO ..... | (16) 


The present results show that the rate of formation of nitrosyl acetate, by attack of a 
nucleophilic anion on the nitrous acidium ion, is very similar to the rates of formation of 
other nitrosyl compounds, and is in no way abnormally high. Bunton, Llewellyn, and 
Stedman have shown, by oxygen-18 tracer experiments, that there is no exchange of 
oxygen atoms between acetic acid and water in the presence of nitrous acid. Thus, in 
the hydrolysis of nitrosyl acetate bond fission must occur between the acetate and nitroso- 
groups, and not between the acetyl and nitrite groups. Thus, for mechanism (16) we may 
conclude, from the principle of microscopic reversibility, that in nitrosyl acetate only the 
oxygen of the terminal nitroso-group comes from the nitrite ion, and that the other oxygen 
atoms in nitrosyl acetate are those in the original acetic acidium ion. In this case 
mechanism (16) differs from that used in the present paper, (5), only in the positions 
assigned to the mobile protons, and it is difficult to see how a distinction could be made 
experimentally. 

Saville and Lees * have reported a study of the nitrite-catalysed solvolysis of acetic 
anhydride in aqueous acetone, and interpret their results in terms of nitrosyl acetate as an 
intermediate : 


H,O 
(CHy‘CO),O + NO, ——pe CHy°CO,"NO + CHyCO,- —— CHyCO,H + HNO, . (I7) 


They could find no evidence for bond fission between the acetyl and nitrite groups by a 
nucleophilic attack of the acetate ion on nitrosyl acetate to re-form acetic anhydride, 1.¢., 
the reverse of the first step in mechanism (17). 

The Diazotisation of Aniline in Acetate Buffers—A number of experiments were carried 
out on the diazotisation of aniline in acetate buffers. These have some bearing on the 
interpretation of similar investigations by Hughes, Ingold, and Ridd,? and by Edwards 
et al.?’ The results are given in Table 5. 

Hughes, Ingold, and Ridd showed that in phthalate buffers (0-05m) and with low concen- 
trations of nitrite (0-005—0-015m), the diazotisation of aniline (0-0005m) was a reaction 
of second order in nitrite, and of zero order in aniline. Similar results were obtained for 
diazotisation in acetate buffers, but in this case Hughes et al. did not specifically establish 
the order of reaction with respect to nitrite by varying the initia] concentration of nitrite. 
Edwards and his co-workers found that under similar conditions, but with higher concen- 
trations (0-01—0-08m) of nitrite, reaction was of first order in nitrite and of zero order in 


8 Seel, Wolfle, and Zwarg, Z. Naturforsch., 1958, 18b,'136. 
4 Saville and Lees, J., 1958, 2262. 
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amine. A comparison of runs 21 and 22, 26 and 35, 48 and 49, given in Table 5, shows 
that in acetate buffers, and under conditions similar to those used by Hughes, Ingold, and 
Ridd, reaction is indeed of second order in nitrite. The exact order obtained is 1-8. The 


TABLE 5. Diazotisation of aniline in acetate buffers at 0°. 
Run 10*(CH,-CO,H] (™) 10°(CH,-CO,-] (m) 10°[Nitrite] () 10*(C,H,-NH,,HCIO,] (m) 108, 
1-60 1-17 


21 12-6 6-54 12-4 
22 12-6 6-54 0-533 1-17 1-65 
26 5-90 6-82 1-60 2-34 3-34 
35 5-90 6-82 0-533 2-34 0-478 
48 23-6 6-82 1-60 2-34 33-3 
49 23-6 6-82 0-533 2-34 4-51 
34 2-95 6-82 1-60 2-34 0-98 


Up is the initial rate in mole 1. sec.—. 


different result obtained by Edwards et al. appears to be associated with their use of a 
much higher concentration of nitrite ion. It is suggested that Edwards e¢ al. used a 
sufficiently high concentration of nitrite ion to trap nearly every molecule of nitrosyl 
acetate formed, and to convert it into dinitrogen trioxide, which then diazotised aniline 
in a further fast step. This means that k,[NO,~] > k,[H,O] [see mechanism (8)], and 
that the rate of diazotisation is the rate of formation of nitrosyl acetate. To confirm this 
explanation it would be desirable to carry out parallel studies of the diazotisation of aniline, 
and of the azide-nitrite reaction over a wide range of azide, nitrite, amine, and buffer 
concentrations, so that the rates of the two reactions could be compared under identical 
conditions. Such a comparison cannot be made from the present results and those in the 
literature. 

When the results of the present studies on the azide—nitrite reaction and the diazotis- 
ation of aniline are compared, it is found that the rate of diazotisation is an appreciable 
fraction of the corresponding rate of formation of nitrosyl acetate. For diazotisation, the 
order with respect to nitrite was 1-8, while-in phthalate buffers, under similar conditions, 
the order was 1-7.3 This suggests that, even with concentrations of nitrite ion as low as 
0-0005M, k,[NO,~] is of comparable magnitude to k,[H,O], and that an appreciable fraction 
of the nitrosyl acetate molecules formed are converted into dinitrogen trioxide, so that 
nitrosyl acetate is not formed in a true pre-equilibrium. These conclusions underline the 
complexity of the reaction mechanisms of nitrous acid in carboxylate buffers, and show 
that great care is needed in the interpretation of the results. 


UNIVERSITY COLLEGE OF SWANSEA, 
SINGLETON PARK, SWANSEA, GLAM. (Received, September 14th, 1959.) 
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343. 1,4-Dimethoxyphthalazine and the Other O- and N-Methyl 
Derivatives of Phthalhydrazide. 


By J. A. EtvipGE and A. P. REDMAN. 


1,4-Dimethoxyphthalazine (I) is now correctly described for the first 
time. Its structure has been verified through comparison with the other 
methyl derivatives of phthalhydrazide; O- and N-methyl groups have, 
been determined, preparative evidence is summarised, and light absorptions 
are discussed. Where tautomerism is possible in this series, the 1,2-dihydro- 
phthalazine form (IV) is preferred. 

The di- and mono-O-methyl derivatives (I) and (VII) can methylate 
amines. 


In order to prepare 1,4-dimethoxyphthalazine (I) we treated 1,4-dichlorophthalazine with 
methanolic sodium methoxide. This gave a product with the desired elementary com- 
position. However, the melting point, 93°, was very different from the value, 121° (with 
sintering from 100°), claimed for 1,4-dimethoxyphthalazine by Drew and Garwood,’ but 
was the same as that for the isomeric ON-dimethyl derivative (II) described by Rowe 
and Peters.2_ These dimethyl derivatives of phthalhydrazide had earlier been the subject 
of structural controversy, which seemed to have been resolved.? Nevertheless, there was 
now a need for a re-investigation. 


OMe 
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OMe 
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We conclude that our new product, m. p. 93°, is indeed 1,4-dimethoxyphthalazine (I). 
It happens to have the same melting point as the isomer (II) but the melting point of a 
mixture is strongly depressed. Drew and Garwood’s product can hardly have been a 
pure compound. 

The structure (I) for our product, indicated by the preparative route (IV) —» (V) —> 
(I), was supported by the infrared absorption, which shows no amide bands (see Table). 
Further support came from methyl-group analysis (by modified Zeisel and Friedrich 
methods *) which gave a correct value for two methoxyl groups and showed that N-methyl 
was absent; for comparison, the isomer (III)—of certain constitution because of its 
preparation 5 from phthalic anhydride and NN’-dimethylhydrazine—gave a correct value 
for two N-methyl groups with methoxyl absent. 

The remaining isomer (II) was prepared as follows. Phthalhydrazide (IV) was first 








1 Drew and Garwood, J., 1937, 1841. 

2 Rowe and Peters, J., 1933, 1331. 

3 Vaughan, Chem. Rev., 1948, 48, 447. 

* Clark, ‘‘ Quantitative Methods of Organic Microanalysis,” Butterworths, London, 1956. 
5 Drew, Hatt, and Hobart, J., 1937, 33 
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monomethylated with dimethyl sulphate and alkali to the N-methyl derivative (VI), 
also obtained * by unambiguous synthesis from phthalic anhydride and methylhydrazine. 
Further methylation of this derivative (VI) with dimethyl sulphate and alkali then gave 


Light absorptions. 
Ultraviolet (in ethanol, except as indicated) 


Amax, (Ty) 
A, Phthalhydrazide (IV) * 263 
298 
B, 1,4-Dimethoxyphthalazine (I) 245 
280 
C, NN’-Dimethyl derivative (ITI) 214 
230 ft 
236 
242 + 
302 
D, ON-Dimethy1 derivative (IT) 227 t¢ 
234 t 
252 
263 
298 
Monomethoxy-derivative (VII) 227 
252 
262 
295 
Mono-N-methy] derivative (VI) 228 
255 
264 
1 = 304 
250 500 1,4-Diphenoxyphthalazine (VIII) 213 
Wavelength(mu) 260 ft 
318 


* In propylene carbonate. { Inflexion. 
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Infrared (KBr disc, except as indicated) 


Ar-H C=N 
N-H C-H C=O C=C Other vibrations (max., cm.~) 
(IV) 3130m 2990s 1655s 1599m 1372m, 1343m, 1323m, 1299m, 1258m, 121l5w, 
2865s 1552m 1076m, 1017w, 825m, 790m, 780w, 683m 
1487s 
145lw 
1437w 
3072w 1600w 1370s, 129lw, 1268w, 12llw, 1194m, 1171m, 
2967m 1557s 1142w, 1100s, 1080w, 1068m, 1024m, 997m, 
2945m 1508w 976s, 794m, 779m, 752s, 718m 
2895w 1458s 
2865w 1434m 
3017w 1604w 1415m, 1360s, 1285s, 1182m, 1129m, 1025w, 
2915w 1576w 995m, 795m, 706s, 689w 
1487m 
3067w 1616w 1404w, 1377w, 1344s, 13llw, 1274w, 1257m, 
2963w 1582s 1199m, 1186w, 1159w, 1135m, 1099s, 1052w, 
291lw 1564m 1026w, 983m, 955m, 829w, 796s, 786s, 732s, 691s 
1488m 
1456w 
1444m 
(VII) 1618w 1372m, 1348s, 1333m, 1221s, 1155w, 1098s, 
1596s 1024w, 983m, 813w, 775s, 763s, 713w, 682m 
1560w 
1493s 
1439m 
3030m 1585w 1405w, 1364m, 1325m, 1252s, 1170w, 1142m, 
(broad) 1565s 1099s, 958m, 833w, 789s, 737s, 689s 
1489m 
3012m 1595m 1336w, 1203w, 1196s, 1163m, 1147w, 1074m, 
1582w 1019m, 1006w, 916m, 853s, 793m, 782s, 737m, 
1555m 718s, 691s, 666m 
1486m 


* Nujol mull. 
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nearly equal amounts of the NN’-dimethyl compound (III) and an isomer. The latter 
necessarily had the structure (II), and in agreement analysis showed one methoxy] and one 
N-methyl group. An alternative synthesis was also achieved. Methylation of the 
silver derivative of phthalhydrazide gave the monomethoxy-compound (VII), as described 
by Rowe and Peters,” which is isomeric with (VI); and further methylation, with dimethyl 
sulphate and alkali, then gave the ON-dimethyl compound (II) as sole product. 

Attempts at further methylation of the monomethy] ether (VII) via its silver derivative 
by Drew and Garwood’s method ! and modifications thereof resulted only in recovery of 
starting material. We did not detect any product of m. p. 121° (with sintering from 100°) 
which they had claimed was 1,4-dimethoxyphthalazine. The failure of the silver deriv- 
ative-methyl iodide method with (VII) was paralleled by failure with the isomer (VI), 
both being in contrast to the successful methylations with dimethyl sulphate and alkali. 

Light Absorptions and Structures.—The dimethyl derivatives (I), (II), and (III) represent 
(as fixed structures) the three tautomeric forms possible for the parent phthalhydrazide. 
Their ultraviolet absorption curves are shown in the Figure. In this series, fine structure 
cannot be correlated merely with the position of the band of longest wavelength, as is 
possible for imidines,® because that for the cyclic diamide (III) (a tetrahydrodioxophthal- 
azine) is at the same position, ca. 300 my, as that for the monoamide (II) (a dihydro- 
oxophthalazine: spectral envelopes must be compared. Curve A for phthalhydrazide 
and the curves for its potentially tautomeric monomethyl derivatives (data in Table) 
have a shape very similar only to that for the (fixed) ON-dimethyl compound (II). This 
is good evidence that phthalhydrazide exists (in solution) in the dihydro-oxophthalazine 
form (IV) and that the monomethyl derivatives are best represented by the analogous 
structures (VI) and (VII). This resolves an earlier investigation.2 We disagree with 
the idea? that in neutral solution phthalhydrazide exists as 1,4-dihydroxyphthalazine. 
The latter name and phthalaz-1,4-dione, both currently used,’ are strictly incorrect. 
Neither are we convinced that there is any change of tautomeric form just before the 
melting point.” ® 

The same conclusion that phthalhydrazide is best represented by structure (IV) was 
reached from the infrared absorption.? We have measured the infrared spectra of solid 
phthalhydrazide and of the solid methyl derivatives (I), (II), (III), (VI), and (VII), but 
consider that conclusions about the fine structures of the potentially tautomeric compounds 
can hardly be drawn unambiguously (see Table), as is possible from the ultraviolet results. 
Nevertheless, the tentative assignments (Table) lend support to our structures. 

That the monolactim forms (IV), (VI), and (VII) are preferred is perhaps not surprising: 
these structures permit resonance stabilisation in the way that Arndt !° has indicated for 
the related maleic hydrazide, assumption of the dilactim form being unnecessary for the 
attainment of aromaticity. 

Methylation of Amines by Compounds (I) and (VII).—In an attempt to obtain additional 
support for the structure (I) for our dimethyl derivative, the compound was heated with 
morpholine. Instead of 1,4-dimorpholinophthalazine, however, phthalhydrazide was 
isolated in high yield, an unexpected result which nevertheless does support the structure 
(I). Repetition of the reaction with exclusion of moisture gave the same result, indicating 
that hydrolysis of the ether (I) by water in the morpholine ™ was not responsible. It 
was then shown by gas-liquid chromatography that N-methylmorpholine was the second 
product. The dimethoxyphthalazine (I) had therefore methylated the amine, itself being 
transformed into phthalhydrazide. An implication was that the monomethoxy-derivative 


* Clark, Elvidge, and Golden, J., 1956, 4135. 
7 E.g., (a) Albert, ‘‘ Heterocyclic Chemistry,” The Athlone Press, London, 1959, p. 120; (b) Rodd, 
“ Chemistry of Carbon Compounds,” Elsevier, Amsterdam, 1959, Vol. IVB, p. 1248, 
® Drew and Hatt, J., 1937, 16. 
® Sheinker, Gortinskaya, and Sycheva, Zhur. fiz. Khim., 1957, 31, 599, 
1 Arndt, Angew. Chem., 1949, 61, 397. 
1 Cf. Clark, Elvidge, and Linstead, J., 1953, 3593. 
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(VII) was capable of methylating amines, and indeed this was demonstrated. After the 
monomethoxy-compound (VII) had been heated with an excess of aniline, phthalhydrazide 
was isolated in 72% yield and N-methylaniline (as the tosyl derivative) in 87% yield. 
(Comparable recovery of the excess of aniline was made as the alkali-soluble toluene-p- 
sulphonate.) 

Methylation of amines by the methoxyphthalazines (I) and (VII) resembles, for 
example, alkylation by toluene-p-sulphonic esters.12 Presumably the reaction is an Sy2 
attack on methyl, facilitated by the second electron-withdrawing grouping of the ring, 


I \ 
iz., -N=C-OMe or -NH-CO respectively. Additional activation is absent in simple 
imidic esters R-C(OEt):NH and these are substituted by amines to yield amidines.% 


g 
OPh 
NN 

ae 0 ae 
ZN 


OPh 


(VIII) (IX) ( ) 


1,4-Diphenoxyphthalazine (VIII), prepared from 1,4-dichlorophthalazine (V) and 
sodium phenoxide, reacted smoothly with morpholine at 200°, to yield 1,4-dimorpholino- 
phthalazine (IX). This is an expected nucleophilic displacement for which there are 
numerous analogies. 
EXPERIMENTAL 


Phthalhydrazide * (IV) crystallised from dimethylformamide as thin prisms, m. p. 333— 
334° (cf. refs. 8 and 15) (Found: N, 17-6. Calc. for C,H,O,N,: N, 17-3%). 

1,4-Dimethoxyphthalazine (1).—Conversion ® of phthalhydrazide into 1,4-dichlorophthalazine 
was modified in that a benzene extract of the reaction mixture was evaporated under reduced 
pressure and the residue sublimed at 120—130°/10% mm. The dichlorophthalazine was thus 
obtained as needles, m. p. 164—165° (Found: Cl, 34:8. Calc. for C,H,N,Cl,: Cl, 35-7%). To 
dry methanol (35 c.c.) containing sodium methoxide (from 750 mg. of sodium), the dichloro- 
phthalazine (2-5 g.) was added, and the mixture heated under reflux for 10 hr. After filtration 
of the mixture and evaporation, the residue was sublimed at 80—90°/1-5 mm. to yield prisms, 
m. p. 93°, of 1,4-dimethoxyphthalazine (Found: C, 63-2; H, 5-4; N, 14-8; OMe, 33-0; N-Me, 0. 
CyoH,,O,N, requires C, 63-2; H, 5-3; N, 14-7; OMe, 32-7%). 

The Isomers (II) and (III).—(a) Methylhydrazine, obtained in 42% aqueous solution by 
distillation of the sulphate 1* with soda-lime and sodium hydroxide 1” (Found: C, 10-9; H, 12-0. 
Cale. for CH,N,,3$H,O: C, 11-0; H, 11-9%), was treated with phthalic anhydride to yield 
1,2-dihydro-4-hydroxy-2-methyl-l-oxophthalazine ? (VI) as plates, m. p. 238—240° (from 
methanol-water) (Found: C, 61-55; H, 4:5; OMe, 0; N-Me, 9-05. Calc. for C,H,O,N, 
C, 61-4; H, 4-6; N-Me, 85%). The identical compound was formed from phthalhydrazide 
with dimethyl sulphate and alkali? Further methylation of the derivative (VI) (2 g.) for 4 hr. 
with a boiling mixture of dimethyl sulphate (4-6 c.c.) and water (8 c.c.) containing sodium 
hydroxide (1-6 g.) afforded, by isolation in ether (2 x 200 c.c.), a gum which solidified on 
trituration with dry ether. After several washings with boiling ether, the solid remaining 
(600 mg.), m. p. ca. 170°, crystallised from water to give 1,2,3,4-tetrahydro-2,3-dimethyl-1,4- 
dioxophthalazine (III) as needles, m. p. 174—175° (cf. ref. 5) (Found: C, 63-1; H, 5-3; OMe, 0; 

12 E.g., Ferns and Lapworth, J., 1912, 101, 273; Sekara and Marvel, J. Amer. Chem. Soc., 1933, 55, 
345; Shirley, Zietz, and Reedy, J. Org. Chem., 1953, 18, 378. 

ia Roberts, DeWolfe, and ate *]. Amer. Chem. Soc., 1951, 78, 2277. 

M4 E.g., Keneford, Schofield, and Simpson, J., 1948, 358; Morley and Simpson, ibid., p. 360; Simpson 
and Wright, ibid., p. 1707. 

18 Radulescu and Georgescu, Bull. Soc. chim. France, 1925, 37, 881. 
1° Hatt, Org. Synth., 16, 51. 
”” von Briining, Annalen, 1889, 258, 5 
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N-Me, 15:3. Calc. for CygH,O,N,: C, 63-2; H, 5-3; N-Me, 15-0%). Evaporation of the 
ethereal washings and sublimation of the residue (650 mg.), m. p. 85—90°, at 80°/0-4 mm. 
afforded 1,2-dihydro-4-methoxy-2-methyl-l-oxophthalazine (II), m. p. 93° (cf. ref. 2) (Found: 
C, 63-5; H, 5-5; OMe, 16-3; N-Me, 8-1. Calc. for CygH,O,N,: C, 63-2; H, 5-3. OMe, 16-3; 
N-Me, 7:9%). 

(b) Phthalhydrazide was converted into the silver derivative and treated with methyl 
iodide.? Sublimation (twice) of the crude product at 100—130°/0-15 mm. gave 1,2-dihydro-4- 
methoxy-1l-oxophthalazine (VII), m. p. 189° (Found: C, 61-5; H, 5-0; OMe, 17-2; N-Me, 0. 
Calc. for CJH,O,N,: C, 61-4; H, 4-6; OMe, 17-6%). This monomethoxy-compound (450 mg.) 
was heated under reflux with dimethyl sulphate (1-12 c.c.) and 20% potassium hydroxide 
solution (2 c.c.) for 2 hr. The mixture was made alkaline and extracted continuously with 
ether. Evaporation of the extract afforded a colourless solid, m. p. 938° undepressed on 
admixture with the ON-dimethyl derivative (II) above. 

A mixture of the dimethyl derivatives (I) and (II) had m. p. ca. 70°. 

Methylations by (I) and (VII).—(a) 1,4-Dimethoxyphthalazine (I) (300 mg.) was heated 
with freshly dried morpholine (5 c.c.) in a sealed tube at 204° for 20 hr. Evaporation of the 
liquid under reduced pressure and addition of ether gave a solid (250 mg.), identified as phthal- 
hydrazide by m. p. and mixed m. p. and crystalline form (rosettes from dimethylformamide). 
A small portion of the recovered ‘‘ morpholine ”’ was examined by gas-liquid chromatography 
(at 184° in nitrogen over powdered brick loaded with Silicone grease). The record of the 
chromatogram exhibited a small peak, immediately preceding the morpholine peak, due to 
4-methylmorpholine as shown by comparison with chromatograms of an authentic mixture 
and of morpholine alone. 

(b) The monomethoxy-compound (VII) (100 mg.) was heated with aniline (0-60 c.c.) at 
200° for 24 hr. After being washed with dry ether, the solid product (66 mg., 72%) had m. p. 
332—335° (decomp.), undepressed by phthalhydrazide. The oil from evaporation of the ethereal 
washings and filtrate was warmed on the steam-bath with pyridine (10 c.c.) and toluene-f- 
sulphonyl chloride (1-23 g.) for 1 hr., the solution was evaporated to small bulk under reduced 
pressure, an excess of 2N-sodium hydroxide was added, andthe mixture extracted with benzene. 
Acidification and cooling of the aqueous solution afforded toluene-p-sulphonanilide (1-348 g., 
90% of theoretical recovery), m. p. 100—101° and mixed m. p. 101—103° (authentic specimen, 
m. p. 103°). The benzene extract was washed with 2N-sodium hydroxide and with water, and 
was evaporated. Trituration of the residue with ether afforded a solid which was taken up in 
boiling ether. Clarification of the solution and evaporation then yielded toluene-p-sulphon-N- 
methylanilide (131 mg., 87-5%), m. p. 88—89° and mixed m. p. 91—92° with authentic 
material (m. p. 93°). 

1,4-Diphenoxyphthalazine (VIII).—To molten phenol (10 g., redistilled), sodamide (380 mg.) 
was added, and subsequently 1,4-dichlorophthalazine (720 mg.). After being kept at 120—130° 
for 2 hr., the mixture was poured into 40% aqueous sodium hydroxide (25 c.c.). Water 
(75 c.c.) was added and the precipitate (1-32 g.), m. p. ca. 200°, collected and washed with 
water. Recrystallisation from aqueous dimethylformamide (charcoal) gave prisms of 1,4-di- 
phenoxyphthalazine, m. p. 222° (cf. ref. 18) (Found: C, 76-3; H, 4:3; N, 8-8. C. 9H,,O,N, 
requires C, 76-5; H, 4-5; N, 8-9%). 

1,4-Dimorpholinophthalazine (IX).—The diphenoxy-compound (300 mg.) was heated at 
205° with morpholine (5 c.c.; dried), overnight. Evaporation of the solution and crystal- 
lisation of the residue (250 mg.), m. p. ca. 206°, from dimethylformamide yielded needles of 
1,4-dimorpholinophthalazine, m. p. 204° (Found: C, 64:0; H, 6-6; N, 184. C,H ON, 
requires C, 64-0; H, 6-7; N, 18-7%). 


We are glad to thank the Distillers’ Company Limited and the Authorities of Imperial 
College for maintenance grants (to A. P.R.). Analyses were by Miss J. Cuckney and her 
staff, and measurements of infrared absorption by Dr. R. L. Erskine, of this Department. 
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344. The Chemistry of Triterpenes and Related Compounds. Part 
XXXVII.* The Stereochemistry of the D/E Ring Junction of 
Hydroxyhopanone. 

By G. V. BappEeLey, T. G. HALsALL, and E. R. H. Jongs. 


Rings D and E of hydroxyhopanone ! (I) are ¢tvans-fused with the hydrogen 
atom at Cy, B-orientated (cf. IIT). 


HyDROXYHOPANONE has structure (I),! only the configuration at Cq,, and at Cy) being 
indoubt. If hydroxyhopanone is biosynthesised from squalene by a completely concerted 
cyclisation then the stereochemistry of rings D and E could be as in (II).»? 


(VI) (VII) (VIII) 


(IX) 


y se 
4 . 
(x1) HO [ H Cc Aaxm 68 OH o—eExn 


Conversion of the keto-alcohol (I) into hydroxyhopane (III) followed by dehydration 
gave a mixture (hopene) of hopene-a (IV) and hopene-b (V).2 Treatment of the mixture 
with osmium tetroxide led to the isolation of hopene-a glycol (VI), fission of which with 
lead tetra-acetate in benzene—acetic acid gave* the trisnorketone (VII) ({a], +142°). 
This was also obtained* by ozonolysis of hopene and by oxidation of hydroxyhopane 
with chromic acid. Evidence based on molecular rotation and optical rotatory dispersion 
data showed * that the ketone had a cis-p/E ring junction. Since, however, this is the 
more stable configuration (see below) no conclusion could be drawn about the ring junction 
in hydroxyhopanone itself. 

To investigate possible routes to the less stable trisnorketone (VIII), y-lupene *5 (IX), 
obtained from lupanol by dehydration with phosphorus pentachloride, was used as a 
model, its rings A and B (X) corresponding to rings D and E of hopene-a (IV). Conversion 
of y-lupene (X) into the glycol (XI) followed by treatment with lead tetra-acetate in acetic 
acid and purification of the product on alumina gives ° a trisnorketone (XIII) ({«J,, +107°) 
in which the A/B rings are cis-fused ® although in lupanol and y-lupene the ring junction 
is trans. The experimental conditions used, however, permit the unstable ketone (XII), 
which must be formed initially, to isomerise. When y-lupene glycol was cleaved with 


* Part XXXVI, J., 1959, 2036. 


1 Fazackerley, Halsall, and Jones, J., 1959, 1877. 

* Schaffner, Caglioti, Arigoni, and Jeger, Helv. Chim. Acta, 1958, 41, 152. 

’ Dunstan, Fazakerley, Halsall, and Jones, Croat. Chim. Acta, 1957, 29, 173. 
* Heilbron, Kennedy, and Spring, J., 1938, 329. 

5 Ruzicka, Jeger, and Huber, Helv. Chim. Acta, 1945, 28, 942. 

* Klyne, J., 1952, 2916. 
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lead tetra-acetate in dry benzene the trisnorketone (XII) with a évans-a/B ring junction 
was obtained. It differed markedly in its rotation ({«], —88°) from the known ketone 
(XIII) into which it was converted on being heated with base. Mild ozonolysis of y-lupene 
gave a mixture of the two ketones (XII) and (XIII), treatment of which with base gave 
the stable isomer (XIII). 






CO,H 
H 
¥ [e) 
Me 
(2) (XIV) (XV) (e) (XVI) 


Me 


When hopene-a pa (VI) was treated with lead tetra-acetate in benzene (as above) 
it afforded a trisnorketone (VIII) ({«J, —42°), isomerised by base to the more stable oxo- 
trisnorhopane ° (VII). 

Optical rotatory dispersion data. 


Position Position 
Compound of min. 10°[M] of max. 10°[M] Solvent 
(—)-trans-Perhydro-8-methylindan-l-one 
ea Sey —- 3225 A —47° 2800A +41° Dioxan 
trans-Oxotrisnorhopane (VIII) ............ 3100 —90 2810 +118 MeOH-CHCI, (4: 1) 
trans-Oxotrisnorlupane (XII) ............... 3100 —109 2800 * +86 MeOH 
Androstan-17-one (XVI) ...........seeeeeeeee 2790 — 65 3180 +74 Dioxan 
cis-Oxotrisnorhopane (VII) ..............006. 2750 —39 3130 +79 MeOH-CHCI, (4: 1) 
cis-Oxotrisnorlupane (XIII) ............... 2780 — 52 3140 +68 MeOH 
3-Oxo-a-norcholanic acid (XIV) ............ 2750 —37 :3140 +70 MeOH 
* Curve still rising at this wavelength. 
Infrared data. 
Compound cis-Series trans-Series Solvent 
OCROCTIRONTRBOED .cccccscccpidcecicocaces 1725 cm.“ 1748 cm. “ Nujol” 
1738 1744 CCl, 
1729 1735 CHCl, 
CHOCTMOEMOMAMG 20.0. s0rccscescescescece 1729 1752 “Nujol” 
1742 1751 ccl, 
1729 1731 CHCl, 


The molecular-rotation differences between the two pairs of ketones are practically 
identical: A{Mp](XII) —» (XIII) + 752°: A[Mp)(VIIT) —» (VII) + 706°. The optical 
rotatory dispersion curves ? (cf. Table) of the cis-fused ketones from y-lupene and hopene-a 
were similar to one another and to that of 3-oxo-A-norcholanic acid § (XIV) with the same 
A/B ring structure. The curves for the trans-ketones were likewise similar to one another 
and to (—)-trans-perhydro-8-methylindan-3-one (XV) § and very different from those of the 
cis-ketones. The trans-ketone curves were a mirror image of that of androstan-17-one 
(XVI), rings c and p of which are enantiomeric to rings A and B of the trans-ketones. 

In each pair of cis- and trans-ketones the C=O stretching frequency of the less stable 
trans-ketone was higher than that of the more stable cis-ketone (cf. Table). 

These results prove the structure (VIII) of the less stable ketone formed from hopene-a 
and hence the ¢rans-fusion of rings D and E in hopene-a and hydroxyhopanone. The 
stereochemistry at C,,,) is hence in accord with biogenetic predictions.”* 

[Added, February 12th, 1960: Evidence has now been obtained that the hydroxyiso- 
propyl side chain of hydroxyhopanone at Cy) has the «-configuration, not the 6-configur- 
ation as in (II). The carbon skeleton of this revised structure for hydroxyhopanone can 
be biosynthesised by cyclisation of the all-chair conformation of squalene.] 


? Those for the ketones from hydroxyhopanone were kindly determined by Dr. W. Klyne and those 
for the ketones from y-lupene by Professor C. Djerassi. 
* Djerassi, Riniker, and Riniker, J. 4mer. Chem. Soc., 1956, 78, 6362. 
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EXPERIMENTAL 


M. p.s were determined on a Kofler block and are corrected. Rotations were determined 
for chloroform solutions at room temperature. The alumina used for chromatography was 
Peter Spence Grade “‘ H ”’ and, unless otherwise stated, was deactivated with 5% of 10% aqueous 
acetic acid. Light petroleum refers to the fraction with b. p. 60—80°. 

y-Lupene (IX).—This was prepared as described by Heilbron, Kennedy, and Spring * but 
with a contact time of 10 min. y-Lupene formed heavy prisms (from ethyl acetate-light 
petroleum), m. p. 198—201°, [a], —16° (c 1-43) (lit.: m. p. 197—199°, [a], —19-7°). 

Hydroxylation of y-Lupene.—y-Lupene (650 mg.) in dry ether (60 c.c.) was treated with 
pyridine (12 c.c.) and osmium tetroxide (485 mg.). The mixture was kept at 20° for 7 days. 
Insoluble inorganic material was filtered off and the filtrate was evaporated to dryness. The 
residue was heated under reflux for 6 hr. with mannitol (2-5 g.), potassium hydroxide (4-0 g.) 
in ethanol (20 c.c.), benzene (10 c.c.), and water (10 c.c.). Dilution with water and ethereal 
extraction afforded a pale yellow gum which was adsorbed from light petroleum—benzene (1 : 1) 
on alumina (25 g.). Elution with benzene afford gums which did not crystallise. Elution 
with benzene-ether (1:1) yielded y-lupene glycol [5(4 —w» 3)abeolupane-3€,4-diol *] (XI) (470 
mg.) as needles (from ethyl acetate), m. p. 187—191°, [@],, —6° (c 3-57)[Ruzicka, Jeger, and 
Huber ® give m. p. 164—165°, [a],, —13-6° (c 0-74) for a hemihydrate] (Found: C, 80-7; H, 11-5 
Cy9H;.0, requires C, 81-0; H, 11-8%). 

Fission of y-Lupene Glycol (XI).—y-Lupene glycol (129 mg.) was dissolved in dry benzene 
(50 c.c.) and lead tetra-acetate (140 mg.; 1-1 mol.) was added with stirring during 10 min. 
at 15°. The mixture was then stirred for 1 hr. After removal of insoluble yellow salts, the 
solvent was evaporated. Needles {121 mg.; m. p. 149—159°; [a], —89° (c 0-47)} remained. 
These were sublimed at 110—135°/0-01 mm. and recrystallised from ether-—light petroleum, 
giving 4,23,24-trisnor-5(4 —» 3)abeolupan-3-one (XII) as platelets, m. p. 164,—168°, [a],, —88° 
(c 1-16), Vmax, 1748 (in ‘‘ Nujol’’), 1744 (in CCl,), 1735 cm. (in CHCl,) (Found: C, 84-5; 
H, 11-3. C,,H,,O requires C, 84-3; H, 11-5%). 

Attempted purification of this ketone on alumina or silica gel caused some isomerisation, the 
products showing higher (positive) rotations ({a],, —58°; [a], —73°). 

Crude product (47 mg.) obtained directly from the fission of the glycol was purified by 
elution with light petroleum from cellulose (5 g.), platelets (from light petroleum), m. p. 161— 
165°, [aJ,, —88° (c 0-48), being obtained. 

Isomerisation of 4,23,25-Trisnor-5(4 —. 3)abeolupan-3-one (XII).—The ketone (84 mg.) 
was heated under reflux for 2} hr. in ethanol (20 c.c.) to which sodium (300 mg.) had been added. 
Dilution with water and extraction with ether afforded a crude product (83 mg.), [a], +60° 
(¢ 1:15), which was dissolved in benzene and filtered through alumina (4 g.). Evaporation 
of the filtrate gave platelets (66 mg.) which were crystallised from acetone-methanol, giving 
4,23,24-trisnor-(58H)-5(4 —» 3)abeolupan-3-one as plates, m. p. 168—173°, [a],, + 103° (c 0-35) 
(lit.: m. p. 173-5—174°, [a], + 107°), vmax, 1738 (in CCl,), 1729 (in CHCI,), and 1725 cm. (in 
“Nujol ”’). 

Ozonolysis of y-Lupene.—y-Lupene (1-2 g.) in hexane—chloroform (1: 1) was cooled to — 70° 
and ozonised oxygen (6%) (4 1.) was bubbled through the solution until, after $ hr., a persistent 
blue colour was observed. Excess of ozone was removed by a stream of nitrogen, and the 
solution was then shaken with hydrogen in the presence of palladium catalyst; no uptake 
was observed during 2 hr. The catalyst was removed by filtration and the filtrate evaporated 
to give a solid (1-01 g.), [a],, +32° (c 1-30), clearly a mixture of the cis- and the ¢vans-isomer 
(XII and XIII). This was heated under reflux in ethanol with sodium ethoxide as described 
above. The product was dissolved in light petroleum—benzene (1:1) and filtered through 
alumina (50 g.) to give 4,23,24-trisnor-(58H)-5(4 ——» 3)abeolupan-3-one (950 mg.) which 
crystallised from acetone—methanol as prisms, m. p. 173—175°, [a],, + 103° (c 1-21). 

Hydroxyhopane [(21€H)-17(22 —-» 21)abeogammaceran-22-ol] (III).—This, prepared as de- 
scribed,* crystallised as plates (from methanol—acetone), m. p. 254—256°, [a],, +42° (c 0-86) 
(lit.,? m. p. 254—256°, [a], +45°). 

Dehydration of Hydroxyhopane.—Hopene was prepared from hydroxyhopane as described.* 


* The prefix ‘‘ abeo’’ and the accompanying numerals indicate a bond migration in the molecule 
named as parent. Thus, 5(4 —» 3) abeolupane is lupane in which the 5,4-bond has been replaced by 
a5,3-bond. This usage (following a suggestion by Professor D. H. R. Barton) and related nomenclature 
proposals are being considered by the Society. Ep. 
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It is a mixture of hopene-a and hopene-b and crystallised from methanol—acetone as needles, 
m. p. 175—183°. 

Hydroxylation of Hopene.—Hopene (273 mg.) in ether (30 c.c.) and pyridine (3 c.c.) was 
treated with osmium tetroxide (225 mg.; 1-3 mol.) at 20° for 18 hr. The solvents were then 
evaporated and the residual osmate ester was cleaved by potassium hydroxide—mannitol. The 
product (320 mg.) was acetylated in pyridine (8 c.c.) at 20° for 18 hr. with acetic anhydride 
(3 c.c.). The mixture was then warmed to 90° for 30 min., after which the solvents were 
evaporated. The pale yellow residue was adsorbed from benzene-ether (19:1) on alumina 
(40g.). Elution with benzene-ether (5: 1) gave a gum (81 mg.). Further elution with benzene- 
ether (1: 1) afforded a crystalline solid (230 mg.) which was crystallised from methanol-acetone, 
giving hopene-a glycol [17(22 —» 21)abeogammacerane-21£,22-diol] (VI) as plates, m. p. 272— 
281°, {a],, +30° (c 0-87) (lit. m. p. 260—265°, [a], +31°). 

Cleavage of Hopene-a Glycol (V1).—The glycol (92 mg.) was dissolved in dry benzene (40 c.c.), 
and lead tetra-acetate (125 mg.; 1-3 mol.) was added with stirring during 10 min. The tem- 
perature was kept at 10° and stirring was continued for 1} hr. After insoluble yellow salts 
had been filtered off, evaporation afforded a solid which was dissolved in light petroleum and 
filtered through cellulose (10 g.). Evaporation then afforded 22,29,30-trisnor-17(22 —» 21)- 
abeogammaceran-21-one (VIII) (83 mg.) which crystallised from light petroleum-ether as plates, 
m. p. 175—180°, [aJ,, —42° (c 0-53); vmax 1752 (in “ Nujol’’), 1751 cm. (in CCl,), 1731 cm.7 
(in CHC],) (Found: C, 84-45; H, 11-35. C,,H,,O requires C, 84-3; H, 11-55%). 

Isomerisation of  22,29,30-Trisnor-17-(22 —» 21l)abeogammaceran-2l-one (VIII).—The 
ketone (1-05 g.) was heated under reflux for 1 hr. in ethanol (110 c.c.) to which sodium (600 mg.) 
had been added. Dilution with water and extraction with ether afforded a crude product 
which was adsorbed from light petroleum-benzene (6:1) on alumina (100 g.). Elution with 
light petroleum—benzene (1: 1) afforded microcrystals (950 mg.) which were recrystallised twice 
from methanol-acetone, giving 22,29,30-trisnor-(17«H)-17(22 —» 21)abeogammaceran-21-one 
(VII) as needles, m. p. 238—240°, [a],, + 140° (c 1-05) (lit.,> im. p. 240—241-5°, [a], +142°, 
Vmax, 1742 (in CCl,), 1729 (in CHCI,), and 1729 cm.*! (in “ Nujol ”’). 


The authors thank Dr. W. Klyne and Professor C. Djerrasi for discussions on the optical 
rotatory dispersion data. One of them (G.V.B.) thanks the Department of Scientific and 
Industrial Research for a maintenance grant. 


THE Dyson PERRINS LABORATORY, OXFORD UNIVERSITY. [Received, October 2nd, 1959.) 





345. Alkyls and Aryls of Transition Metals. Part III.* 
Nickel(1) Derivatives. 


By J. Cuatr and B. L. SHaw. 





Series of stable organonickel complexes of the types [(PR’,),NiRX] and 
[(PR’;),NiR,] have been prepared, where R is an ortho-substituted aryl 
group or an ethynyl or substituted ethynyl group. Similar alkylnickel(t1) 
complexes could not be isolated and, although phenyl-, and meta- or para- 
substituted aryl-nickel complexes were more stable, they decomposed in solu- 
tion or in air and were only obtained in an impure state. An explanation 
for the enhanced stability of ortho-substituted arylnickel complexes and for 
the stability of the nickel acetylide complexes is offered. 

Some reactions of these organonickel complexes are given, including 
halogenation to deep blue compounds, probably of nickel(1v), and also a 
reaction with a tertiary phosphine, whereby a quinque-co-ordinate nickel(11) 
complex, [(PPhEt,),Ni(C=CPh),] is formed. 


ALKYL and aryl derivatives of nickel are unknown, the closest approach to such com- 
pounds being the complex acetylides K,Ni(C=CR), and K,Ni(C=CR), described by 


* Part II, J., 1959, 4020. 
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Nast and his co-workers’? and the cyclopentadienyl derivatives, ¢.g., Ni(Cs;H;),. and 
NO-NiC;H;.*-4 

Following on the preparation of very stable complex platinum(m) and palladium(t) 
organometallic complexes of the types [L,.MRX] and [L,MR,] (R = alkyl, aryl, or 
substituted ethynyl radicals; L = tertiary phosphine, arsine, or sulphide),5® we have 
now prepared similar compounds of nickel(11). These are especially interesting, because 
as a class they are just on the limits of stability: some can even be sublimed in air but 
others decompose on attempted isolation. It is thus possible to make a rapid qualitative 
survey of structural factors affecting their stability. 

In general, the organometallic complexes were prepared in the same way as their 
platinum(I1) analogues, 7.e., by reaction of Grignard reagents or lithium or sodium com- 
pounds with complexes of the type [(PR,),NiX,] (X = Cl, Br). The products were 
hydrolysed (usually with dilute halogen acid) and isolated from the organic layer: 


[(PR3),NiBr.] + RMgBr ——w [(PR,),NiRBr] + MgBr, . . . . . . - (I) 
[(PRs)NiBr,] + 2RMgBr —— [(PR,),.NiR2] + 2MgBrg - - - - «+ «© « (Y 


Alkylnickel(t1) Derivatives.—The addition of trans-[(PEt,),NiBr,] to methylmagnesium 
bromide discharged the red colour of the nickel halide complex, giving a yellow solution, 
which probably contained a methylnickel derivative. However, in attempts to isolate 
this in the usual manner the ether solution rapidly deposited greenish decomposition 
products and no definite organometallic compound could be isolated. Benzyl and other 
alkyl Grignard reagents and triphenylmethylsodium behaved similarly. 

Arylnickel(t1) Derivatives—Phenylmagnesium bromide reacted with [(PR,),NiBr,] to 
form phenyl derivatives. They were very pale yellow crystalline complexes, which were 
soluble in organic solvents, but could not be isolated in a pure state. Analysis indicated 
a probable formula [(PR,),NiPh,], but they decomposed in solution and in air. Attempts 
to prepare derivatives of meta- and para-substituted phenyls and of 2-naphthyl gave 
similar products. However, ortho-substituted phenyls, 1-naphthyl, 9-phenanthryl, and 
9-anthryl all form surprisingly stable compounds of the types trans-[(PR,),NiArX] and 
also, in some cases, trans-[(PR,),NiAr,]. These complexes were, with a few exceptions, 
stable in boiling ethyl alcohol and benzerte solution and appear to be stable indefinitely 
in the solid state (some of them have remained unchanged after more than a year’s storage 
in air at room temperature). The mesityl derivatives are particuiarly stable; for instance, 
the complex trans-[{(PEt,),Ni(mesityl)Cl] sublimes in air at 150°/1 atm. on a Kofler block 
without decomposition. 

Ethynylnickel(t1) Derivatives.—These are of the type trans-[(PR,),Ni(C=CR’),] and can 
be prepared from [(PR,),NiBr,] and R’C=C-MgBr but the yields are not good. Never- 
theless, all nickel acetylides of this type are readily prepared from the nickel halide complex 
and R’C=CNa reacting in liquid ammonia. Thus the complexes [(PPr*,),Ni(C=CPh),] and 
[(PEt,Ph, _ ,)2Ni(C=CR’),] (n = 0—3; R’ =H, Me, or Ph) were prepared as stable, pale 
yellow, highly crystalline complexes. They have strong infrared absorption bands 
at ca. 2000 cm.1, characteristic of a dipolar acetylenic linkage, and the complex 
[((PEt,),Ni(C=CH),] also had a strong band at 3229 cm. characteristic of an ethynyl 
hydrogen. 

The stable organonickel complexes isolated in this work are listed in Table 1 together 
with their melting points, colours, and method of preparation. They are diamagnetic, 
and those of type [(PR,),NiR’,] have very small or zero electric dipole moments. They 
therefore have a ¢rans-planar arrangement of groups around the nickel atom. The mixed 
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1 Nast, Vester, and Griesshamnter, Chem. Ber., 1957, 90, 2678. 
* Nast and Kasperl, Z. anorg. Chem., 1958, 295, 227. 

* Fischer and Jira, Z. Naturforsch., 1953, 8b, 217. 

* Fischer and Jira, Z. Naturforsch., 1954, 9b, 618. 

§ Parts I and II, Chatt and Shaw, /J., 1959, 705; 1959, 4020. 
® Calvin and Coates, Chem. and Ind., 1958, 160. 
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complexes [(PR,),NiR’X] also have a trans-configuration as indicated from the dipole 
moments of a few typical examples. Although the complexes [(PPh,),Ni(C=CPh),] and 
[(PPh,),Ni(l-naphthyl)Br] are yellow, trans-planar, and diamagnetic, the halide from 
which they were prepared, viz., [(PPh,),NiBr,], is green, paramagnetic, and has a distorted 


TABLE 1. Methods of preparation and physical 
properties of organonickel(1) complexes. 

Compound Method * Colour M. p.} 
[(PEt,),Ni(o-tolyl) Br} 1 Orange-brown 102—103° 
[(PEt,),Ni(o-tolyl)Cl) 1 Orange-brown 75—77-5 
[(PPhEt,),Ni(o-tolyl) Br} 1 Orange-brown 114—117 
{(PPhEt,),Ni(o-chlorophenyl) Br] 1 Yellowish-brown 137-5—138-5 
[(PPhEt,),Ni(o-bromopheny]l) Br] l Orange-brown 130—131 
{(PPhEt,),Ni(o-methoxypheny]l) Br} 1 Yellowish-brown 125—128 
[(PPhEt,),Ni(www-trifluoro-o-tolyl)Cl] 3 Yellow 100—101 
[(PEt,),Ni(mesityl) Br] 1,6 Brown 159—160 
[(PEt,),Ni(mesityl)Cl] 5 Yellowish-brown 166—167 
[(PPhEt,),Ni(mesityl) Br] 1 Brown 114—116 & 

128—130 
Orange 106—107 
Dark brown 126—128 
Brown 156—158 
Brown 133-5—135-5 
Brown 150—152:-5 § 
Orange 180—182 ¢ 
Orange-brown 127—129 
Dark brown 129—132 


S 


[(PPhEt,),Ni(mesityl)Cl] 
[(PPhEt,),Ni(2-biphenylyl) Br] 
[(PEt,) sNi(C,Cl,) Cl) 
[(PPhEt,),Ni(C,Cl,)C1} 
{(PEt,),Ni(1-naphthyl) Br] 
{(PEt,),Ni(1-naphthyl)SCN} 
{(PPhEt,),Ni(l-naphthyl) Br] 
{(PPhEt,),Ni(1-naphthyl)T] 


w 


{(PPhEt,),Ni(l-naphthyl)SCN] 
[(PPhEt,),Ni(l-naphthyl) NO,] 


[(PEt,),Ni(C,Cl,)I) 


{(PPh,Et),Ni(l-naphthyl) Br} 
{(PPh,),Ni(1-naphthyl) Br} 
[(PEt,),Ni(9-phenanthryl) Br} 
[(PPhEt,),Ni(9-phenanthry]l) Br} 
{(PPhEt,),Ni(9-anthryl) Br] 


[(PEt,),Ni(phenyl) ] 
[(PPr*,),Ni(phenyl) ] 


[(PPhEt,),Ni(o-tolyl).] 


{(PEt,),Ni(mesityl) 9] 


[(PPhEt,),Ni(mesityl),] 
{(PPhEt,),Ni(2-biphenyly]).] 


[(PEt,),Ni(C=CH),] 
[(PEt,),Ni(C=CMe).] 
[(PEt,),Ni(C=CPh),] 
[(PPr®,),Ni(C=CPh),] 


[(PPhEt,),Ni(C=CPh),} 
{(PPh,Et),Ni(C=CPh),] 


[(PPh,),Ni(C=CPh)] 


{(PPhEt,),Ni(C=CPh),] 
[(PPhEt,),Ni(C=CPh)CI) 
[(PPhEt,),Ni(1-naphthyl)Br,] 
[(PPhEt,),Ni(1-naphthyl)Cl, Br] 


o 


1 
1 
1 
1 
6 
1 
6 
6 
6 
6 
l 
1 
1 
1 
1 
1 
1 
2,3 
2 
2 
3 
4 
4 
4 
4 
4, 
4 
4 
4, 
5 
7 
7 


Orange 

Pale yellow 
Dark brown 
Orange 

Orange 

Brown 

Brown 

Brown 

Pale yellow 

Pale yeliow 

Pale yellow 

Pale yellow 

Pale yellow 

Pale yellow 

Pale yellow 
Bright yellow 
Yellowish-orange 
Yellowish-orange 
Yellowish-orange 
Orange 

Orange 

Dark red 

Brown 

Deep blue 
Bright blue 


160—163 ¢ 
144—153 + 
168—171 
132—139 ¢ 
168-5—170 ¢ 
156—159 + 
148—152 
166—169 ¢ 
125—130 + 
129—135 ¢ 
146—148 } 
148—150 § 
154—157 § 
119—121 ¢ 
36—36-5 
74—75 
149—151 
65—67 
106—108 
155—158 ¢ 
170—172 ¢ 
65—68 ¢ 
87—89 
186—188 
178—180 


1-4t 
2-0t 





* See Experimental Section. 
¢ Calculated by using estimated values of the density and the refractivity (see Part I of this series). 
¢ With decomposition. § With slight decomposition. 


tetrahedral configuration.’ The complex [(PEtPh,),NiBr,] is also dark green and para- 
magnetic in the solid state but yields a yellow, diamagnetic acetylide [(PEtPh,),Ni(C=CPh),] 
of trans-planar configuration. The compounds of the type trans-[(PR,),NiR’,] are bright 
or golden-yellow, whereas those containing a halogen atom, trans-[(PR,),NiR’X], are 
brownish-yellow to deep brown, presumably owing to charge-transfer bands in their 
spectra. 

The complex halides, e.g., trans-[(PEt,),NiBr,], and their solutions have a strong odour 
of the free phosphine. Since the organonickel complexes and their solutions smell only 

7 Venanzi, J., 1958, 719. 
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weakly or not at all of free phosphine, it is apparent that replacement of even one of the 
halogen atoms by an organic radical stabilises the P—-Ni linkage. 

Fission Reactions.—Dry hydrogen chloride in ether—benzene or tetrahydrofuran- 
benzene cleaves the organic groups from the nickel atom. trans-[{(PEt,),Ni(mesityl),] was 
cleaved rather slowly by dry hydrogen chloride (1 mol.) to give trans-[(PEt,),Ni(mesityl)C1] 
in good yield. ¢rans-[(PPhEt,),Ni(mesityl),] was even more resistant to fission by hydrogen 
chloride and the product, ¢vans-[(PPhEt,),Ni(mesityl)Cl], was recovered in good yield even 
after the passage of dry hydrogen chloride through its solution for} hr. The phenylethynyl 

oup could also be cleaved in this manner, but the resultant complex, ¢rans- 
[(PEt,).Ni(C=CPh)Cl], was rather labile and difficult to purify. As in the case of the 
platinous organometallic compounds, the organic groups were removed according to 
equation (3). 
trans-[(PR’s),NiRg] + HCl ——s trans-[(PR’,)sNIRCI]+ RH . . . . . . . Q) 


Attempts to effect fission of aryl groups by using magnesium iodide in ether were not 
successful. Thus the complex ¢rans-[(PPhEt,),Ni(mesityl),] on treatment with magnesium 
iodide in ether for 2 days gave a good recovery of starting material and no mesitylmagnesium 
iodide appeared to have been formed since carbonation failed to yield any mesitoic acid 


trans-[(PPhEt,),Ni(mesity!).] + Mgl, —— > trans-[(PPhEt,),(mesity!)I] + mesityIMgl . . . . (4) 


[see equation (4)]. Similarly the complex trans-[(PEt,Ph),Ni(l-naphthyl)Br] on treatment 
with magnesium iodide and subsequent carbonation failed to yield any «-naphthoic acid. 

Metathetical Replacement Reactions.—The halogen atom (X) in organonickel complexes 
of the type [(PR,),Ni(aryl)X] could readily be replaced by other radicals. Thus, by 
treatment with the appropriate alkali-metal salt in acetone, chloride could be replaced 
by bromide, and bromide by iodide or nitro- or thiocyanato-groups. Treatment of 
the monohalide complex trans-[(PEt,Ph),Ni(l-naphthyl)Br] with NaC=CPh in liquid 
ammonia, however, yielded trans-[(PEt,Ph),Ni(C=CPh),] and not the expected. trans- 
[(PEt,Ph),Ni(1-naphthyl) (C=CPh)]. 

A 5-Co-ordinate Nickel(tt) Complex, [(PPhEt,),Ni(C=CPh),].—It was found that by 
treatment of trans-[(PPhEt,),NiBr,} with NaC=CPh in liquid ammonia, besides the expected 
trans-[(PPhEt,),Ni(C=CPh),] which is yellow, a large quantity of the deep red, very soluble 
complex [(PPhEt,),Ni(C=CPh),] was obtained. This unusual complex, readily prepared 
according to equation (5), dissociates reversibly in solution. It was thus too unstable 


trans-[(PPhEt,),Ni(C=CPh),] + PPhEt, =—e=—@ [(PPhEt,)sNi(C=CPh),} . . - « - (5) 
Yellow Dark red 


to permit measurements, such as of dipole moment or molecular weight in solution. 
However, the solid was diamagnetic, showed a strong absorption band in the infrared at 
2088 cm." , characteristic of a polar acetylenic linkage, and had a low m. p. (62—68°) 
and a high solubility in organic solvents. It thus seems likely that the new complex is 
monomeric and 5-co-ordinate. Attempts to prepare similar complexes by using other 
phosphines were not successful; thus, addition of triethylphosphine to trans- 
{(PEt,),.Ni(C=CPh),] gave no darkening in colour and no evidence of complex formation. 
A similar negative result was obtained for the action of triphenylphosphine on trans- 
[(PPhEt,).Ni(C=CPh),]. 

Factors affecting the Stability of Organo-nickel Complexes.—Qualitatively it is evident 
that the stabilities of the nickel complexes [(PR’,),NiR,] and [(PR’,),NiRX] increase in 
the order of R groups: alkyl < phenyl ~ m- and #-substituted aryl < ethyny]l or substituted 
ethynyl ~ o-substituted aryl. Two properties of the group R appear to be important for 
Stability: (a) it should allow the possibility of conjugation to the nickel atom and (6) it 
should have at least one ortho-substituent when it isan aryl group. The crucial factor about 
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the substituent appears to be its size rather than its electronic character. The fact that the 
presence of bulky ortho-substituents in the phenyl groups of [(PR,),NiPh,] can cause an 
increase in stability, although they also introduce steric strain within the molecule, indicates 
a kinetic rather than a thermodynamic explanation of their stabilising action. These facts 
can be accommodated in terms of the ideas put forward in Part I on the stabilisation of 
the organic derivatives of transition metals,5 and of what we know of the mechanism of 
substitution reaction in square planar complexes.® 

(a) Instability of alkyl derivatives. In Part I we suggested that the energy difference 
between the highest occupied electronic level and the lowest unoccupied level had to exceed 
some crucial value, before organo-transition metal complexes became sufficiently stable to 
be isolated. The Fig. shows the splitting of d-energy levels (according to crystal-field 
theory) which probably occurs in complexes of d* type ® such as the organometallic com- 
pounds [(PR,).MR,] (M = Pt, Pd, and Ni), and according to our hypothesis the energy 
difference AE between the d,,- and the d,+— orbitals is the crucial factor (the x, y plane 
is the plane of the complex). These are non-bonding and antibonding orbitals respectively 
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in molecular orbital theory. The phosphine ligands give a sufficiently large AE to stabilise 
the alkyl derivatives of platinum and palladium, but the ligand-field splitting decreases on 
passing from the heavier to lighter elements in any Group of the Periodic Table.!° Evi- 
dently, the splitting in the nickel complexes is not sufficient to stabilise the alkyl derivatives. 

(b) Stability of aryl derivatives. In Part II 5 we provided evidence that in the platinum 
compounds cis- and trans-[(PR’,),PtPh,], there is a significant mesomeric drift of electrons 
from the metal into the anti-bonding x-orbitals of the aromatic systems. The phenyl 
groups will certainly rotate about the metal to carbon bonds, consequently their x-orbitals 
must overlap with d,,- and/or d,,-orbitals of the metal, as well as with the crucial d,- 
orbital, so causing some lowering of all of these energy levels, i.e., a small increase in AE. 
At the same time a certain amount of x-bonding is introduced into the metal—phenyl 
bond. Thus the stabilisation of the phenyl relative to the methyl derivatives could be 
due both to an increase in AE and to an increase in Pt-C bond strength, both increases 
caused by the addition of some x-bonding, accompanied by mesomeric electron drift from 
the metal to the phenyl groups. 

The meta- and para-substituted aryl complexes should be similar electronically to the 


§ Basolo and Pearson, ‘‘ Mechanisms of Inorganic Reactions,” John Wiley & Sons, New York, 1958, 
172. 
* Chatt, Gamlen, and Orgel, J., 1958, 486. 
10 Jérgensen, ‘‘ Quelques Problémes de Chimie Minérale ’’ (a report of the tenth Solvay Conference 
of Chemistry), R. Stoops, Brussels, 1956, 355. 
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unsubstituted phenyl complexes, except in so far as the substituents withdraw or release 
electrons, so slightly increasing or decreasing AE and the double-bond character of the 
Ni-C,,, bond. The electronic effects of pava-substituents should be the more marked; 
nevertheless the few para-substituted phenyl complexes which we have prepared had 
similar stabilities to those of their phenyl analogues. 

In the ortho-substituted aryl derivatives a new situation arises, and additional stabilis- 
ation is found owing, we think, to a combination of electronic and steric factors. Models 
show that the interference of the ortho-substituents with the bulky tertiary phosphine 
ligands on each side of the nickel atom would prevent the rotation of the aryl group about 
the Ni-C bond, and the ortho-substituted aryl group would thus be held with its plane 
perpendicular to that of the complex. In these circumstances its x-orbitals must interact 
specifically with the crucial d,,-orbital of the metal. Thus AE will be greater than it 
would have been had the aryl group rotated and so have interacted with the d,,- or dy,- 
orbital as well. This increase in AE probably prevents thermal dissociation of the organo- 
metallic complex leading to free radicals, a common mode of thermal decomposition of 
organometallic compounds, but the ortho-substituted aryl complexes are also relatively 
inert to attack by chemical reagents and this we believe to be caused mainly by the shielding 
of the nickel atom by the ortho-substituent. 

In solution “square planar” complexes may react to give ligand replacement by 
either an Syl or an Sy2 mechanism. In most solvents they are solvated so that weakly 
held solvent molecules occupy the octahedral positions along the z axis. There is con- 
siderable evidence that these solvent molecules assist the initial dissociation of the complex 
during reaction by an Syl mechanism by moving in towards the metal atoms as the dis- 
sociating ligand breaks away.® The ortho-substituents in our ortho-substituted aryl 
complexes of nickel would prevent this action of the solvent and so stabilise the complex 
to attack by an Syl mechanism. Similarly, they would also hinder the approach of 
reagent molecules for attack by an Sy2 mechanism, but in the case of the monosubstituted 
aryl complexes of the type tvans-[(PR,),Ni(aryl)X] one side of the molecule would still be 
available for attack by a bimolecular mechanism, and perhaps it is significant that the 
most inert complexes have an aryl group with two ortho-substituents, ¢.g., trans- 
[((PRs),Ni(mesityl)X] and trans-[(PR,),Ni(C,Cl,;)X]. Thus the stabilising action of the 
ortho-substituents may be due to the electronic effect of the increased AE together with 
the steric effect of the ortho-group hindering or preventing suitably directed attack by 
reagents or solvents, at the nickel atom. 

(c) Stability of the acetylides. In the compounds trans-[(PR’;),Ni(C=CR),] there are 
two sets of antibonding x-orbitals associated with each acetylide group. These are in 
planes at right angles and together have cylindrical symmetry so will always interact with 
the d,,-orbital, independently of any rotation about the Ni-C bond. Also, since the 
acetylide group is strongly electron-withdrawing, AE will be appreciably increased and 
the Ni-C bond should have considerable double-bond character. This appears to be 
sufficient to stabilise the acetylides completely, and stability increases, as would be expected 
on this basis, in the order: R’ = H < alkyl < aryl. Even the ethynyls are stable and 
have no tendency to detonate or inflame after the manner of the complex acetylides, ¢.g., 
K,[Ni(C=CH),] described by Nast and his co-workers. 

The way in which we consider AE to increase throughout the above types of nickel 
complexes is summarised qualitatively in the Fig., where AE < AE’ < AE” ~ AE’”. 
The level of the d,»— y-orbital has been arbitrarily chosen as a final energy level. The 
relative energy of the d,-orbital is uncertain and the d,,,d,,-orbitals may have slightly 
different energies but these do-not affect our arguments. 

The order of increasing AE is not that of increasing stability, because the steric blocking 
effects of the ortho-substituents are an important additional factor, rendering many ortho- 
substituted aryl complexes even more stable than phenylethynyl complexes. 
Halogenation of Arylnickel Complexes.—In general, treatment of arylnickel complexes 
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with bromine or chlorine yielded intractable dark green or blue products, but ¢trans- 
((PPhEt,),Ni(l-naphthyl)Br] gave crystalline products. Bromination of this complex 
gave a deep blue, crystalline product, which was stable in air but decomposed in most 
organic solvents. Analyses were in agreement with a molecular formula C,9H;,Br,NiP,. 
A similar product was formed on chlorination, viz., Cs7H,,BrCl,NiP,; the magnetic moments 
(u) of the two solid compounds, measured at 20°, were 3-4 and 3-8 Bohr magnetons and the 
molar conductivities, in nitrobenzene solution at 25°, were 18-7 and 16-8 mho, respectively. 
These two products could be complexes of nickel(Iv), e.g. (PPhEt,),Ni(1-naphthyl)Br,, but 
their exact nature has not been established. 


EXPERIMENTAL 


Microanalyses are by Messrs. W. A. Brown and A. G. Olney and by Miss S. Lathwell of 
these laboratories. M. p.s were determined on a Kofler hot-stage and are corrected. Spence 
grade ‘‘H ”’ alumina was used for chromatography. 

The nickel halide complexes of tertiary organic phosphines were prepared by adding the 
phosphine (2 mol.) to a solution of the appropriate nickel halide, in ethyl alcohol containing a 
little water, as described by Jensen.1! Only the following two are new: trans-Bis(diethyl- 
phenylphosphine)dibromonickel, obtained as dark red prisms, m. p. 114—116°, from ethyl 
alcohol (Found: C, 43-3; H, 5-5. C, 9H, ,Br,P,Ni requires C, 43-6; H, 55%), and bis(ethyl- 
diphenylphosphine)dibromonickel, obtained as dark green prisms, m. p. 173—175°, from methylene 
chloride-ether (Found: C, 51-95; H, 4°75. C,.,H3,Br,P,Ni requires C, 51-95; H, 4-65%). 

The nickel halide complexes were converted into organometallic complexes as follows: 

Method (1): Arylnickel Complexes prepared from Grignard Reagents at Low Temperatures.— 
Organonickel complexes of the type trvans-[(PR,),Ni(atyl)X] were prepared by adding the 
appropriate nickel complex [(PR,),NiX,] to the Grignard reagent at ca. —10°, followed by 
hydrolysis after a few minutes, and isolation of the product. The preparation of trans-bis- 
(triethylphosphine) bromo(o-tolyl)nickel is typical. 

trans - Bis(triethylphosphine)bromo - (0 - tolyl)nickel, trans - [(PEt;),Ni(o-tolyl)Br]. trans - 
[(PEt,),NiBr,] (3-0 g.), as a slurry in benzene (20 c.c.), was added at ca. —10° to the Grignard 
reagent prepared from magnesium (0-24 g.), o-bromotoluene (1-71 g.), ether (50 c.c.), and benzene 
(30 c.c.). After 2 min. the mixture was cooled to ca. —40° and hydrolysed with dilute hydro- 
bromic acid. Isolation of the product from the organic layer and crystallisation from ethanol- 
methanol afforded trans-bis(triethylphosphine)bromo-(o-tolyl)nickel (2-58 g., 84%) as prisms 
(Found: C, 48-8; H, 8-0. C,.H,,BrNiP, requires C, 48-95; H, 8-0%). 

trans-Bis(diethylphenylphosphine)bromo-(o-tolyl)nickel was similarly prepared and formed 
needles (75%) from ethyl alcohol (Found: C, 57-95; H, 6-75. C,,H;,BrNiP, requires C, 57-7; 
H, 665%). 

trans-Bis(triethylphosphine)chloro-(o-tolyl)nickel was prepared by treating tvans-[(PEt,),NiCl,] 
in tetrahydrofuran—benzene at —10° for 5 min. with o-tolylmagnesium chloride (ca. 2 mol.). 
Hydrolysis at ca. —40° with dilute hydrochloric acid and isolation then gave the required 
product as prisms (54%) from methyl alcohol (Found: C, 53-7; H, 8-75. C, 9H;,CINiP, 
requires C, 54-15; H, 8-85%). 

trans-Bis(diethylphenylphosphine)bromo-(o-chlorophenyl)nickel was prepared by method (1) 
and formed prisms (84%) from ethyl alcohol (Found: C, 53-65; H, 5-9. C,,H,,BrClNiP, 
requires C, 53-6; H, 5-9%). 

trans-Bis(diethylphenylphosphine)bromo-(o-bromophenyl)nickel was similarly prepared and 
formed prisms (60%) from ethyl alcohol (Found: C, 49-65; H, 5-6. C,,H,,Br,NiP, requires 
C, 49-8; H, 5-45%). 

trans-Bis(diethylphenylphosphine)bromo-(o-methoxyphenyl)nickel was prepared by the general 
method and formed needles (32%) from ethyl alcohol or light petroleum (b. p. 60—80°) (Found: 
C, 56-15; H, 6-55. C,,H,;,OBrNiP, requires C, 56-1; H, 6-45%). 

trans-Bis(triethylphosphine)bromo(mesityl)nickel formed needles (69%) from ethyl alcohol 
(Found: C, 50-85; H, 8-35. C,,H,,BrNiP, requires C, 51-05; H, 84%). 


11 Jensen, Acta Chem. Scand., 1949, 3, 474; Z. anorg. Chem., 1936, 229, 265. 
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trans-Bis(diethylphenylphosphine)bromo(mesityl)nickel was obtained as prisms, m. p. 114— 
116°, from methyl alcohol or as needles, m. p. 129—130° after resolidification of the melt. 
The needles on recrystallisation from methyl alcohol formed the prisms (72%), m. p. 114—116° 
(Found: C, 58-9; H, 7-4%; M, ebullioscopically in 1-5% benzene solution, 639. C,,H,,BrNiP, 
requires C, 58-9; H, 7-:15%; M, 590). 

trans-Bis(diethylphenylphosphine)bromo-(2-biphenylyl)nickel formed prisms (78%) from light 
petroleum (b. p. 80—100°) (Found: C, 61-55; H, 6-3. C,,HsgBrNiP, requires C, 61-55; H, 63%). 

trans-Bis(triethylphosphine)chloro(pentachlorophenylyickel. Pentachlorophenylmagnesium 
chloride was prepared by first activating magnesium (0-48 g.) in tetrahydrofuran (20 c.c.) with 
benzyl chloride (0-3 g.) and then adding Iwexachlorobenzene (5-7 g.). After the initial exo- 
thermic reaction had subsided the mixture was stirred for 1 hr. at 20° and benzene (20 c.c.) 
was added. The whole was cooled to —20°, tvans-[(PEt,),NiCl,] (3-0 g.) was added, and the 
mixture stirred for 2 mins. at 0°; a mixture of brown prisms and colourless needles was col- 
lected; when this was heated at 130°/0-01 mm. the colourless, wholly organic, portion sub- 
limed and the residue on recrystallisation from ethy] alcohol yielded trans-bis(triethylphosphine)- 
chloro(pentachlorophenyl)nickel (3-8 g.) as prisms (Found: C, 37-5; H, 5:3; Cl, 36-45. 
CygHgpCl,NiP, requires C, 37-3; H, 5-2; Cl, 36-7%). 

trans-Bis(diethylphenylphosphine)chloro(pentachlorophenyl)nickel was similarly prepared and 
formed prisms from light petroleum (b. p. 80—100°) (Found: C, 46-5; H, 4:55; Cl, 31-2. 
CygHyoCl,NiP, requires C, 46-2; H, 4-5; Cl, 31-45%). trans-Bis(triethylphosphine)bromo-(1- 
naphthyl)nickel formed prisms (67%) from light petroleum (b. p. 60—80°) or ethyl alcohol 
(Found: C, 52-65; H, 7-5. C,.H;,BrNiP, requires C, 52-65; H, 7-45%), and the diethyl- 
phenylphosphine analogue, similarly prepared, formed rhombs (89%) from ethyl alcohol (Found: 
C, 60-3; H, 6-35%; M, ebullioscopically in 1-64% benzene solution, 526; in 4-22% benzene 
solution, 566. C,,9H;,BrNiP, requires C, 60-15; H, 6-4%; M, 598). The ethyldiphenylphosphine 
compound, prepared from [(PPh,Et),NiBr,], formed prisms from light petroleum (b. p. 80—100°) 
(analyses were erratic. Found: C, 64-55, 66-6; H, 5-4, 5-45. C,,H;,BrNiP, requires C, 65-75; 
H, 5°35%); and the triphenylphosphine analogue, prepared from [(PPh,),NiBr,] in 60% yield, 
formed prisms from methylene chloride—ethy]l alcohol (Found: C, 69-6; H, 4:8. C,H;,BrNiP, 
requires C, 69-9; H, 4-7%). 

trans-Bis(triethylphosphine)bromo-(9-phenanthryl)nickel was prepared in 54% yield as 
elongated prisms from ethyl alcohol (Found: C, 56-4; H, 7-2. C,sH3,BrNiP, requires C, 56-55; 
H, 7:°1%). The analogous diethylphenylphosphine compound, after one recrystallisation from 
ethyl alcohol and one from light petroleum (b. p. 80—100°), was obtained as prisms (Found: 
C, 63-05; H, 6-1. C,,H,,BrNiP, requires C, 63-0; H, 6-05%); yield 65%. 

trans-Bis (diethylphenylphosphine)bromo-(9-anthryl)nickel as obtained by the general method 
was mixed with anthracene, a difficult impurity to remove. However, removal was effected 
by heating this mixture at 140°/10 mm., and the residue on crystallisation from n-propyl 
alcohol yielded the desired complex as prisms (Found: C, 63-0; H, 6-15. C,,H,,BrNiP, 
requires C, 63-0; H, 6-05%). 

Bis(triethylphosphine)diphenylnickel [(PEt,),Ni(C,H,),].—A solution of trans-[(PEt;),NiBr,] 
(1-14 g.) in benzene (20 c.c.) was added at — 20° during 20 min. to a solution of phenylmagnesium 
bromide, prepared from magnesium (0-48 g.), bromobenzene (3-45 g.), ether (40 c.c.), and 
benzene (30 c.c.). The yellow solution which formed was cooled to —30° and hydrolysed by 
cautious addition of dilute hydrochloric acid. The organic layer was separated, dried (MgSO,), 
and evaporated down under reduced pressure. Very pale yellow needles of impure bis(triethyl- 
phosphine)diphenylnickel separated. These were filtered off, washed with a little cold benzene, 
and dried under high vacuum (Found: C, 59-7; H, 8-3. C,H, NiP, requires C, 64-15; H, 
90%). The product decomposed very rapidly in ethyl alcohol solution and in air decomposed 
with the formation of biphenyl (from evidence of smell). 

Bis(tripropylphosphine)diphenylnickel. Similarly, treatment of trans-[(PPr®,),NiBr,] with 
phenylmagnesium bromide yielded needles of impure bis(tri-n-propylphosphine)diphenylnickel 
(Found: C, 63-4; H, 9-4. C,,H,,NiP, requires C, 67-55; H, 9-85%). 

Method (2): Diarylnickel -and Nickel Acetylide Complexes formed by the Grignard 
Method at High Tempevatures.—trans-Bis(diethylphenylphosphine)di-(o-tolyl)nickel. trans- 
[((PPhEt,),NiBr,] (2-0 g.) was added to a solution of o-tolylmagnesium bromide, prepared from 
magnesium (0-48 g.), o-bromotoluene (3-42 g.), tetrahydrofuran (25 c.c.), and benzene (30 c.c.). 
After being heated under reflux for 10 min. the mixture was cooled to —30° and hydrolysed 
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by cautious addition of dilute hydrobromic acid. The organic layer was separated, washed 
with water, dried (MgSO,), filtered, and evaporated to dryness. Addition of ethyl alcohol 
to the residue gave yellow needles which were filtered off and recrystallised by dissolving them 
in cold benzene and adding cold methyl alcohol. trans-Bis(diethylphenylphosphine)di-(o- 
tolyl)nickel was obtained as needles (Found: C, 71-2; H, 7-8. C3,H,,NiP, requires C, 71-2; 
H, 7:75%); yield 0-21 g. 

trans-Bis(triethylphosphine)di(mesityl)nickel, prepared in 65% yield by a similar method to 
the above, formed glistening needles from benzene-ethyl alcohol (Found: C, 67:3; H, 9-8. 
Cy9H,;,NiP, requires C, 67-55; H, 9-85%) sand the diethylphenylphosphine analogue, prepared 
by using a slightly longer reaction time (17 minz@sfder reflux), was obtained as needles (58%) 
from benzene-methyl alcohol (Found: C, 72-95; H, 8-45. C,,H;,P,Ni requires C, 72-5; 
H, 8-35%). 

trans-Bis(triethylphosphine)di(phenylethynyl)nickel. Ethylmagnesium bromide was prepared 
from magnesium (0-24 g.), ethyl bromide (1-09 g.), and ether (15 c.c.). A solution of phenyl- 
acetylene (1-02 g.) in benzene (10 c.c.) was added, and after 15 minutes’ heating under reflux 
the mixture was cooled to 20° and a solution of trans-[(PEt,),NiBr,] (1-14 g.) in benzene (20 c.c.) 
was added with stirring. After 50 min. the dark brown solution was cooled to 0° and hydrolysed 
with dilute hydrochloric acid, and the product isolated from the organic layer. Three re- 
crystallisations from ethyl alcohol then gave trans-bis(triethylphosphine)di(phenylethynyl)nickel 
as needles (0-23 g.) (Found: C, 67-65; H,8-1%; M, ebullioscopically in 1-53% benzene solution 
500; in 3-72% benzene solution, 470. C,,H,P,Ni requires C, 67-65; H, 8-1%; M, 496). 
The magnetic susceptibility of the solid at 20° (x) was —[0-51 + 0-40] x 10°. 

trans-Bis(tripropylphosphine)di(phenylethynyl)nickel. A _ solution of phenylethyny]l- 
magnesium bromide was prepared as above, and to it trans-[(PPr®,),NiCl,] (1-1 g.) in benzene 
(30 c.c.) was added at 20°. After being stirred for 6 min. at 20° the mixture was cooled to 0° 
and hydrolysed with dilute hydrochloric acid. The crude product, isolated from the organic 
layer, was chromatographed on alumina, and elution with light petroleum (b. p. 40—60°)-ether 
(20:1) then gave the required product, which formed needles (0-75 g.) from methyl alcohol 
(Found: C, 70-45; H, 9-13. C,,H;,NiP, requires C, 70-25; H, 9-02%). 

Method (3). Preparation of Arylnickel Complexes by using an Aryl-lithium.—Pre- 
paration of trans-bis(diethylphenylphosphine)di-(o-tolyl)nickel by use of o-tolyl-lithium. trans- 
[(PPhEt,),NiBr,] (0-8 g.) in benzene (10 c.c.) was treated with a solution of o-tolyl-lithium 
in ether (2-0c.c.; 1-75n). After 15 min. water was added and the organic layer was separated, 
dried (MgSO,), and evaporated to dryness. The residue gave the desired product as bright 
yellow prisms (0-203 g.) from benzene—methy] alcohol. 

trans-Bis(diethylphenylphosphine)bromo-(1-naphthyl)nickel. A  1-1N-solution of n-butyl- 
lithium (4-0 c.c.) was added to a solution of 1-bromonaphthalene (0-55 c.c.) in benzene (5 c.c.) 
and after 1 min. the resultant solution was added to tvans-[(PPhEt,),NiBr,] (2-00 g.), dissolved 
in benzene (25 c.c.). After 2 min. the precipitated lithium bromide was filtered off, and trans- 
bis(diethylphenylphosphine) bromo-(l-naphthyl)nickel (0-36 g.) isolated from the filtrate by 
evaporation and crystallisation from ethyl alcohol. 

trans-Bis(diethylphenylphosphine)di-(2-biphenylyl)nickel. Butyl-lithium (20 c.c.; 0-43N) was 
added to a solution of 2-bromobiphenyl (2-4 g.) in ether (50 c.c.), and the mixture set aside for 
10 min. trans-{[(PPhEt,),NiBr,] (1-8 g.) was added, and after 1 hr. at 15° the mixture was 
cooled to —30° and hydrolysed with dilute hydrobromic acid. The organic layer was separated, 
dried (MgSO,), and evaporated to dryness. Digestion of the residue with warm ethyl alcohol 
followed by repeated crystallisation from benzene-—methyl alcohol afforded trans-bis(diethyl- 
phenylphosphine)di-(2-biphenylyl)nickel as needles (0-030 g.) (Found: C, 75:8; H, 7-0. 
C,yHgNiP, requires C, 75-8; H, 695%). 

trans-Bis(diethylphenylphosphine)chloro-(www-trifluoro-o-tolyl)nickel. A solution of wauw- 
trifluoro-o-tolyl-lithium was prepared by heating a mixture of www-trifluorotoluene (2-00 g.) 
and propyl-lithium in ether (25 c.c.; 0-563N) under reflux for 3 hr. This solution was then 
added to a solution of trans-[(PPhEt,),NiCl,] (4-1 g.) in benzene (15 c.c.) and after 10 min. 
at 15° water was added, and the product isolated. trans-Bis(diethylphenylphosphine)chloro- 
(www-trifluoro-o-tolyl)nickel formed prisms (1-12 g., 22%) from ethyl alcohol or light petroleum 
(b. p. 60—80°) (Found: C, 56-85; H, 6-1. C,,H,,CIF,NiP, requires C, 56-75; H, 6-0%). 

Method (4): Preparation of Nickel Acetylide Complexes in Liquid Ammonia.—To a sus- 
pension of the sodium acetylide (NaC=CR’) (10 mol.) in liquid ammonia-ether (ca. 4: 1 v/v) 
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was added the appropriate nickel halide complex (trams-[(PR,),NiX,]; R = Et, Pr®, and/or 
Ph; X = Cl, Br) (1 mol.) either as the solid or in a slurry with a small quantity of ether. After 
intermittent agitation for 20 min. ammonium chloride was added (to destroy excess of sodium 
acetylide), and the ammonia allowed to evaporate; addition of water and isolation by chromato- 
graphy and/or crystallisation then gave the required product. The following were 
prepared by this method: trans-Bis(triethylphosphine)diethynylnickel, purified by chromato- 
graphy and elution with light petroleum (b. p. 40—60°) containing ether (2%), formed needles 
(39%) from aqueous methyl alcohol (Found: C, 55-3; H, 9-3. C,,H,,NiP, requires C, 55-7; 
H, 935%), Vmax, (in Nujol) 3229s (=C-H stretching) and 1923s cm. (C=C stretching). trans- 
Bis(triethylphosphine)dipropynylnickel as prisms (66%) from methyl alcohol (charcoal) (Found: 
C, 581; H, 9-75. C,,Hgg,NiP, requires C, 57-95; H, 9-75%), infrared light absorption 
Vmax. (in Nujol) 2100s cm.? (C=C stretching); trans-Bis(triethylphosphine)di(phenylethyny!)- 
nickel formed needles (94%) from ethyl alcohol. 
trans-Bis(diethylphenylphosphine)di(phenylethynyl)nickel. As described below, the general 
method gave an anomalous result in that much tris(diethylphenylphosphine)di(phenylethyny])- 
nickel was also formed in the reaction. Sodamide was prepared from sodium (1-95 g.), liquid 
ammonia (300 c.c.), and a small crystal of ferric nitrate. Phenylacetylene (4-27 g.) in ether 
(40 c.c.) was added, followed by tvans-[(PPhEt,),NiBr,] (16-5 g.) portionwise with stirring. 
After 4 hr. ammonium chloride (3 g.) and ether (100 c.c.) were added and the ammonia was 
allowed to evaporate. After addition of sufficient water to dissolve the inorganic salts, the 
ether layer was separated, dried (MgSO,), and evaporated to dryness. Recrystallisation of 
the residue from methyl alcohol gave dark red prisms of slightly impure tris(diethylphenyl- 
phosphine)di(phenylethyny])nickel, m. p. 64—68° (decomp.). These on recrystallisation from 
light petroleum (b. p. 80—100°) afforded trans-bis(diethylphenylphosphine)di(phenylethynyl)- 
nickel (4-6 g.) as prisms (Found: C, 72-9; H, 6-8%; M, ebullioscopically in 1-8% benzene 
solution, 560. C,,H,NiP, requires C, 72-85; H, 6-8%; M, 593). The mother-liquors from 
this recrystallisation were dark red and when kept at 15° for several days deposited tris(di- 
ethylphenylphosphine)di(phenylethynyl)nickel (1-2 g.) as prisms (Found: C, 72-55; H, 7-2. 
C,H;;NiP; requires C, 72-75; H, 7-3%). vmax, (in Nujol) 2088 cm.-! (C=C stretching). 

A similar preparation from trans-[(PPhEt,),NiCl,) afforded the former nickel compound in 
62% yield, which was isolated from the crude product either by chromatography (elution 
with ether) and crystallisation from ethyl alcohol, or by careful crystallisation from ethyl 
alcohol. 

trans-Bis(ethyldiphenylphosphine)di(phenylethynyl)nickel. This was prepared by the general 
method and purified by chromatography [elution with benzene-light petroleum (b. p. 60—80°) 
(1: 1 v/v)] and formed rhombs from acetone (Found: C, 76-65; H, 5-9. C,H, NiP, requires 
C, 76-65; H, 5-85%). 

trans-Bis(triphenylphosphine)di(phenylethynyl)nickel was prepared in 27% yield and formed 
prisms from chloroform—methyl alcohol (Found: C, 79-35; H, 5-2. C;,H,yNiP, requires 
C, 79-5; H, 515%). 

Method (5): Fission with Hydrogen Chloride.—trans-Bis(triethylphosphine)chloro(mesityl)- 
nickel. tyrans-[(PEt,),Ni(mesityl),] (1-20 g.) in benzene (15 c.c.) was treated with a 0-248N- 
solution of hydrogen chloride in ether (10 c.c.), and the mixture stored for 1 hr. The solution 
was filtered and evaporated to dryness, and the residue recrystallised from methyl alcohol, 
giving trans-bis(triethylphosphine)chloro(mesityl)nickel (0-82 g.) as prisms, which sublimed 
slowly at 155°/1 atm. with very little decomposition. 

trans-Bis(diethylphenylphosphine)chloro(mesityl)nickel. trans-[(PPhEt,),Ni(mesityl),] (1-00 
g.) in benzene (10 c.c.) and tetrahydrofuran (5 c.c.) was treated with a slow stream of dry 
hydrogen chloride for }hr. The solvent was evaporated under reduced pressure, and the residue 
recrystallised from methyl alcohol, to give trans-bis(diethylphenylphosphine)chloro(mesityl)nickel 
as prisms (Found: C, 63-8; H, 7-6. C,,H,,CINiP, requires C, 63-8; H, 7-55%). 

trans - Bis(diethylphenylphosphine)chloro(phenylethynyl) nickel. trans - Bis(diethylphenyl- 
phosphine)di(phenylethynyl)nickel (0-93 g.) in tetrahydrofuran (8 c.c.) was treated with a 
0-514n-solution of dry hydrogen‘chloride in ether (3-00 c.c., 1 mol.). After 30 min. evaporation 
of the solvent and recrystallisation of the residue, first from light petroleum (b. p. 40—80°) 
and then from methyl alcohol, afforded trans-bis(diethylphenylphosphine)chloro(phenylethynyl)- 
nickel (0-66 g.) as prisms (Found: C, 63-55; H, 6-8. C,,H,,CINiP, requires C, 63-75; H, 6-7%), 
Vmax. (in hexane) 2098 cm.~! (C=C stretching). 
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Method (6): Metathetical Replacement Reaction of Organonickel Complexes.—The arylnicke] 


halide complex (chloride or bromide), in acetone solution, was heated under reflux for 10 min, 
with an excess of the appropriate alkali-metal salt, lithium bromide for bromides from chlorides, 


TABLE 2. Dipole moments of some organonickel(t1) complexes in benzene at 25°. 


10? Ac/w 


[(PEt,),Ni(o-tolyl)Cl] 
5-607 1-894 
7-229 1-915 


[(PEt,),Ni(mesityl) Br] 
7-674 2-291 
9-087 2-291 
5-923 
7-037 

20-02 
29-96 


[(PEt,),Ni(mesityl)Cl] 


4-531 1-912 
6-114 1-922 


10°An/w 


7-330 


[(PEt,Ph),Ni-(1-naphthyl)Br] 


8-143 2-318 


[(PEt,Ph),Ni-(0-tolyl),] 


7-367 0-506 
5-116 0-524 
11-69 
16-30 
5-650 
5-984 


[(PEt,Ph),Ni(mesityl),] 


5-631 0-534 
6-140 0-524 


[(PEt,),Ni(C=CPh),] 


4-914 0-623 
6-660 0-621 
6-645 0-640 

21-42 

16-94 

56-85 

36-08 


[(PPh,),Ni(C=CPh),} 


4-567 0-896 
4-839 0-895 


[(PEt,Ph),Ni(C=CPh)CI] 


5-934 1-453 
6-221 1-482 


11-92 
11-33 


11-73 
12-03 


— Av/w 


(0-30) 


(0-30) 


(0-37) 


0-372 
0-368 


(0-37) 


0-247 
0-256 


(0-30) 


(0-30) 


tP 


257 * 


336 


276 * 


400 * 


188 


208 * 


191 


331 * 


279 * 


gP 


(127) 


140 


(137) 


(182) 


164 


(184) 


162 


(251) 


(171) 


oP 


118* 


191* 


41* 


83 * 


p» (D) 


2-35 * 


24* 


3-05 * 


o* 


0-45 


1-4* 


2-0* 


* Calculated by using estimated values of densities and refractivities (see Part I of this series 5). 


sodium iodide for iodides, sodium nitrite for nitro-complexes, and potassium thiocyanate for 
thiocyanates. After evaporation of the acetone under reduced pressure water was added to 
the residue, and the insoluble portion collected, dried, and purified by crystallisation. The 
following first five complexes were prepared by this method in yields of 70—97%. 


trans-Bis(triethylphosphine)-(1-naphthyl)thiocyanonickel formed needles from benzene- 


C, 57-5; H, 7°75; N, 29%). 





light petroleum (b. p. 80—100°) (Found: C, 57-25; H, 7:85; N, 2-9. C,,;H,,NSNiP, requires 
trans-Bis(diethylphenylphosphine)iodo-(1-naphthyl)nickel formed 
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needles from ethyl alcohol-isopropyl alcohol (Found: C, 56-0; H, 5-85. C,,9H,,INiP, requires 
C,.55°85; H, 58%). trans-Bis(diethylphenylphosphine)nitro-(1-naphthyl)nickel formed prisms 
from ethyl alcohol (Found: C, 63-75; H, 6-75; N, 2-2. Cj 9H;,O,NNiP, requires C, 63-9; 
H, 66; N, 2-5%). trans-Bis(diethylphenylphosphine)-(l-naphthyl)thiocyanatonickel formed 
prisms from ethyl alcohol (Found: C, 64-75; H, 6-65; N, 2:3. C3,H3;NSNiP, requires C, 63-9; 
H, 6-6; N, 2:5%). tvans-Bis(triethylphosphine)bromo(mesityl)nickel formed prisms, m. p. 
158—160°, from methyl alcohol (Found: C, 51-05; H, 8-5. Calc. for C,,H,,BrNiP, C, 51-05; 
H, 8-35%). trans-Bis(triethylphosphine)iodo(pentachlorophenyl)nickel was obtained as prisms 
from ethyl alcohol (Found: C, 32-2; H, 4-5. Cy gH  Cl,INiP, requires C, 32-45; H, 4-65%). 

trans-Bis(diethylphenylphosphine)di(phenylethynyl)nickel. A solution of sodium phenyl- 
acetylide was prepared from sodium (0-46 g.), phenylacetylene (2-2 c.c.), liquid ammonia 
(60 c.c.), and ether (25 c.c.). A solution of trans-[(PPhEt,),Ni(a-naphthyl)Br] (0-80 g.) in ether 
(25 c.c.) was added and then after 5 min. ammonium chloride (2-0 g.). The ammonia was then 
allowed to evaporate, water added, and the crude product isolated from the organic layer and 
chromatographed. Elution with light petroleum (b. p. 40—60°)-ether (10:1) followed by 
recrystallisation from methyl alcohol afforded trans-[(PPhEt,),Ni(C=CPh),] (0-27 g.), identical 
with an authentic sample (Found: C, 72-6; H, 6-8. Calc. for C,H, NiP,: C, 72-85; H, 
68% 

Miscellaneous.—Action of diethylphenylphosphine on trans-bis(diethylphenylphosphine)di- 
(phenylethynyl)nickel. The phosphine (1 c.c.) was added under nitrogen to a suspension of the 
nickel complex (0-4 g.) in light petroleum (b. p. 60—80°), and the mixture heated; a deep 
red solution formed which, on cooling, deposited deep red prisms (0-22 g.), m. p. 64—68°, of 
tris(diethylphenylphosphine)di(phenylethynyl)nickel. 

Halogenation of trans-bis(diethylphenylphosphine)bromo-(1-naphthyl)nickel. Bromination. A 
0-587N-solution of bromine in benzene (11 c.c.) was added to a solution of the l-naphthyl 
complex (1-8 g.) in benzene (20 c.c.). The precipitated oil was collected by decantation, 
and washed with benzene and then ethyl alcohol; it became crystalline, and recrystallisation 
from ethyl methyl ketone gave prisms (0-22 g.) (Found: C, 47:3; H, 5-05; Br, 32-2. 
CyH;,;Br,NiP, requires C, 47-55; H, 4-9; Br, 31-65%); uw (solid at 20°) = 3-4 B.M. 

Chlorination. A 1-9N-solution of chlorine in carbon tetrachloride (1-1 c.c.) was added to 
a solution of the 1-naphthyl complex (0-60 g.) in benzene (10 c.c.). The blue oily precipitate 
was collected by decantation, washed with light petroleum (b. p. 60—80°), and treated with 
ethyl alcohol. The product slowly crystallised as prisms (0-075 g.) (Found: C, 53-25; H, 5-55. 
CyoH;,BrCl,NiP, requires C, 53-85; H, 5-5%); uw (solid at 20°) = 3-8 B.M. 

Determination of Dipole Moments.—These were determined as described in Parts I and II 
of this series; the measurements and estimated values (shown in parentheses) are recorded in 
Table 2. The margin of error is less than +0-2 p for dipole moments between 4 and 2-5 b. 
For dipole moments <2-5 p the margin of error will be greater than this but is difficult to esti- 
mate. The errors in determining small dipole moments are largely due to the uncertainty in 
the magnitude of the atom polarisation which has been assumed to be 15% of the electron 
polarisation in the following Table but may be higher than this in complex compounds. 


The authors thank Miss I. Bates for assistance in measuring the dipole moments, T. A. 
Remmington for the magnetic measurements, and A. E. Field and M. L. Searle for other 
experimental assistance. 
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346. Reactions of Thiols with Tetra-alkylthiuram Disulphides and 
Related Compounds. 


By B. SAVILLE. 


Thiols react with tetra-alkylthiuram disulphides at room temperature 
in solvents such as benzene, ethanol, or chloroform, yielding almost quantit- 
atively dialkylammonium dialkyldithiocarbamate, carbon disulphide, and the 
disulphide derived from the thiol. The reaction between benzenethiol and 
tetraethylthiuram disulphide is autocatalytic as the dialkyldithiocarbamate 
formed is a basic catalyst of the primary reaction. Sodium salts of thiols 
interchange rapidly with tetra-alkylthiuram disulphides, giving sodium 
dialkyldithiocarbamates. The course of the reactions between a thiuram 
trisulphide and thiols seems less certain. 


DopECANE-1-THIOL has been reported! to react with tetramethylthiuram disulphide 
(TMT), to yield dodecyl disulphide, dimethylammonium dimethyldithiocarbamate, and 
carbon disulphide according to the equation (R = dodecy)): 


+ - 
2RSH + MegN+C(:S)S*S(S:)C-NMe, ——t> RS*SR + Me,NH, S*CS‘NMe,+CS,- - + - (i) 


Although experimental details were not given it can be concluded, from analytical studies 
by Scheele and Gensch,? that the reaction is quantitative under mild conditions. For 
reaction of a number of thiols with tetramethyl- and tetraethyl-thiuram disulphide and 
certain related compounds, we have found two, apparently general, related reactions, 
namely: direct reaction of the thiol with the tetra-alkylthiuram disulphide as in (i) (Me 
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may be varied), at room temperature in solvents such as benzene, chloroform, ethanol, 
or light petroleum but slowly in acetic acid; and an interchange (ii) between the thiol 
anion and the tetra-alkylthiuram disulphide which occurs rapidly in polar solvents: 


2RS~ + R’,N°C(2S)S*S(S:)C*NR’, ——B> RS*SR + 2R’,N°CS3-. . . ee” Ci) 


Reactions (i) and (ii) are almost quantitative where R = Ph, CH,Ph, p-NO,°C,H,’CH,, 
or ~-NH,°C,H,, but there is limited evidence for the partial reversal of reaction (ii) when 
R = p-NO,°C,H,. This reversal is particularly evident in the reaction of tetrathionate 
ion (a special example of RS*SR = ~O,S,°S,0,-) with dialkyldithiocarbamate ions, when 
tetra-alkylthiuram disulphides and thiosulphate ions (i.c., RS“ = ~O,S:S~) are formed 
quantitatively. 

1 Craig, Davidson, Juve, and Geib, J. Polymer Sci., 1951, 6, 1. 


2 Scheele and Gensch, Rubber Chem. Tech., 1957, 30, 728. 
3 Saville, J., 1959, 2749. 
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As an example of reaction (i), equivalent quantities of benzenethiol and tetra-ethyl- 
thiuram disulphide gave each of the three expected products in 98—100% yield. 
Reaction in ethanol is too fast to be measured conveniently, and in acetic acid it requires 
several days for completion, but in 20% (v/v) acetic acid in ethanol it can be measured 
conveniently. Delay before attainment of maximum rate suggests that one of the products 
is a catalyst. Adding diethylammonium diethyldithiocarbamate in low concentration to 
the initial mixture eliminates the induction period; diethylamine and triethylamine also 
do this but sodium acetate is only moderately effective (see Figure). Reaction (i) is thus 
interpreted as an ordinary thiol-disulphide interchange in which the hypothetical di- 
alkyldithiocarbamic acid (I) stabilises itself as the equivalent combination of dialkyl- 
ammonium dialkyldithiocarbamate and carbon disulphide: 4 


2RSH + R’sN*C(‘S)S*S(S:)C*NR’, ——t> RS*SR ++ 2R’gN°CS3H (I) 
+ - 
2R’,N*CS,H —— R’,NH, S*CS*NR’; + CS, 


Since, in solution, this salt can act as a base (e.g., iii) it could convert the thiol into a 
more nucleophilic entity (e.g., a dialkylammonium mercaptide ion-pair) capable of effecting 
rapid S-S heterolysis: 


+ — 
NH,R’,*[NR’,*CS,]~ + RSH === R’,NH, SR+NR’CSH 7 wee Cli) 


rs! ¥ 5 CX — > RS‘S + R’gN'CS,~ 
NR’yCS CSNR’,  CS*NR’; 


rs-™ sXe __s. ssr + RN'CS,- 


R -CS*NR’s 


Reaction between acetone and tetramethylthiuram disulphide ® is kinetically similar and 
evidently base-catalysed, and is satisfactorily interpreted in terms of conversion of acetone 
by bases into reactive nucleophilic intermediates which again effect S-S heterolysis. 

Some preliminary results on thiuram trisulphide are also reported. Although bis- 
morpholinothioformyl trisulphide (II) arid benzenethiol or toluene-w-thiol gave mor- 
pholinium morpholine-l-carbodithioate according to the equation: 


IRSH + {OT [CHg*CHg]p >N-C(:S)*S-}4S ——p> OC [CHy*CHy]g >NHg* ~SgC*NZ[CHg*CHg]g >O + CS, ++ RS*S*SR 
(IT) 


the expected diphenyl and dibenzy] trisulphides were impure and may have been mixtures 
of disproportionation products. These materials, on treatment with alcoholic sodium 
cyanide, readily gave the corresponding disulphides and thiocyanate ion. 


EXPERIMENTAL 


Materials —Thiols. Toluene-w-thiol, toluene-p-thiol, benzenethiol, mercaptoacetic acid, 
and o-aminobenzenethiol were commercial specimens redistilled before use. -Nitrotoluene- 
-thiol was made by alkaline hydrolysis of S-p-nitrobenzylthiuronium chloride * in the presence 
of a trace of sodium cyanide as antioxidant, or hydrolysis of S-p-nitrobenzyl thiosulphate ” 
in 6N-hydrochloric acid overnight at room temperature. Both products, crystallised from 
aqueous methanol, had m. p. 52—53°. Attempts to make p-aminotoluene-w-thiol by reduction 
of p-nitrotoluene-w-thiol or of di-p-nitrobenzyl disulphide in acetic—hydrochloric acid with zinc 
dust gave only uncharacterised red compounds. -Nitrobenzenethiol was obtained as the 
sodium salt * and converted into the free thiol (m. p. 75°; from ethanol) by hydrochloric acid. 

* Bedford and Gray, Ind. Eng. Chem., 1923, 15, 720. 

* Robinson, Craig, and Fowler, Canad. J. Chem., 1956, 34, 1596, 1601. 

* Momose and Tanaka, Pharm. Bull. (Japan), 1954, 2, 152; Chem. Abs., 1955, 49, 11,501. 

* Price and Twiss, J., 1909, 95, 1727. 

§ Waldron and Reid, J. Amer. Chem. Soc., 1923, 45, 2401. 
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p-Aminobenzenethiol was first made by the reduction ® of -thiocyanatoaniline (obtained in 
only 25% yield by Kaufmann’s method ™) by sodium sulphide. A better procedure was that 
of Kurihara, Ro, and Chiba," modified to give the thiol hydrochloride which crystallised in 
needles, m. p. 207—208° (99% pure by titration with iodine) from 10% aqueous hydrochloric 
acid. 

Thiuram sulphides. Tetramethylthiuram disulphide and tetraethylthiuram disulphide 
were purified as previously.* Bispiperidinothioformy] disulphide, purified commercial material, 
had m. p. 118—120°. Bismorpholinothioformy] disulphide was made by oxidising an aqueous 
solution of morpholinium morpholine-1-carbodithioate [from morpholine (2 mols.) and carbon 
disulphide (1 mol.) in light petroleum (b. p. 40—60°) at 0°] with potassium ferricyanide at 50°. 
The precipitated product was washed several times with warm water, dried, and recrystallised 
twice from chloroform-ethanol as light-yellow plates, m. p. 145° (Found: C, 37-0; H, 5-0, 
Calc. for CygH,,N,0,5,: C, 37-0; H, 4.9%). The trisulphide (II) was synthesised by Blake’s 
method.!? 

Solvents—Apart from methanol and ethanol, which were dried by the conventional 
magnesium-—iodine procedure, all solvents were “‘AnalaR ”’ materials redistilled before use. 

Direct Reactions between Thiols and Thiuram Sulphides.—General procedures. (A) For 
water-immiscible solvents. Solutions of the thiol and of the thiuram sulphide in the appro- 
priate solvent, usually at 30—40°, were mixed under nitrogen. After 1 hr., unless otherwise 
stated, the mixtures were cooled to 10°. In most experiments light petroleum (b. p. 40—60°) 
(twice the volume of the reaction mixture) was then added, precipitating the bulk of the 
dialkylammonium dialkyldithiocarbamate which was removed, washed with a little light 
petroleum, and dried. More of this was extracted from the filtrate with water (2 x 50 ml. 
per 0-01 mole of original thiuram sulphide) and determined gravimetrically as the lead or zinc 
salt which was precipitated quantitatively upon the addition of excess of aqueous lead or zinc 
acetate. 

Carbon disulphide in the organic layer from the extraction above was most conveniently 
determined by distilling it into ice-cold 30% v/v aqueous diethylamine (30 ml. per 0-01 mole 
of original thiuram sulphide), the original solvent being continuously replaced by ethanol. 
The distillate then consisted of two layers: the aqueous one contained diethyldithiocarbamate 
ion equivalent to the carbon disulphide distilled over. Addition of excess of aqueous 
ammoniacal copper sulphate gave copper diethyldithiocarbamate which was determined 
gravimetrically. [Copper diethyldithiocarbamate is usually precipitated in a very fine form 
which makes washing and drying of the filtered product difficult. The aqueous suspensions 
were therefore heated on a water-bath for 1 hr. after addition of chloroform (5—10 ml.).] 
Removal of solvent from the distillation residue gave the disulphide corresponding to the 
thiol taken; this was usually fairly pure, but yields were noted only for recrystallised products 
for which satisfactory analytical and m. p. data had been obtained. 

(B) For water-miscible solvents. After the thiol and thiuram sulphide had been allowed 
to react in the solvent (total volume ca. 50—100 ml. per 0-01 mole of original thiuram sulphide) 
the mixture was cooled to 10° and an equal volume of water added. The crude disulphide 
corresponding to the thiol taken was then filtered off, washed with a little aqueous ethanol, 
dried, and recrystallised. The filtrate and washings were combined and extracted with light 
petroleum (50 ml.) to remove traces of disulphide before the addition of an excess of aqueous 
zinc acetate to precipitate the zinc dialkyldithiocarbamate equivalent to the dialkylammonium 
dialkyldithiocarbamate present. The zinc salt was redissolved in hot chloroform, the solution 
filtered, and solvent removed. This procedure invariably gave an analytically pure product. 
Carbon disulphide was not determined in this procedure. 

The results obtained for several examples of these procedures are submitted in 
Table 1. 

Reactions of Bismorpholinothioformyl Trisulphide in Benzene.—Procedure A was used. The 
products from benzenethiol (0-02 mole) and the trisulphide (3-56 g., 0-01 mole) were morpholinium 
morpholine-1-carbodithioate (I) (2-48 g., 99%) and a substance, m. p. 36—39° (2-54 g.), believed 
to be diphenyl trisulphide. This was evidently impure (Found: C, 59-2; H, 4-1; S, 361. 





® Clayton and Bann, B.P. 546,279/1942. 
10 Kaufmann, Ber., 1929, 62, 390. 

1 Kurihara, Ro, and Chiba, J. Pharm. Soc. Japan, 1953, 78, 725. 
1 Blake, ]. Amer. Chem. Soc., 1943, 65, 1267. 
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= for Cy,HS3: C, 57-6; H, 4:0; S, 38-4%) but gave diphenyl disulphide, m. p. and mixed 

m. p. 59—60° (1-07 g., 90% from 1-37 g. of substance), on treatment with sodium cyanide 
(0-4 g.) in ethanol (10 ml.). Thiocyanate ion (Fe** test) was also formed but not determined. 

A similar experiment with toluene-w-thiol gave the salt (I) (100%), carbon disulphide 
(76%), and impure dibenzyl trisulphide (Found: C, 62-2; H, 5-1; S, 32-2. Calc. for C,,H,,S;: 
C, 60-4; H, 5-04; S, 34-6%). The trisulphide gave dibenzyl disulphide, m. p. and mixed 
m. p. 69—70° (85%), on treatment with alcoholic sodium cyanide. 

Reactions of Salts of Thiols with Thiuram Sulphides—No simple procedure can be given 
put the following approach, with individual modifications, was adopted. An alcoholic solution 


TABLE 1. Direct reaction of thiols with thiuram disulphides. 











Products 
Thiuram id - ~ 
, disulphide XH,*[X-CS,)~ 
Thiol e - ~ : any A RS‘SR 
te ve X in Sol- Precipd. Dissd. CS, 

R in RSH Mole [X°CS,], Mole vent* M.p. % (%) % M.p. (%) 
REE ET 0-04 Me,N 0:02 B 50 125° 93 6 96 60° 99 
TT Cascsncoaatgeeen’ 0-04 Et,N 002 B 50 80—81 48 51 95 60 98 
ES EEE 0-02 Et,.N 0-01 L 150 81 89 SC n.d. 97 60 100 
Ds cscssseouasess 0-04 Et,N 0:02 M 25 —- -— 100 n.d. 60 99 
a 0-02 More 0-01 B 650° Subl. 98 n.d. -- 59—60 99 
RR 0-02 Bf 0-01 B 50 >150 99 n.d. — 59—60 99 
ere 0-02 Me,N 0-01 B 50 —- 99 80—84 * 68—69 97 
eee 0-02 Et,.N 001 B 50 81 77 n.d. n.d. 69—70 96 
p-NO,C,H,’CH, 0-02 Me,N 001 B 50 = 99 97 1265 91 
p-NO,°C,H,yCH, 0-02 Me,N 0-01 C 60 — 86 75 126-5 95 
p-NH,°C,H, ...... 0-02 Et,N 001 B 30 80—81 92 n.d. nd. 92—93 91 
o-NH,°C,H, ...... 0-02 Et,.N 001 B 30 — -— — — 75—76 94 


* B, L, Mand C denote respectively benzene, light petroleum (b. p. 60—80°), methanol, and chloro- 
form. The number following is volume (ml.). * Typical elemental analyses on the products for this 
expt. are as follows: Me,NH,*+Me,N-CS,~: Found: C, 36-1; H, 85; S, 38-6. Calc.: C, 36-2; H, 
84; S, 386%. (Me,N-CS,),Pb: Found: C, 16:3; H, 2-6. Calc.: C, 16:1; H, 27%. 
97 *CS,),Cu (eq. to CS,): Found: C, 33-5; H, 5-5. Calc.: C, 33-4; H, 56%. PhS-SPh: Found: 

65:9; H, 4:6; S, 29-3. Calc.: C, 66-0; H, 4:6; S, 29-4%. * Morpholino. ¢ In this expt. 
Sachets (0- 022 mole) was added to the reaction after 1 hr. to convert the CS, into further 
XH,*~-S,C-X. The total yield of the latter was calculated from eq. (i) together with 2XH + CS, 
—? XH,*~S,C*X. This gives convincing evidence for the quantitative formation of CS,. * CS, 
probably not completely determined in these experiments. n.d. = not determined. 


TABLE 2. Reaction of thiol salts (RS~M*) with thiuram sulphides. 














Products 
Thiol salt Thiuram one sel "x cs RS'SR 
—o _— —_—_—, o _ 
R Mt Mole Xin in [X°CS,], Mole Solvent ® (%) M. p. (%) 
Ph Nat 0-02 Me,N 0-01 M40 100° 60° 7 
Ph Nat 0-02 Et,N 0-01 E 50 994 60 98 
p-NO,C,H, Nat 0-002 Et,N 0-001 E 20 92¢ 181 92 
p-C,H,Me C,H,.NH,* 0-02 Mor # 0-01 B50 855¢ + 46 97 
11-5¢ 


* In a small-scale qualitative experiment it was shown that di-8-naphthyl disulphide (m. p. 139°) 
is rapidly precipitated on mixing of methanolic solutions of tetramethylthiuram disulphide and the 
sodium salt of B-naphthalenethiol. ° M, E, and B denote respectively methanol, ethanol, and benzene. 
The number following is volume (ml.) used. ¢ Isolated as Zn*+ salt. 4 Isolated as Pb** salt. 
* Isolated as piperidinium salt formed directly during reaction. ‘ In a complementary experiment 
it was found that a yellow colour resulted on adding solid NaS-CS-NEt, to a saturated ethanolic 
solution of di-p-nitropheny] disulphide. This colour was probably due to p-nitrobenzenethiol ion 
and indicates minor reversal of reaction (ii).  Morpholino. 


of the sodium derivative of the thiol was prepared by mixing the equivalent quantity of sodium 
alkoxide with the thiol in order to establish the equilibrium, RSH + R’O- == RS~ + R’OH. 
To this solution, under nitrogen, was added the thiuram disulphide in warm alcohol, and after 
a few minutes the mixture was cooled and water was added. The disulphide derived from the 
3L 
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thiol taken was usually isolated by filtration and purified. The filtrate contained sodium dialkyl- 
dithiocarbamate which was determined gravimetrically as the zinc derivative. The piperidine 
salt of toluene-p-thiol was soluble in benzene and the reaction with the thiuram sulphide was 
performed essentially by method A except that the distillation for carbon disulphide did not 
apply. For the examples of Table 2, product yields were calculated on the basis of equation (ii), 

Disodium Mercaptoacetate and Tetraethylthiuram Disulphide.—The technique was different 
in this case. To a solution of sodium (4-6 g., 0-2 g.-atom) in methanol (100 ml.) was added 
mercaptoacetic acid (9-21 g., 0-1 mole), followed by the disulphide (14-8 g., 0-05 mole) in hot 
methanol (50 ml.). After cooling, disodium dithio(diacetate), (‘S-CH,*CO,Na),, was filtered off, 
dissolved in water (100 ml.), and treated with concentrated sulphuric acid (7 ml.). Extraction 
with ether (3 x 100 ml.) gave crude dithio(diacetic acid) (6-74 g.) which, recrystallised from 
benzene-acetic acid, had m. p. 105—106° (Found: C, 26-3; H, 3-4; S, 34-8. Calc. for C,H,0O5,: 
C, 26-4; H, 3-3; S, 35-2%). The first methanol filtrate, on treatment with zinc sulphate 
(17-3 g., 0-06 mole) in water (100 ml.), gave a precipitate which was washed, dried, and re- 
dissolved in hot chloroform. The chloroform solution on evaporation to dryness gave zinc 
diethyldithiocarbamate, m. p. and mixed m. p. 176—177° (17-02 g.), equivalent to a 94-5 
yield of sodium diethyldithiocarbamate. The aqueous filtrate from the zinc salt was combined 
with the aqueous phase from the ether-extraction and treated with zinc dust (10 g.) to reduce 
any soluble dithio(diacetic acid) to mercaptoacetic acid, which was estimated iodometrically, 
This analysis corresponded to 0-702 g. of original dithiodiacetic acid. Thus the total dithiodi- 
acetic acid accounted for in this experiment is 6-74 + 0-70 = 7-44 g. (82%). The reason for this 
low recovery is obscure. Further experiments gave no better yields. 

Kinetic Examination of the Reaction between Benzenethiol and Tetraethylthiuram Disulphide.— 
In preliminary experiments it was shown that benzenethiol (up to 0-0005 mole) can be accurately 
determined in mixtures with diethylammonium diethyldithiocarbamate and dipheny] disulphide 
dissolved in ethanol or glacial acetic acid (25 ml.) by dissolution in a mixture of water (80 ml.), 
glacial acetic acid (19 ml.), and concentrated hydrochloric acid (1 ml.) and titration with 0-In- 
iodine to a starch end-point (the acid solvent instantly decomposes diethyldithiocarbamate 
ions which would otherwise react with iodine). The-iodine titre for constant quantities of 
benzenethiol added to this solvent containing various suspended quantities of tetraethyl- 
thiuram disulphide was unchanged for at least 30 min., 7.e., thiol-disulphide reaction is effectively 
stopped in this solvent. 

Suitability of Solvents.—Only water-miscible solvents were considered. Equal volumes of 
0-1m-benzenethiol and 0-05m-tetraethylthiuram disulphide in ethanol were combined under 
nitrogen at room temperature. At intervals, aliquot parts (10-0 ml.) were removed and added to 
the titrating solvent (100 ml.) to stop the reaction and were then titrated with 0-1N-iodine. 
The reaction was approximately 50% and 96%, complete in 1 and 3 min. respectively. In 
glacial acetic acid no reaction was detectable in 2 hr. 

Final procedure. Solutions of benzenethiol (0-1m) and tetraethylthiuram disulphide (0-05m) 
were made up separately in freshly prepared 20% (v/v) acetic acid in ethanol containing, in 
some cases, basic catalysts. They were allowed to reach thermal equilibrium in a thermostat 
at 25°, then equal volumes were mixed under nitrogen. Aliquot parts (10-0 ml.) of the mixture 
were removed at intervals, added to cold titrating solvent (100 ml.), and titrated with 0-1N- 
iodine to determine residual thiol. The reaction was followed to about 98% completion. 
Results are given graphically in the Figure. 


The author acknowledges the help of Mr. F. H. Devitt during this work which forms part 
of a programme of research undertaken by the Board of The British Rubber Producers’ Research 
Association. 
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WELWYN GARDEN City, HERTs. [Received, October 19th, 1959.) 
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347. Magnetic Perturbation of Singlet-Triplet Transitions.. 
Part IV.* Unsaturated Compounds. 


By D. F. Evans. 


Singlet-triplet absorption bands induced by oxygen at high pressure 
have been observed with ethylene and deuteroethylenes, butadiene, hexa- 
triene, and a number of other conjugated olefins, and also diacetylene and 
a variety of substituted diacetylenes. The ethylene bands are the same 
as those obtained by Reid ! for long path lengths of liquid ethylene. With 
butadiene and hexatriene, transitions to a second excited triplet level are 
also observed. Ethylene and acetylene (but not ethane) considerably 
perturb the Herzberg (*2,*-—*2,~) bands of oxygen, and apparently increase 
their intensity. 


In the present work the singlet-triplet absorption spectra of a variety of olefinic and 
acetylenic compounds have been studied, by using the perturbing effect of oxygen under 
pressure.2 The results for olefins illustrate the versatility of the oxygen perturbation 
technique, since no unambiguous data on the triplet levels of simple olefinic substances 
have previously been obtained. Lewis and Kasha* reported phosphorescence emission 
near 4000 A for halogenated ethylenes, but according to Kasha and McGlynn * these 
results are not authentic. Extremely weak absorption bands in the region 2600—3400 A 
were observed by Reid ! for long path lengths of liquid ethylene. These were tentatively 
assigned as singlet-triplet bands, but the possibility that they were due to an extension 
of the N-V bands at shorter wavelengths, or to impurities,5 was not excluded. In their 
later review, Kasha and McGlynn * claimed that an assignment by Snow and Allsopp ® 
of a weak absorption band near 2100 A in gaseous ethylene was the first authenticated 
singlet-triplet absorption in complex molecules. Snow and Allsopp did not, however, 
in fact, claim to have observed singlet-triplet absorption in ethylene itself, but only in 
cyclohexene and trimethylethylene. Potts’ observed weak bands in the region 2500—2100 A 
for alkylethylenes in rigid glasses at low temperatures and, following Snow and Allsopp, 
tentatively assigned these as singlet-triplet bands. And finally, Lewis and Kasha * 
reported on the lowest triplet level of lycopene on the basis of the phosphorescence emission 
of all-trans-lycopene which had been converted into cis-isomers by heating it with iodine. 

From the present results only the assignment due to Reid seems to be correct. 

The phosphorescence emissions of a number of polyacetylenes have been observed by 
Beer. No phosphorescence was obtained with hexa-2,4-diyne (dimethyldiacetylene), and 
accordingly the singlet-triplet absorption spectra of tetra-1,3-diyne (diacetylene) and a 
number of its derivatives have been studied. 


EXPERIMENTAL 

Apparatus and Techniques.—Measurements were made on a recording spectrophotometer 
(Perkin-Elmer Spectracord 4000), with the high-pressure cell and techniques previously de- 
scribed.1 In the measurements on acetylene, ethylene, and the deuterated ethylenes at high 
pressures, a known volume of the purified gas was condensed in a metal tube (fitted with a 
diaphragm valve) which was attached to the high-pressure cell. The diaphragm valve was 
closed, and after the gas had vaporized the needle valve of the high-pressure cell was also 
closed. The cell, now containing a known pressure of the gas, was disconnected and the 


" 


Part III, J., 1959, 2753. 


Reid, J. Chem. Phys., 1950, 18, 1299. 

Evans, J., 1957, 1351. 

Lewis and Kasha, J. Amer. Chem. Soc., 1944, 66, 2100. 
Kasha and McGlynn, Amun. Rev. Phys. Chem., 1956, 7, 403. 
* Wilkinson and Mulliken, J. Chem. Phys., 1955, 28, 1895. 
Snow and Allsopp, Trans. Faraday Soc., 1934, 30, 93. 

* Potts, J. Chem. Phys., 1955, 28, 65. 
Beer, J. Chem. Phys., 1956, 25, 745. 
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spectrum recorded. The cell was then attached to an oxygen cylinder containing oxygen at 
a higher known pressure. The needle valve was opened for a few seconds and quickly closed 
to avoid appreciable diffusion of the gas out of the cell, and the spectrum again recorded, 
Diacetylene was measured at atmospheric pressure, and also at a higher pressure (~4 atm.) 
which was obtained by condensing some liquid diacetylene in the cooled cell. Complete 
vaporization occurred when the cell was filled with oxygen under pressure and subsequently 
allowed to warm to room temperature. (The vapour pressure of diacetylene at 20° c in the 
absence of oxygen under pressure is ~1-5 atm.®) 

Since many of the compounds studied react slowly with oxygen, the possibility that some 
of the observed spectra were due to reaction products was carefully considered. The criteria 
used to eliminate this possibility were that the intensity of the new absorption bands observed 
should not vary with time and, for the solution measurements, that these bands should dis- 
appear when the oxygen was removed. For many compounds, additional measurements were 
made after the original sample had been repurified. Appreciable irreversible absorption was 
observed only with diacetylene which, even in the absence of oxygen, rapidly polymerises in 
solution (but only very slowly in the gas phase). This irreversible absorption showed no 
structure in the wavelength region studied. 

Only one measurement was made on an acetylene-oxygen mixture at high pressures 
(acetylene ~20 atm., oxygen 100 atm.). When the needle valve was opened to release the 
pressure, a violent explosion occurred which reduced the quartz windows of the cell to fine 
dust and blew off the stainless steel end-plates at high velocity. Subsequent measurements 
on acetylene-oxygen mixtures were therefore made photographically at lower pressure (~4 
atm.) with a cell with a long path length. This cell consisted of a 6-4 m. long iron pipe (2 cm. 
int. diameter) to which quartz windows were cemented with Araldite. The spectra were taken 
on a Hilger small quartz spectrograph, with a hydrogen discharge lamp and Ilford Q, and 
process plates. 

Materials.—Ethylene, butadiene, and acetylene (from cylinders) and diacetylene (from 
aqueous sodium hydroxide and 1,4-dichlorobut-2-yne ') were purified by repeated bulb-to- 
bulb distillation in a vacuum. évans-Dideuteroethylene was prepared by the reduction of 
dideuteroacetylene (from deuterium oxide and baked-out calcium carbide) with chromous 
chloride solution. The crude gas was passed successively through ammoniacal silver nitrate 
solution, dilute acid, and a trap at — 78°, and was finally purified by bulb-to-bulb distillation in 
a vacuum. The infrared spectrum was in good agreement with that given by Crawford, 
Lancaster, and Inskeep, and, in particular, bands due to ethylene or other deuteroethylenes 
could not be detected. Tetradeuteroethylene was obtained by treatment of tetradeutero- 
ethylene dibromide (Merck’s, isotopic purity >99%) with zinc dust in moist dioxan,” and was 
purified by passage through a trap at — 78°, and by distillation ina vacuum. The only impurity 
that could be detected from the infrared spectrum was ~3% of C,HD,. Hexa-1,3,5-triene 
was prepared as directed by Woods, Bogliano, and Duggan, and purified by fractional dis- 
tillation and fractional freezing. The product so obtained has the ¢rans-configuration.® The 
remaining compounds were prepared and purified by standard procedures. 


RESULTS AND DISCUSSION 
The spectra obtained for mixtures of oxygen with ethylene, ¢rans-dideuteroethylene, 

and tetradeuteroethylene are shown in Fig. 1. The main features are the same in all 

three cases. A regular series of rather broad bands on a continuous background is observed 

in the region 3500—2800 A. The average separation between the bands is ~1000 cm.1, 

and the absorption seems to be tending towards a maximum at about 2700 A. Below 

about 2800 A an additional absorption, associated with rather sharper bands, is apparently 

superimposed. The latter absorption, which rapidly increases in intensity towards shorter 

wavelengths, occurs in a region where pure oxygen itself absorbs, and is discussed later. 

® Tanneberger, Ber., 1933, 66, 486. 

® Armitage, Jones, and Whiting, /., 1951, 44. 

11 Patterson and du Vigneaud, J. Biol. Chem., 1938, 128, 331. 

12 Crawford, Lancaster, and Inskeep, J. Chem. Phys., 1953, 21, 678. 

13 Wilson and Wylie, J., 1941, 601. 


™ Woods, Bolgiano, and Duggan, J. Amer. Chem. Soc., 1955, 77, 1800. 
‘8 Lippincott, White, and Sibilia, J. Amer. Chem. Soc., 1958, 80, 2926. 
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The frequencies of the observed bands in the region 3500—2800 A are given in Table 1, 
together with those obtained by Reid * for long path lengths (1-25—2-5 m.) of liquid ethylene. 
The close agreement between the present results for ethylene, and those of Reid, shows 
that the same transition is certainly involved. (The longest wavelength band at 3484 A 
was not observed by Reid, probably because of its low intensity.) The ethylene spectrum 
closely resembles the well known V-N absorption of ethylene at shorter wavelengths which 
has been discussed in detail by Wilkinson and Mulliken,5 who give references to previous 
work. This absorption consists of a series of broad bands from 2069 (extremely weak) 
to 1752 A, superimposed on an apparent continuum with a maximum at 1620 X. The 
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bands and continuum together have been assigned to an allowed 1B,,-A,, transition 
There is little doubt that the bands given in Table 1 are due to the corresponding singlet- 
triplet transition T-N (°B,,-1A,,). Both transitions involve the excitation of an electron 
from the x-bonding orbital of the >C=Cc bond into the corresponding z-antibonding 


TABLE 1. Singlet-triplet absorption bands of ethylene, 
trans-dideuteroethylene and tetradeuteroethylene. 


C,H, 
7) 2 7 ™ — A ee 
Q,, low Reid trans-C,H,D, C,D, 

O,, high pressure liquid O,, high O,, high 
pressure photographic ethylene pressure pressure 
28,700 28,800 28,940 
29,720 29,802 29,820 29,950 
30,760 30,770 30,758 30,860 30,880 
31,800 31,810 31,729 31,930 31,910 
32,860 32,800 32,710 32,940 33,050 
33,840 33,780 33,698 33,840 33,800 
34,700 34,750 34,686 34,770 34,720 
35,640 35,660 35,610 35,670 35,590 
36,600 36,600 36,583 36,600 36,500 

37,540 

38,476 


orbital. Presumably the bands observed by Reid for liquid ethylene represent the un- 
perturbed singlet—triplet absorption although it is possible that traces of dissolved oxygen 
present as an impurity may have been responsible for their appearance. 

According to theory,!* the triplet state T of ethylene, like the V state, will have mini- 
mum energy for a perpendicular configuration, in which the planes of the two CH, groups 
16 Mulliken and Roothaan, Chem. Rev., 1947, 41, 219. 
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are at right angles to each other. Also, the equilibrium carbon-carbon distance will 
almost certainly be considerably greater than that in the ground state N. Both the C=C 
twisting vibration v, and the C=C stretching vibration v, of the triplet state should therefore 
be involved in the singlet-triplet transition. Reid ! interpreted the ethylene triplet bands 
as due to transitions from a non-planar ground state with an angle of twist of about 20— 
30° to an upper state progression of the C=C twisting frequency. However, the close 
similarity between both the intensities and the positions of the singlet—triplet absorption 
bands of ethylene and the deuteroethylenes (Fig. 1 and Table 1) indicates that this assign- 
ment is not correct, and that the observed bands correspond to transitions from a planar 
or almost planar ground state to an upper state progression of the C=C stretching frequency, 
If anharmonicity is neglected, the calculated ratio vo,u,/vo,v, is 1-069 for the stretching 
vibration, and 1-414 for the twisting vibration. The average value found experimentally 
is ~1-04,. (In the ground states of ethylene and tetradeuteroethylene, the frequencies 
of the stretching vibration v, are 1623 and 1515 cm. respectively, and those of the twisting 
vibration v, are 1027 and 727 cm.+.) It is likely, nevertheless, that twisting vibrations 
of the triplet state will also occur during the electronic transition. The individual bands 
are not resolved, but are probably largely responsible for the diffuse nature of the absorption. 
Transitions involving large changes in the angle of twist will be strongly ‘‘ Franck—Condon 
forbidden,” and will lead to very weak absorption. The above interpretation is exactly 
analogous to that given by Wilkinson and Mulliken ® for the V-N bands of ethylene. 
These authors observed fine structure in the V-N bands of tetradeuteroethylene which 
they tentatively attributed to individual quanta of the twisting frequency. No com- 
parable fine structure was obtained in the singlet-triplet absorption of this compound, 
although there is some indication of complexity in the poorly resolved bands. 

From the results given in Table 1, a value of ~1000 cm.* can be derived for the C=C 
stretching frequency of the triplet state of ethylene. An accurate vibrational analysis 
including anharmonicity is precluded by the diffuse atid (especially) the unsymmetrical 
nature of the bands. This value is much smaller than the corresponding frequency for 
the ground state (1623 cm."') but rather greater than that for the V state (~852 cm.7)5 
By using the relationship 7,2%° = Constant proposed by Wilkinson and Mulliken, the 
equilibrium carbon-carbon distance in the triplet state of ethylene is calculated to be 
~1-58 A, to be compared with 1-337 A in the ground state and ~1-67 A in the V state. 
An almost identical result is obtained from Badger’s rule.” The gradual increase in in- 
tensity of the singlet-triplet bands of ethylene and the deuteroethylenes towards shorter 
wavelengths also indicates that the equilibrium carbon-carbon distance in the triplet state 
is considerably greater than that in the ground state. It is accordingly not certain 
whether the longest-wavelength band is the 0,0 band. The V-N bands of ethylene show 
a very large increase in intensity in going from the first, extremely weak, band at 2069 A 
to the last band at 1752 A. From a comparison of the spectra of ethylene and tetra- 
deuteroethylene, Wilkinson and Mulliken estimated that the 0,0 V-N bands of these 
compounds, although too weak to be seen, probably lie near 2500 A. A similar comparison 
of the singlet-triplet spectra of ethylene and tetradeuteroethylene suggests that if the 
longest-wavelength bands (at 3484 A for ethylene and 3455 A for tetradeuteroethylene) 
are not in fact the 0,0 bands, the actual 0,0 bands will not be very different in wavelength. 
The estimated absorption maxima at ~2700 A for ethylene and the deuteroethylenes 
correspond, by the Franck-Condon principle, to transitions from a planar ground-state 
molecule to a planar triplet state of the same dimensions. 

The present results are of interest in connection with the thermal cis—trans-isomeriz- 
ation of olefins. Harman and Eyring ® originally suggested that those isomerizations 
having low activation emergies (~1 ev) proceed via the triplet level of the olefin. ¢rans- 
Dideuteroethylene itself isomerizes to cts-dideuteroethylene by a high activation-energy 


17 Badger, J. Chem. Phys., 1934, 2, 128. 
18 Harman and Eyring, J. Chem. Phys., 1942, 10, 557. 
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(singlet) route,’ although in the presence of nitric oxide the activation energy drops from 
2-82 to 1-20 ev.” In the absence of reliable numerical data as to the dependence of the 
ethylene triplet level on the angle of twist, it is not possible to test this theory quantitatively. 
However, it was observed that irradiation of a mixture of 1 atm. of trans-dideuteroethylene 
and 130 atm. of oxygen with radiation of wavelength 2900—3400 A, or monochromatic 
radiation of wavelength 3130 A, caused appreciable isomerization to cis-dideuteroethylene 
(detected by the strong infrared bands at 843 and 1344 cm.*). After 36 hours’ exposure 
to a filtered (2900—3400 A) 250-w high-pressure mercury arc about 8% of cis-dideutero- 
ethylene was found in the mixture. (Because of the low pressure of trans-dideuteroethylene 
only a few per cent of the incident radiation was absorbed.) No other volatile products 
could be detected from the infrared spectrum of the mixture, and no appreciable isomeriz- 
ation was obtained in the absence of oxygen under pressure. It seems very likely that 
the isomerization occurs by the radiative excitation of an ethylene molecule to the triplet 
state during a collision with an oxygen molecule. The excited molecule will then twist 
to the stable perpendicular configuration and, either spontaneously or in the presence 
of an oxygen molecule, will finally undergo a radiationless transition to a ground-state 
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cis- or trans-molecule. A chemical reaction involving a triplet level produced photo- 
chemically in the presence of a paramagnetic perturber has been observed by Kemula 
and Grabowska *! for benzene saturated with nitric oxide. In this case the triplet benzene 
molecule apparently reacts with the nitric oxide to give a nitroso-compound. 

The absorption spectrum of pure ethylene (50 atm.) down to 2002 A was measured 
incidently and is shown in Fig. 2. The only previous results reported for wavelengths 
greater than 2050 A are those of Snow and Allsopp. The band at 2069 A found by them 
is confirmed, but their extinction coefficients, especially at longer wavelengths, are much 
larger than the present ones, probably mainly owing to impurities (for 2200 A Snow and 
Allsopp give « ~7 x 10°; we find « ~3 x 10°). The absorption of ethylene thus seems 
to fall in a normal manner with increasing wavelength to a very low value at about 2250 A, 
and there is no evidence for any transition in this region other than the V-N transition. 
A shoulder is present at about 2110 A, which is probably a further V-N band (the cal- 
culated wavelength from the formula derived by Wilkinson and Mulliken 5 is 2104 A), 
although it is possible that a small amount of impurity is responsible. 

The absorption bands in the region 2500—2100 A observed by Potts’ for alkyl- 
substituted ethylenes at low temperatures can hardly be due to the first singlet—triplet 


19 Douglas, Rabinovitch, and Looney, J. Chem. Phys., 1955, 28, 315. 
2 Rabinovitch and Looney, J. Chem. Phys., 1955, 28, 2439. 
21 Kemula and Grabowska, Bull. Acad. Polon., 1958, Vol. VI, 12, 747. 
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transitions, on the basis of their position and also the vibrational interval of ~1400 cm.-, 
It is also rather unlikely that transitions to a higher triplet level are involved since the only 
higher triplet levels which arise from excitation of a x-electron are Rydberg-type levels. 
Rydberg bands are normally only observed in the gas phase. 

The nature of the absorption below about 2700 A in ethylene-oxygen mixtures remains 
to be discussed. It is convenient to consider first the absorption spectrum of pure com- 
pressed oxygen in the ultraviolet region above about 2200 A, which has been extensively 
studied.226 There are several weak bands in the region 6000—3289 A whose intensities 
depend upon the square of the oxygen pressure but are independent of the presence of 
other added gases. These bands have been satisfactorily explained as arising from simul- 
taneous electronic transitions involving two oxygen molecules.***5 The main absorption, 
however, comprises the “‘ high-pressure ”’ bands discovered by Wulf,” which are illustrated 
in Fig. 2. These consist of a progression of rather broad bands associated in groups of 
three in the region 2859—2440 A, superimposed on a continuously rising background. 
The intensity of the absorption is approximately proportional to the square of the oxygen 
pressure, and is also increased by the addition of foreign gases (He, Ne, A, Ng, CO,). 
Below about 10—20 atmospheres, another band system in the same region is also observed, 
the Herzberg bands, which are due to a forbidden *Z,*-*Z,- transition of the isolated 
oxygen molecule. The 0,0 band has never been observed in absorption because of its 
low intensity but is estimated ® to lie at 2857 A. The band origins of the Herzberg bands 
lie at wavelengths close to those of the centre bands of each triplet group of the high- 
pressure bands. 

The relation between these two band systems is not certain. It has been suggested ** 26 
that the high-pressure bands are due to one oxygen molecule in an O, complex or “ collision- 
pair ” which undergoes a *Z,*-*Z,~ transition, although Herzberg * apparently considered 
that a different transition was involved. However, it may be noted that a possible ex- 
planation of the characteristic triplet structure of the bands can be given on the basis 
of the three possible states which arise from two oxygen molecules in contact, as a result 
of the coupling between the unpaired electrons of these molecules, namely singlet, triplet, 
and quintuplet. The statistical weights are in the ratio 1:3: 5, respectively, and there 
is evidence that the singlet state lies lowest in energy.*® The three bands in each group 
of the high-pressure bands can then be interpreted as arising from these three states. 
In each case one oxygen molecule is excited to a particular vibrational level of the *Z,* 
state, the spin of which will be appropriately coupled with that of the other ground state 
(®Z,-) oxygen molecule, as a result of the selection rule AS = 0. If'the coupling energies 
between two oxygen molecules in the °Z,~ state are different from those between one 
oxygen molecule in a *Z,* state and one in a °Z,~ state, then three separate bands would 
be expected. 

As mentioned above, foreign gases (He, Ne, A, N,, CO.) increase the intensity of the 
high-pressure bands. It is unlikely, however, that the bands below about 2800 A in 
compressed ethylene (or deuteroethylene)—oxygen mixtures, and the similar bands starting 
at ~2850 A in an acetylene-oxygen mixture at high pressure, are merely due to a similar 
effect. This was most clearly seen in the spectra obtained photographically at lower 
pressures. In an ethylene-oxygen mixture (2 atm. ethylene, 2 atm. oxygen), the more 
intense, broad singlet-triplet bands were observed (Table 1), but below about 2600 A a 


22 Finkelnberg and Steiner, Z. Physik, 1932, 79, 69. 

23 Ellis and Kneser, Z. Physik, 1933, 86, 583. 

*4 Steiner, Trans. Faraday Soc., 1934, 30, 34. 

*° Salow and Steiner, Nature, 1934, 184, 463; Z. Physik, 1936, 99, 137. 
26 Herman, Ann. Phys., 1939, 11, 548. 

27 Wulf, Proc. Nat. Acad. Sci., U.S.A., 1928, 14, 609. 

*’ Herzberg, Canad. J. Phys., 1952, 30, 185. 

2° Broida and Gaydon, Proc. Roy. Soc., 1954, A, 222, 181. 

%° Buckingham and Pople, Discuss. Faraday Soc., 1956, 22, 17. 
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Fic. 3. Perturbed singlet-triplet absorption of butadiene and hexa-1,3,5-triene (5-2 cm. cell unless 
otherwise stated). 
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sharper band system was present. These sharper bands were apparently the Herzberg 
bands, rendered more diffuse and also apparently considerably increased in intensity, 
when compared with spectra taken under similar conditions with 3 atmospheres of pure 
oxygen. A similar effect was also found with acetylene-oxygen mixtures (2 atm. acetylene, 
2 atm. oxygen), although since no singlet-triplet bands were present the modified Herzberg 
bands extended up to ~2700 A. They were also more diffuse than with ethylene-oxygen 
mixtures. No comparable effect was observed with an ethane-oxygen mixture (2 atm. 
ethane, 2 atm. oxygen). It therefore seems that ethylene and acetylene considerably 
perturb the Herzberg bands and increase their intensity, possibly by charge-transfer 
interaction during collisions between the organic molecule and an oxygen molecule. The 
bands below about 2800 A in the high-pressure experiments can then be assigned as largely 
due to a similar effect, with the greater pressure leading to much broader bands. It may 
be noted that ethylene and acetylene are considerably more effective in perturbing the 
3y,,*8Z,- transition of an oxygen molecule than is oxygen itself. The Herzberg bands 
are extremely weak since a £*-=~ transition is highly forbidden, and it is not surprising 
that they should be noticeably perturbed by even very weak interactions which slightly 
affect the symmetry of the electron distribution in the oxygen molecule. 

Conjugated Olefins.—The spectra obtained are given in Figs. 3,4, and 5. Well-defined 
singlet-triplet bands are normally observed. With butadiene and hexatriene two band 
systems seem to be present. The one at shorter wavelengths can be assigned as arising 
from a transition to the second triplet level of the olefin. Recent theoretical calculations 
discussed below do, in fact, suggest that two triplet levels should lie considerably lower 
in energy than the first excited singlet level. 

It has been demonstrated by Kasha * that solvents containing heavy atoms (such 
as ethyl iodide) can induce the singlet-triplet absorption spectra of aromatic hydrocarbons 
(solvent perturbation technique). The absorption spectrum of butadiene dissolved in 
ethyl iodide (Fig. 3) shows bands in almost the same position as those obtained in the 
presence of oxygen. From the relative concentrations and cell lengths used, it is clear 
that ethyl iodide is a less efficient perturber than oxygen. (This is also found with aromatic 
hydrocarbons.) 

The singlet-triplet spectra of the conjugated olefins have a main vibrational interval 
of ~1500cm.+. This probably corresponds, as in the singlet-singlet spectra,** to an upper- 
state vibration which involves mainly the stretching of the C=C bonds. The intensity 
distribution of the bands indicates that a considerable change in molecular dimensions 
occurs during the transitions. 

The 0,0 band of the first singlet-triplet transition was not observed for gaseous butadiene 
because of absorption by the oxygen. Nevertheless, it is apparent that there is very 
little shift of both the butadiene triplet levels in going from the gas phase to solution, in 
contrast with the normal (singlet-singlet) spectrum, where a red shift of ~1800 cm." is 
observed. 

The frequencies both of the 0,0 bands and of the absorption maxima are given in 
Table 2 for all the olefins studied. Although the positions of the 0,0 bands can usually 
be obtained more precisely, theoretical calculations should generally be compared with 
experimental results for the absorption maxima. A further result of theoretical interest 
given in Table 2 is the difference in energy between the lowest triplet level and the first 
excited singlet level. These two levels will usually have the same electron configuration. 

It can be seen from Table 2 that the lowest triplet levels of olefins are of comparatively 
low energy. The energy difference between the first excited singlet and the lowest triplet 
is quite large, and decreases only slowly with increase in the number of conjugated double 
bonds. There have been a large number of theoretical calculations of the energy levels 
of ethylene and butadiene, and no attempt will be made to give a detailed comparison 


31 Kasha, J. Chem. Phys., 1952, 20, 71. 
32 Price and Walsh, Proc. Roy. Soc., 1946, A, 185, 182. 
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TABLE 2. Singlet-triplet data for olefins 
(chloroform solutions unless otherwise stated). 
First excited 


singlet—lowest Theor. absorption 
Absorption triplet separ- maximum (ev.) 
0,0, Band maximum ation (max.) Pariser 
Molecule (cm.~) (cm.~) ev (ev) ¢ and Parr* Sidman‘* 
CH,=CH, <—28,700 * 37,000 4-6 3-0 3B, 4:5,5°7° 3B, 4-2 
CH,=CH-CH=CH, (i) 20,830 (i) 26,000 3-2 2-8 {2 3-9 3B, 3-4 
(ii) 28,750 (ii) ~31,000 ~3-9 34, 46 34, 4-4 
28,770 * 
trans- (i) 16,450 = (i) 20,800 2-6 2-6 
CH,=CH-CH=CH-CH=CH, (ii) 24,310 (ii) ~26,000 ~3-2 
CH,‘[(CH=CH),-CHO 15,210 18,000 2-2 2-0 
CH,*(CH=CH),-CHO 12,700 15,600 1-9 1-9 
CH,(CH=CH],-CHO 11,050 13,700 1:7 1-8 
CH,=CMe-CH=CH, 21,000 
Cyclopentadiene 20,400 ~ 25,000 31 
Cyclohexa-1,3-diene 18,700 ~ 23,000 2: 


* Gas phase. f Since the solvent shifts of the singlet-triplet transitions of olefins are much less 
than those of the singlet-singlet transitions, gas data for the olefin singlet-singlet bands are used 
where available. For the polyene aldehydes, 2000 cm.~! has been added to the observed frequencies ¢ 
of the singlet-singlet bands in solution. 

* Pariser and Parr, J. Chem. Phys., 1953, 21, 767. ° Parr and Pariser, ibid., 1955, 28, 711. 
¢ Sidman, ibid., 1957, 27, 429. 4 Blout and Fields, J. Amer. Chem. Soc., 1948, 70, 189. 


with the present results. It has been found *** that the non-empirical molecular-orbital 
method (antisymmetrized product of molecular orbitals-LCAO approximation) does not 
give very accurate results for the energy levels of polyatomic molecules. In particular, 
the calculated separation between the first excited singlet and the lowest triplet levels 
is normally much too large. This is well illustrated with ethylene and butadiene, where 
the calculated values of this separation are 8-4 ev * and 5-1 ev * respectively, as compared 
with the experimental values of 3-0 and 2-8 ev. Recently, several modifications of the 
molecular-orbital approach involving the addition of empirical elements have been applied 
with considerable success to the calculation of the energy levels of hydrocarbons (especially 
aromatic hydrocarbons). The most widely used treatment is probably that due to Pariser 
and Parr.*36 The values calculated by these authors for the triplet levels of ethylene 
and butadiene are given in Table 2, together with those obtained by Sidman *” who used 
a related method based on Pople’s self-consistent field formulation.** Quite good agree- 
ment with the present experimental results is found. The first treatment of ethylene by 
Pariser and Parr,*> which involved an empirical value for a certain two-centre integral 
based on a consideration of the spectrum of benzene, seems more satisfactory than their 
later calculation ** in which the theoretical value for this integral was used. 

It has been reported by Lewis and Kasha that, while all-trans-lycopene does not 
phosphoresce, yet after it has been converted into cis-isomers by heat and iodine, phos- 
phorescence emission in the visible region was obtained. Since lycopene contains 11 
conjugated double bonds, from the results given above any phosphorescence from the 
lowest triplet level would almost certainly occur in the infrared region, and it seems most 
likely that the observed phosphorescence involved a higher triplet level or impurities formed 
during the iodine treatment. 

Finally, a negative result for the ‘‘ aromatic ” hydrocarbon azulene may be mentioned. 
No phosphorescence in this compound could be detected by Beer and Longuet-Higgins,® 

88 Parr and Crawford, J. Chem. Phys., 1948, 16, 526. 

* Parr and Mulliken, J. Chem. Phys., 1950, 18, 1338. 

33 Pariser and Parr, J]. Chem. Phys., 1953, 21, 767. 

36 Parr and Pariser, J. Chem. Phys., 1955, 28, 711. 

3? Sidman, J. Chem. Phys., 1957, 27, 429. 


38 Pople, Proc. Phys. Soc., 1955, A, 68, 81. 
39 Beer and Longuet-Higgins, J. Chem. Phys., 1955, 28, 1390. 
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or by Viswanath and Kasha. Two very different explanations of this were given. Beer 
and Longuet-Higgins suggested that the triplet level lies higher in energy than the first 
excited singlet level at about 14,000 cm., while Viswanath and Kasha thought it more 
likely that the triplet level was of very Jow energy, so that any phosphorescence emission 
occurred in the infrared region above about 12,000 A, and was thus not detected. In 
an attempt to locate the triplet level of azulene, the absorption spectrum of oxygen 
at 130 atmospheres dissolved in a 0-3m-solution of azulene in carbon tetrachloride was 
measured in the region 8000—25,000 A (12,500—4000 cm.*!)._ No induced singlet-triplet 
bands could be detected. Since, under similar conditions, both olefinic and aromatic 
hydrocarbons give quite strong singlet-triplet bands extending over several thousand 
wave numbers, it seems likely that the lowest triplet level of azulene does not lie below 
12,500 cm.* but is either of higher energy than the first excited singlet level, as suggested 
by Beer and Longuet-Higgins, or is only very slightly lower in energy than this level. 





Fic. 6. Perturbed singlet-triplet absorption spectra of 
diacetylenes (5-2 cm. cell). 
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200 6 . . 30,090 cm.1. C, Oxygen at ca. 130 atm. dissolved in 
5400 5600 0-15m-hexa-2,4-diyne-1,6-diol (chloroform solution); 
Wavelength (A) max. at 27,380, 29,440 cm.—. 


Acetylenic Compounds.—The observed triplet levels are given in Table 3, and some of 
the spectra are illustrated in Fig. 6. The present result for the 0,0 band of octa-2,4,6- 
triyne (dimethyltriacetylene) (22,170 cm.-) is in quite good agreement with that obtained 
by Beer ® from the phosphorescence spectrum (22,320 cm.“). This author also found a 


TABLE 3. Triplet levels (cm.) of acetylenes (chloroform solutions unless otherwise stated). 


0,0 band 0,0 band 0,0 band 
HC=C-CECH ....... 27,020° CH,°[C=C),-CH,............ 27,910 HO-CH,*[C=C],,CH,-OH 27,380 
27,300 n-C,H,°(C=],°H _......... 27,420 CH, (C=C],-CHg............ 22,170 
n-C,H,*[C=C],°C,Hy-n ... 27,820 
CH,Cl-(C=C),°CH,Cl ...... 26,460 


* Gas phase; tentatively assigned 0,0 band. 


very weak absorption band at 28,100 cm. for hexa-2,4-triyne (dimethyldiacetylene) in 
hexane solution, which was tentatively assigned as arising from a transition to the lowest 
triplet level. The position of this band is close to that of the much stronger lowest- 
frequency band observed in the presence of oxygen under pressure (27,910 cm.*). 

The absorption spectrum of a gaseous diacetylene-oxygen mixture consists of four 
main groups of bands separated by an interval of ~2000 cm... This interval presumably 
corresponds to a triple-bond stretching frequency of the triplet state analogous to the 
x,* frequency of the ground state which has a value of 2184 cm.7._ The first band in 
each of the first three groups is much weaker than the others, and is tentatively assigned 
as a “‘hot’”’ band, due to transitions from those molecules which possess one quantum 
of the II- ground-state bending frequency of 482 cm.+. In agreement with this inter- 
pretation, the average interval between this band and the next is ~450cm.1. The spectrum 


4° Viswanath and Kasha, ]. Chem. Phys., 1956, 24, 574. 
41 Jones, Proc. Roy. Soc., 1952, A, 211, 285. 
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is thus consistent with Beer’s assignment of the lowest triplet level as 3Z,*, meee as 
recognized by this author, it is possible that the triplet state is not linear. 

It is noteworthy that alkyl substitution in diacetylene (and butadiene) causes shifts 
of the triplet level to higher frequencies (‘‘ blue shift ”’). Normally, for non-polar hydro- 
carbons, alkyl substitution causes red shifts of the observed bands, as found, for example, 
with the singlet-singlet spectra of acetylenes and olefins, and the singlet-triplet spectra 
of aromatic hydrocarbons. These red shifts are thought * to be due to two main effects: 
(i) the inductive effect of the alkyl group and (ii) hyperconjugation of the alkyl group 
with the unsaturated system. The inductive effect raises the energy both of the ground 
state and, to a smaller extent, of the excited state, while hyperconjugation raises the ground 
state and lowers the excited state. It is possible that the blue shifts observed for the 
singlet-triplet spectra of diacetylene and butadiene are due to an inductive effect which 
is greater in the triplet state than in the ground state. The relative contribution of the 
inductive effect as compared to that of hyperconjugation is expected to be greater in small 
molecules such as diacetylene than in larger molecules such as the aromatic hydrocarbons. 


The author thanks the Chemical Society for a grant from the Research Fund, Dr. M. C. 
Whiting for a gift of dimethyldiacetylene and dimethyltriacetylene, and Dr. Z. R. Grabowska 
for a helpful discussion. 
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348. The Chemistry of Quadrivalent Germanium. Part VII. Further 
Studies of the Complexes formed between Germanium and Polyhydric 
Alcohols. 


By D. A. Everest and J. C. HARRISON. 


Ion-exchange studies of germanium in concentrated solutions of mannitol, 
glycerol, and ethanediol have shown that with mannitol and glycerol 3: 1, 
2:1, and 1: 1 ligand-germanium complexes are formed at higher pH values. 
With ethanediol under the same conditions evidence for 2: 1 and 1: 1 com- 
plexes has been obtained. It has been confirmed that the stability order of 
these complexes is mannitol > glycerol > ethanediol. Evidence has been 
obtained for the sorption of polynuclear mannitol— and glycerol-germanium 
complexes by the resin at lower pH values. The glycerol complexes readily 
break down to give atypical polygermanates, but it is uncertain whether 
these occur in solution or are formed only in the resin phase. Tentative 
suggestions are advanced for the structures of the various species indicated. 


A PREVIOUS study ? of the interaction of germanic acid with mannitol, glycerol, and ethane- 
diol by ion-exchange methods showed that a doubly charged 1:1 glycerol-germanium 
complex was sorbed by the resin above pH 9. In the mannitol system a singly charged 
mannitol-germanium complex was taken up by the resin below pH 8, a doubly charged 
2:1 mannitol-germanium complex above pH 10-6; between pH 8 and 10-6 a mixture of 
these two ions was sorbed. Some evidence was also obtained for the presence of an un- 
charged mannitol-germanium complex in solutions containing excess of mannitol. In 
addition results obtained below pH 8 and given in section (a) of Table 3, ref. 2, indicate 
that the amount of mannitol sorbed by the resin is slightly, but significantly, above that 
of the germanium. As the amount of “ free” mannitol taken up by the resin is negligible 
at the mannitol concentrations used, it is considered that this slight surplus of mannitol is 


1 Part VI, Everest and Harrison, J., 1959, 2178. 
* Everest and Harrison, J., 1957, 4319. 
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evidence that a small quantity of a singly charged 2: 1 mannitol-germanium complex is 
sorbed by the resin, together with larger quantities of the 1:1 complex. No interaction 
was found between germanic acid and ethanediol at the concentrations used (26-6 mg.- 
atoms of germanium and 133 mmoles of ethanediol per 1.). The normal condensation of 
germanic acid was suppressed by the polyhydroxy-compounds in the order mannitol > 
glycerol > ethanediol. 

Interaction of germanic acid with a series of simple glycols and higher polyhydroxy- 
compounds has recently been studied by Antikainen, using pH methods.* He concluded 
that glycerol and the simple glycols formed monobasic 1:1 and 2: 1 ligand—germanium 
complexes, whereas higher polyalcohols formed mainly 2 : 1 complexes. 

In the present work the complexes formed between germanic acid and mannitol, 
glycerol, and ethanediol have been further investigated by ion-exchange methods, 
increasing concentrations of both germanium and polyhydric alcohols being used. The 
present study was initiated after the success of ion-exchange methods for investigating 
the chemistry of concentrated germanate solutions.! 


EXPERIMENTAL 


Solutions.—Where the germanium concentration was less than 40 mg.-atoms per 1. a stock 
solution of germanium dioxide of this concentration was employed; to this solution were added 
the requisite quantities of ethanediol, glycerol, or mannitol, and the pH was adjusted with 
carbonate-free 3N-sodium hydroxide. For more concentrated germanium solutions weighed 
quantities of germanium dioxide and the required polyhydroxy-compound were boiled with 
water until an optically clear solution was obtained. Often it was easier to effect solution if 
excess of water was used, the clear solution obtained being then evaporated to the required 
volume. 

Equilibrium Experiments and Analytical Methods.—These were carried out as previously 
described.? Chloride present was added as resin chloride. Amberlite I.R.A.-400 was 
employed in all experiments. 

Polyalcohol and Chloride Controls.—These were determined as in the main experiments 
except that the germanium was omitted. When the amount of free polyhydroxy-compound 
exceeds 0-01 mole per equiv. of resin then the value is quoted at the head of the relevant 
table. No significant variation occurred in the quantity of free polyhydroxy-compounds 
found on varying the pH of the solution. 

On equilibration of concentrated solutions of polyhydroxy-compounds with Amberlite 
I.R.A.-400, some desorption of chloride occurs, the quantity increasing with increasing pH of 


TABLE 1. Chloride corrections for concentrated polyalcohol solutions. 


Cl- desorbed (moles per Cl- desorbed (moles per 

pH equiv. resin) = A 1/(1 — A) * pH equiv. resin) = 4 1/(1 — A)* 
3-0 0-065 1-07 10-7 0-175 1-21 
4:2 0-07 1-08 11-2 0-222 1-29 
6-1 0-075 1-08 11-7 0-301 1-43 
7-9 0-08 1-09 12-0 0-358 1-56 
9-6 0-11 1-125 12-5 0-452 1-82 
10-2 0-137 1-16 


* 1/(1 — A) is the correction factor on the assumption that the ratio of chloride desorbed by 
impurities to the chloride retained by the resin is unaltered in presence of sorbed complexes. 


the solution (Table 1). It was considered that this release of chloride is due to the presence of 
a small quantity of a weakly acidic impurity, its affect being most apparent with the con- 
centrated polyhydroxy-compound solutions. Within experimental error the chloride released 
was the same with all three polyhydroxy-compounds when their concentrations were 
>1000 mmoles per 1. At high pH values the correction factors listed in Table 1 also include 
the effect of direct hydroxyl-ion competition (for hydroxyl-ion corrections in simple systems 
see ref. 4). All values for chloride quoted in this paper have been corrected for these effects, 


* Antikainen, Suomen Chem., 1957, 30, B, 147; 1958, $1, B, 291. 
* Everest and Salmon, /., 1954, 2438; 1955, 1444; Everest, /., 1955, 4415, 
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TABLE 2. Sorption of germanium, mannitol, and chloride from solutions by | : 
Amberlite 1.R.A.-400(C]). 
Species sorbed (moles or g.-atoms 
per equiv. resin) Ratio mannitol: Ge Charge per Ge atom in q 
pH of soln. Ge Mannitol Cl in sorbed complex sorbed complex 


(a) Ge = 35 mg.-atoms, mannitol = 1050 mmoles, Cl = 10 mg.-atoms per 1. Control sorption of 
mannitol = 0-04 mole per equiv. of resin. 


6-0 0-190 0-250 0-910 1-32 0-47 
7-95 0-160 0-373 0-775 2-33 1-40 
9-6 0-188 0-472 0-590 2-51 2-18 
10-9 0-212 0-535 0-617 2-53 1-81 
11-05 0-201 0-537 0-596 2-68 2-01 
12-05 0-160 0-490 0-642 3-06 2-22 
12-25 0-179 0-551 0-610 3-08 2-18 ; 


(b) Ge = 100 mg.-atoms, mannitol = 1050 mmoles, Cl = 20 mg.-atoms per 1. Control sorption of 
mannitol = 0-04 mole per equiv. of resin. 


3-5 0-032 0-039 1-0 1-22 _— 
3-8 0-195 0-230 0-862 1-18 0-71 
4-45 0-222 0-310 0-835 1-40 0-74 
5-05 0-232 0-314 0-815 1-36 0-80 
6-0 0-223 0-330 0-802 1-48 0-89 


(c) Ge = 150 mg.-atoms, mannitol = 1200 mmoles, Cl = 20 mg.-atoms per 1. Control sorption 
mannitol = 0-04 mmole per equiv. of resin. 


2-65 0-109 0-107 0-985 0-98 0-14 
2-75 0-126 0-132 0-967 1-05 0-26 
3-05 0-180 0-162 0-925 0-90 0-42 


3-3 0-218 0-236 0-910 1-08 0-41 
3-5 0-239 0-261 0-878 1-09 0-51 
3°75 0-268 0-299 0-850 1-11 0-56 
4-0 0-296 0-346 0-817 1-17 0-62 
4-7 0-337 0-453 0-765 1-34 0-70 
5-2 0-318 0-437 0-768 1-38 0-73 
6-0 0-317 0-428 0-755 1-37 0-73 
8-2 0-288 0-466 0-688 1-62 1-08 
8-4 0-292 0-460 0-715 1-58 0-98 


Mannitol-Germanic Acid System.—In Table 2 are given the results for the sorption of 
germanium, mannitol, and chloride from solutions containing mg.-atoms of germanium, mmoles 
of mannitol, and mg.-atoms of chloride per 1. in the proportions (a) 35, 1050, 10; (6) 100, 1050, 

20; (c) 150, 1200, 20, respectively. ° 

Glycerol-Germanic Acid System.—In Table 3 are given results for the sorption of germanium, 
glycerol, and chloride from solutions containing: (a) and (b), corresponding concentrations to 
those used in sections (a) and (b) of the mannitol—-germanic acid system; (c) 150 mg.-atoms of 
germanium, 2200 mmoles of glycerol, and 20 mg.-atoms of chloride per 1. 

Ethanediol-Germanic Acid System.—In Table 4 are given results for the sorption of german- 
ium, ethanediol, and chloride from solutions containing mg.-atoms of germanium, mmoles 
of ethanediol, and mg.-atoms of chloride per 1. in the proportions (a) 35, 1050, 20; (b) 35, 
3000, 20, respectively. 


DISCUSSION 


Mannitol-Germanic Acid System.—In the experiments recorded in section (a) of Table 2, 
the ratio of mannitol to germanium in the sorbed complexes rises continuously from 1-35 
to 3-08 : 1 on increase of pH from 6 to 12-25. This indicates that at high pH values and at 
high mannitol concentrations the germanium is sorbed by the resin exclusively as a 3: 1 
mannitol-germanium complex; , within experimental error this complex is doubly charged. 
As the pH is reduced below 12 an increasing proportion of a lower complex is sorbed by the 
resin, this being probably the doubly charged 2:1 mannitol-germanium complex (see 
ref.2). The result at pH 7-9 is consistent with the suggestion made on p, 1745 that a singly 
charged 2 : 1 complex is sorbed by the resin at low pH values. 
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TABLE 3. Sorption of germanium, glycerol, and chloride from solutions by 
Amberlite 1.R.A.-400(C]). 


Species sorbed (moles or g-atoms Charge per R value 
pH of per equiv. resin) Ratio glycerol : Ge Ge atom in sorbed 
soln. Ge Glycerol Cl in sorbed complex sorbed complex germanate 


(a) Ge = 35 mg.-atoms, glycerol = 1050 mmoles, Cl = 10 mg.-atoms per 1. Control sorption of 
glycerol = 0-085 mole per equiv. of resin. 


7:2 0-190 0-260 0-840 1-37 0-84 
79 0-178 0-255 0-770 1-44 1-29 
8-3 0-167 0-260 0-792 1-56 1-25 
10-75 0-172 0-340 0-715 2-00 1-66 
12-2 0-173 0-483 0-770 2-78 1-33 
12-8 0-178 0-423 0-720 2-40 1-57 


(b) Ge = 100 mg.-atoms, glycerol = 1050 mmoles, Cl = 20 mg.-atoms per 1. Control sorption of 
glycerol = 0-085 mole per equiv. of resin. 


1-8 — _— 1-00 

2-6 _— — 1-00 — - 

3-6 — — 1-00 — — ~ 
4-2 0-629 _ 0-89 _ — 57 
4-6 0-985 _— 0-825 — _ 5-6 
4-9 1-285 0-030 0-663 _— —_ 3-8 
5-6 1-78 0-030 0-473 — — 3-8 
6-8 1-72 0-035 0-440 — — 3-1 
7-2 1-67 0-080 0-432 — — 2-95 
8-0 0-216 0-215 0-835 1-0 0-77 [1-3] 
8-2 0-261 0-340 0-770 1-3 0-91 [1-1] 


(c) Ge = 150 mg.-atoms, glycerol = 2200 mmoles, Cl = 20 mg.-atoms per 1. Control sorption of 
glycerol = 0-100 mole per equiv. of resin. , 


3-75 0-609 — 0-895 5-8 
4-0 0-995 _ 0-755 . 4-06 
4-4 1-54 0-04 0-620 -— — 4-05 
4:8 1-905 0-04 0-493 - — 3-75 
5-5 2-61 0-09 0-284 _ : 3-65 
6-5 1-53 0-17 0-522 0-11 — 2-92 
6-9 0-752 0-23 0-643 0-30 0-48 (2-1) 
7-3 0-251 0-274 0-832 1-09 0-67 [1-5] 

TABLE 4. Sorption of germanium, ethanediol, and chloride from solutions by 
Amberlite 1.R.A.-400(Cl). 
Species sorbed (moles or g.-atoms 
per equiv. resin) Ratio ethanediol: Ge Charge per Ge atom 
pH of soln. Ge Ethanediol Cl in sorbed complex in sorbed complex 


(a) Ge = 35 mg.-atoms, ethanediol = 1050 mmoles, Cl = 20 mg.-atoms per 1. Control sorption of 
ethanediol = 0-080 mole per equiv. of resin. 


6-4 0-770 — 0-720 _ — 
9-25 0-685 — 0-653 —_ — 

9-8 0-206 0-108 0-850 0-53 1-37 
11-35 0-086 0-140 0-805 1-63 2-26 
12-45 0-076 0-145 0-860 1-90 1-85 


(b) Ge = 35 mg.-atoms, ethanediol = 3000 mmoles, Cl = 20 mg.-atoms per 1. Control sorption of 
ethanediol = 0-180 mole per equiv. of resin. 


6-45 0-615 0-061 0-770 — — 

8-55 0-129 0-108 0-825 0-84 1-35 

9-1 0-127 0-162 0-845 1-27 1-22 
10-95 0-112 0-105 0-825 0-94 1-55 
11-7 0-122 0-111 0-895 0-91 0-86 
12-25 0-067 0-175 0-870 2-6 1-95 


Of particular interest in section (a) of Table 2 is the result at pH 6, where the overall 
charge per germanium atom falls below one and the mannitol: germanium ratio in the 
sorbed complex approaches one. It is not possible to account for this low charge per 
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germanium by assuming that a mixture of free germanate and any singly charged mono- 
nuclear mannitol-germanium complex is sorbed by the resin. In any case sorption ‘of free 
germanate is unlikely from such a concentrated mannitol solution for, as previously 
observed,” no free germanate was sorbed from a solution of the same pH containing only 
one-fortieth of the concentration of mannitol. If no free germanate is taken up by the 
resin, then it is necessary to assume that there is more than one germanium atom per 
charge in the sorbed mannitol complex, #.e., a polymeric mannitol-germanium ion is being 
sorbed. An approximate fit for the result at pH 6 is obtained by postulating sorption of a 
doubly charged 4:3 mannitol-germanium complex, although the charge per germanium 
in such a complex is greater than the observed value (0-66 as against 0-47). A singly 
charged 3 : 2 mannitol-germanium complex would give a better value for the charge per 
germanium (0-5 as against 0-47) but a poorer value for the mannitol: germanium ratio 
(1-5 as against 1-32). 

The existence of such polynuclear complexes in this lower pH region is confirmed by 
the results given in sections (b) and (c) of Table 2. In section (d), at pH values between 6 
and 3-8, complexes are sorbed by the resin with ratios of mannitol : germanium of 1-48— 
1-18 : 1 and with charges per germanium of 0-9—0-7, These results suggest sorption of a 
doubly-charged 3: 2 or a 4:3 mannitol-germanium complex, the charge per germanium 
being rather too high for sorption of a singly-charged polynuclear complex. Below 
pH 3-5 sorption of germanium and mannitol falls to zero. 

In section (c) of Table 2 are shown results obtained by using the highest con- 
centrations which could be obtained at the lower pH values. The increasingly polynuclear 
character of the species sorbed by the resin on decreasing the pH is clearly demonstrated 
by the steady reduction in the charge per germanium atom from 0-98 at pH 8-4 to 0-14 at 
pH 2-65. The value of 0-14 corresponds to sorption of a doubly-charged Ge,, polymer or 
to a singly-charged Ge, polymer. It is significant that the mannitol : germanium ratio in 
the sorbed complexes progressively decreases towards 1 as the pH is reduced. This would 
be consistent with the formation of Ma, ,Ge, polymers * which would tend towards a 
mannitol : germanium ratio of unity at high values of n. 

Glycerol-Germanic Acid System.—The results given in section (a) of Table 3 closely 
resemble those for the corresponding mannitol system [section (a) of Table 2]. The self- 
condensation of germanic acid, which is less affected by glycerol than by mannitol, is 
completely suppressed at the high glycerol concentrations used in the present work. The 
ratio glycerol : germanium in the sorbed complexes rises from 1-4 to 2-8 as the pH increases 
from 7-2 to 12. These results indicate that at pH values of ca. 12 at least part of the 
germanium is sorbed by the resin as a 3:1 glycerol-germanium complex, whilst a 2:1 
complex is the principal species sorbed at ca. pH 10—11. At pH 8-3 and 7-9 a singly-charged 
1:1 complex appears to be taken up by the resin. It seems that glycerol resembles 
mannitol in forming 1:1, 2:1, and 3: 1 complexes with germanium; in both cases form- 
ation of the higher complex is favoured by increasing the concentration of the polyhydroxy- 
compound or the pH of the solution. As previously concluded,? glycerol-germanium 
appear less stable than mannitol-germanium complexes. The charge on the 2:1 and3:1 
glycerol-germanium complexes is rather uncertain. The charge per germanium atom 
appear to be about 1-5; this fractional value could result from difficulty in ionising the 
second hydrogen from these complexes, or from cumulative errors in calculating the 
charge per germanium atom at high pH values. 

The result at pH 7-2 is similar to that at pH 6 in the mannitol system [section (a), 
Table 2] in that sorption of a polynuclear species is indicated. 

In the experiments at the higher germanium concentrations [section (b), Table 3] only 
the results at pH 8-2 and 8-0 indicate polynuclear formation. Below pH 8 sorption of 
glycerol falls to low values and the resin contains virtually only chloride and germanates 


* Here, and later, Ma = mannitol. 
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of high R value (for definition of R see refs. 1, 4, and 5). This sorbed germanate shows 
two features of interest. Not only do the R values found rise considerably above those 
found in germanate systems in absence of polyhydroxy-compounds, but germanate 
sorption also occurs below the minimum pH at which it occurs in simple germanate 
systems.}4 

Similar interpretation is given to the results obtained at the highest concentrations used 
[section (c), Table 3}. Polynuclear glycerol-germanium complexes appear to be sorbed at 
pH 7-5 and 7:3, but at lower pH values atypical germanates of high R value are sorbed 
by the resin. In both sections (b) and (c) of Table 3 the R values tend to a maximum value 
of about 5-8, possibly indicating that a discrete polygermanate species is sorbed at low pH 
values, ¢.g., H,Ge,,0..2> (R = 5-5) or H,Ge,,0,,2- (R = 6). These results provide 
evidence that polygermanates higher than heptagermanate can exist under some 
conditions, although it is not certain from our work whether such high polygermanates 
exist in solution or are only formed under special conditions in the resin phase. Slight 
evidence has been previously obtained for the existence of polygermanates higher than 
heptagermanate.! 

Ethanediol-Germanic Acid System.—By employing higher concentrations of germanium 
and ethanediol than previously,? complex formation has been detected in this system. 
The results given in section (a) of Table 4 indicate that above ca. pH 11 a mixture of 1:1 
and 2:1 ethanediol-germanium complexes are sorbed by the resin, both species carrying 
a charge of 2. At lower pH values polygermanate and chloride are sorbed by the resin; 
even ethanediol concentration of 1050 mmoles per 1. do not form a complex with the 
germanium sufficiently strongly to inhibit the normal condensation except at high pH 
values. The results obtained with 3000 mmoles of ethanediol per 1. [section (b), Table 4} 
confirm that germanium-ethanediol complexes are sorbed by the resin. At this ethane- 
diol concentration self-condensation of germanic acid is largely suppressed, only appearing 
at the lowest pH studied (6-4). Quantitative interpretation of the results in section (b) 
of Table 4 is difficult, largely because the control correction for ‘‘ free ’’ ethanediol is of the 
same order of magnitude as of the ethanediol sorbed as complex. The relatively low 
sorption of germanium and the possibility of a small sorption of polygermanate also add 
to the quantitative uncertainty. Sorption of ethanediol appears to be slightly less from 
the more concentrated ethanediol solution, constituting evidence that uncharged 
germanium-ethanediol complexes also occur (cf. mannitol-germanic acid system, ref. 2). 

Although the results obtained for this system do not allow complete quantitatve 
interpretation, they indicate that ethanediol forms complexes with germanium when 
present in large excess, and that such complexes are weaker than mannitol— and glycerol- 
germanium complexes. The difficulties of quantitative interpretation illustrate the 
limitations of the ion-exchange method for very weakly complexing systems. 

Structure of the Polyhydroxy-germanium Compounds.—Although ion-exchange data 
provide little information concerning the structure of particular complexes, comparison of 
the results obtained under different conditions and with different ligands enables reasonable 
suggestions to be made concerning structure. 

The 2:1 and 3:1 polyalcohol-germanium complexes, which normally carry two 
negative charges, are probably derived from the octahedral Ge(OH),?~ species by elimin- 
ation of water between the hydroxyl groups of the germanium and two of the hydroxyl 
groups on each ligand. That such octahedral complexes are most readily formed at high 
pH values is consistent with the fact that the Ge(OH),?- ion becomes the major species in 
a germanate solution only at high pH values.*® Evidence has also been obtained that 
mannitol, glycerol, and ethanediol form uncharged complexes with germanium. These 
complexes may be of the 2 : 1 type derived from uncharged tetrahedral orthogermanic acid 


5 Russell and Salmon, J., 1958, 4708. 
* Brintzinger, Z. anorg. Chem., 1948, 256, 98. 











i el te el 


—_ 


GQ £ es eS Oe ee VSO 


a 


@ 


aP Se = 





[1960] Quadrivalent Germanium. Part VII. 1751 


units by interaction of the germanium’s hydroxyl groups with two hydroxyl groups on 
each ligand. Such a tetrahedral complex is of necessity uncharged unless either a 
germanium-ligand bond is broken, thus allowing ionisation of one of the germanium’s 
hydroxyl groups, or the complex is converted into the octahedral configuration based on 
Ge(OH),”-. It is significant that the existence of neutral 2 : 1 «-hydroxy-acid—germanium 
complexes has been demonstrated; 7 such complexes may also be tetrahedral. 

The considerable stability of the 1 : 1 mannitol-germanium complex, and the fact that 
it carries only a single charge over a wide pH range [?.e., 5—12, see section (6), Table 3, 
ref. 2], can be explained by assuming the complex to be derived from the tetrahedral 
orthogermanic acid. The mannitol acts as a tridentate group binding three of the four 
germanium hydroxyl groups, leaving the fourth free to ionise; for this complex to gain a 
second charge would entail breaking one of the germanium-ligand bonds. However, in 
presence of a 5:1 molar excess of mannitol {section (a), Table 3, ref. 1] the 1 : 1 complex 
is the principal species only up to pH 8-6; at higher pH values the complex acquires a 
second charge by binding an additional mannitol and becoming octahedral in configuration, 
each mannitol acting as a tridentate group. The relative difficulty in forming the 3:1 
mannitol-germanium complex from the 2 : 1 complex results from the necessity for break- 
ing the germanium—mannitol bonds in the latter compound, each mannitol acting as a bi- 
dentate group in the 3: 1 complex. 

In contrast to the 1: 1 mannitol-germanium complex, the similar glycerol complex is 
doubly charged. This complex is the major species sorbed by the resin from relatively 
dilute glycerol solutions.2. This double charge arises from inability of glycerol to bind 
more than two hydroxyl groups on the orthogermanic acid unit, leaving the other two 
free to ionise. Such a complex is evidently only stable in the ionic form, for it is sorbed 
by the resin only above pH 9; below this pH, only free germanate is sorbed,” unless a large 
excess of glycerol is present. 

The marked difference between the mannitol and the glycerol system in the region 
where polynuclear complexes are formed is of significance. Mannitol forms a range of 
polymers Ma, , ,Ge, which strongly suggest their possessing a linear structure consisting of 
alternating mannitol and germanate units. It is difficult to decide whether the germanium 
has an octahedral or a tetrahedral configuration in these polymers. A tetrahedral 
structure based on orthogermanic acid would lead to an uncharged complex, whilst an 
octahedral configuration would imply a charge per germanium of 2, which is too high. 
Possibly these polymers contain both tetrahedral and octahedral germanium units, or the 
ionisation of the octahedral-based polymers may be partly suppressed by the low pH of the 
system. 

With glycerol, polymers consisting of alternate germanium and ligand units cannot 
occur, for glycerol cannot simultaneously bind two germanate units, no evidence ever 
having been obtained that germanium can form a complex with a ligand containing only 
one hydroxyl group as co-ordination centre. Polymerisation in the glycerol system can 
be envisaged as originating from the 1:1 glycerol-germanium complex if it is assumed 
that the pH at which the latter breaks down into glycerol and germanate is reduced by 
increasing the concentration of germanium and glycerol in solution. As the pH is reduced 
below 9, condensation occurs between the free germanium hydroxyl groups of neighbour- 
ing complexes. The resulting polymers are similar to those formed by condensation of 
dialkylsilanediols,* the glycerol masking two of the hydroxyl groups on the germanium 
and making it effectively bifunctional. Any charge carried by these polymers will result 
from ionisation of the hydroxyl groups on the terminating germanate units. Increasing 
the concentration of the solution only retards the loss of glycerol from the germanium 
complexes, thus further decreasing the pH required for complete displacement of glycerol 


* Pflugmacher and Rohrman, Angew. Chem., 1957, 69, 778; Clark, Nature, 1959, 188, 536. 
* Hardy and Megson, Quart. Rev., 1948, 2, 25. 
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and formation of atypical chain polygermanates which are taken up by the resin. Such 
chain polygermanates are in contrast to normal polygermanates which have a globular 
structure.® 

BATTERSEA COLLEGE OF TECHNOLOGY, Lonpon, S.W.11. 


[Present address (D. A. E.): THE NATIONAL CHEMICAL LABORATORY, 
TEDDINGTON. | (Received, November 2nd, 1959.) 


® Nowotny and Wittman, Monatsh., 1952, 88, 568; 1956, 87, 654. 





349. The Mechanism of Acylation by Carboxylic Anhydrides in 
Non-aqueous Media, catalysed by Mineral Acid. 


By D. P. N. SATCHELL. 


Experiments, mainly kinetic, are reported on the acylation of 8-naphthol 
by acetic, butyric, dichloroacetic, and benzoic anhydride in acetic, butyric, 
and dichloroacetic acid, catalysed by hydrofluoric, hydrochloric, hydro- 
bromic, and perchloric acid. Some experiments on the acylation of water 
are also described. 

The kinetic results and infrared spectra indicate that in these systems 
the acyl derivative of the catalysing acid, is formed as the result of a rapid 
equilibrium with the anhydride, and attacks the compound undergoing 
acylation in a slow, bimolecular step. For the three halogen acids the pre- 
equilibria lie well towards the acyl halide, but in perchloric acid catalysis 
only a small amount of the acy] perchlorate is present. Reaction in the 
presence of hydrogen fluoride is complicated by other features, among which 
is the powerful catalysis of the slow step by molecular hydrogen fluoride, to 
which the efficacy of hydrogen fluoride in Friedel-Crafts acylation by 
anhydrides may also be due. 

The observed relative reactivites are, as expected, AcBr > AcCl > AcF 
and AcCl > Pr-COCIl > BzCl. 

In excess of acetic acid, and at ordinary temperatures, benzoyl and 
butyryl chloride can be made to act only as acetylating agents. Such 
reactions may form the basis of a general, one-step preparation of acyl 
derivatives from the parent acids. 


THE work now described is chiefly a kinetic investigation into the mechanism of acylation 
of hydroxylic compounds by acetic anhydride in acetic acid. Various mineral acid 
catalysts have been used, and other solvent-anhydride combinations. The main substance 
acylated has been 6-naphthol, though water has also been studied. 

Previous kinetic work in this general field has not been so extensive as might be 
supposed. No other hydroxylic compound appears to have been studied and no media 
other than acetic acid. The one previous study with $-naphthol, by Conant and 
Bramann,} is scarcely quantitative, and their mechanistic conclusions have been shown to 
be incorrect. Of the two previous studies of relevance on the acylation of water, the 
first is the early work of Orton and Jones,? whose conclusions are at variance with those 
drawn from Yvernault’s more recent study. Yvernault’s presentation of his work makes 
it difficult to assess. He is led, however, to conclusions which are similar to those to be 
drawn from the present work, namely, that the acyl derivative of the catalysing acid is the 
active acylating agent in the systems under discussion. 

Mackenzie and Winter ‘ studied the acylation of quinones by acetic anhydride catalysed 

1 Conant and Bramann, J. Amer. Chem. Soc., 1928, 50, 2305. 

* Orton and Jones, J., 1912, 1708. 

* Yvernault, (a) Compt. rend., 1951, 288, 411; (b) ibid., 1952, 285, 167; (c) Thesis, Strasbourg, 1954; 


(d) Compt. rend., 1955, 241, 485. 
* Mackenzie and Winter, Trans. Faraday Soc., 1948, 44, 159, 171, 243. 
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by perchloric acid (Thiele reaction). Their kinetic, and related indicator ionisation data, 
were complex, and their arguments for a mechanism involving both Ac,OH* and AcClO, 
as acylating agents are therefore not compelling. Other relevant work on acylation 
catalysed by this acid has been undertaken by Burton and Praill,® but their arguments in 
favour of particular intermediates, based on changes in reaction yields, must also be 
regarded as reasonable rather than as unequivocal. These previous studies will be done 
fuller justice in the discussion below Their inconclusive nature prompted the present work, 
which was also intended to be complementary to that on the acid-catalysed decomposition 
of acetic anhydride in aqueous media.® 

In aqueous media, it seems at present probable that carboxylic anhydrides decompose, 
under acid catalysis, by the route: 


(R*CO),O + H,O* =—e=t (R-CO),OH* + H,O Fast 
(R*CO),OH* ——w R-CO*-+R:CO,H Slow 
R-COt + H,O ——» R-CO,H Fast 


The uncatalysed solvolysis? is considered to be bimolecular. In acetic acid, the 
uncatalysed reaction with water (studied more often than the catalysed reaction) is fairly 
certainly bimolecular also.4%8 However, some modification of the mechanism of acid- 
catalysis found in aqueous media is to be expected in acetic acid, and other media of low 
dielectric constant, if only owing to the prevalence in them of ion association. The follow- 
ing schemes have a priori possibility, when hydrogen chloride is the catalyst: 


(1) 


(R*CO),O + HCI =<—=t (RCO),OH*CI- Fast 
(R*CO),OH*CI~ + H,O —w 2R°CO,H + HCI Slow 
(2) (3) 
(R*CO),O + HC! == (RCO),OH*CI- Fast ‘Fast 
(R*CO),OH*CI- — R*COCI + R°CO,H Slow Fast 
R-COCI + HxO —g R°CO,H + HCI Fast Slow 


The present work began with a study of the acylation of 6-naphthol by acetic anhydride 
in acetic acid, with hydrogen chloride as catalyst. The initial results indicated rapid 
formation of acetyl chloride which then acylated the naphthol in a slow, bimolecular step, 
ie., scheme (3) above. The existence of similar mechanisms was then investigated for 
other mineral acids, in particular for hydrobromic, hydrofluoric, and perchloric acid 
(sulphuric and nitric acid present individual difficulties, see below). The reaction between 
other anhydrides and hydrogen chloride was examined also for butyric and dichloroacetic 
acid systems and, to some extent, for benzoic anhydride in acetic acid. Complementary 
studies of the acylation of water were also made in several of the above systems. The 
carboxylic acid solvents are not easy to obtain perfectly anhydrous, and in order to 
interpret the data on $-naphthol it was necessary to know the rate at which any water 
they contained was acylated. The kinetic results obtained concerning water were less 
accurate than those for @-naphthol, and therefore the experiments with the former were 
usually restricted to the establishment of the data essential for the interpretation of work 
with the latter, though enough was done in the acetic—hydrochloric system to show that 
the mechanisms of acylation are the same. With stronger acid catalysts than hydrogen 
chloride, kinetic complications occur in the water reaction. 


5 Burton and Praill, J., 1950, 1203, 2034. 

* Gold and Hilton, J., 1955, 843. 

? Gold, Hilton, and Jefferson, J., 1954, 2756. 

* Janssen, Haydel, and Greathouse, Ind. Eng. Chem., 1957, 49, 197. 
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EXPERIMENTAL 


Materials.—Acetic acid, purified as previously described,® had m. p. >16-6°. Butyric acid, 
purified as described by Vogel,!® had b. p. 163°. Dichloroacetic acid was distilled at 1 mm. 
(b. p. 63°) to remove chloride. ‘‘ AnalaR ”’ acetic anhydride was refluxed over magnesium and 
fractionally distilled. Butyric anhydride was fractionally distilled, and a fraction, b. p. 197— 
200°, collected. Dichloroacetic anhydride (Chemicals Procurement Ltd., New York, U.S.A.) 
was fractionally distilled at 0-5 mm., and a fraction, b. p. 64—66°, m. p. 26°, collected. This 
compound has previously only been reported as a liquid. Its purity (>99%) was checked by 
hydrolysis and titration of the acid produced. ‘‘ AnalaR”’ benzoic anhydride had m. p. 42°, 
Commercial [*C]acetic anhydride was diluted to give a stock of activity about 0-1 mc/20 ml. 
“ AnalaR ”’ acetyl chloride was distilled from dimethylaniline, then having b. p. 52°. Butyryl 
chloride, redistilled, had b. p. 102°. Dichloroacetyl chloride was fractionally distilled at 
ca. 20 mm. (b. p. 44°). Acetyl bromide was redistilled (b. p. 77°). Acetyl fluoride was 
prepared by Mashentsev’s method; ! it was redistilled from sodium fluoride (b. p. 21°) and was 
stored, for short periods, under anhydrous conditions, in a refrigerator. ‘‘ AnalaR”’ benzoyl 
chloride was redistilled (b. p. 197°). §-Naphthol had m. p. 122°. §8-Naphthyl acetate and 
butyrate (for use as standard samples), prepared by Vogel’s method,!* had m. p. 69° and b. p. 
122°/0-5 mm., respectively. 

Solutions of acetyl perchlorate in acetic anhydride were prepared by dissolving known 
amounts of pure silver perchlorate (kindly supplied by Dr. I. R. Beattie) in this solvent and 
adding a calculated quantity of acetyl chloride. The vessels used were centrifuge tubes, fitted 
with ground-glass stoppers; and the resulting precipitates of silver chloride were centrifuged 
as rapidly as possible, for these solutions were not stable, becoming yellow and darkening with 
time. Further details of their use are described below. 

Nearly anhydrous solutions of the various mineral acids were prepared as follows. The 
hydrochloric acid solutions were made by bubbling in the dry gas, formed by addition of the 
concentrated aqueous acid to concentrated sulphuric acid and washed with the latter. 
Perchloric, hydrobromic, and some of the hydrofluoric acid solutions were made by the addition, 
to the solvent, of the purest available concentrated aqueous acid, followed by an appropriate 
amount of the relevant carboxylic acid anhydride. After a suitable interval, the amount of 
water present in the resulting solution was determined by Karl Fischer titration, and further 
anhydride added if necessary. Solutions of hydrogen fluoride in acetic acid were also made by 
passing the gas, quoted as 99% pure, from a cylinder kindly supplied by the National Smelt- 
ing Co. Ltd. Insome cases cooling was necessary. The hydrogen fluoride solutions were made 
up and stored in Polythene bottles. Stock perchloric acid solutions had concentrations < 10m. 
They were stable for at least one week. 

Hydrogen chloride and bromide solutions were analysed by titration, after dilution with 
water, against silver nitrate. The hydrogen fluoride solutions were diluted with weak alkali and 
titrated by the thorium nitrate method. The perchloric acid solutions were made up, by 
weight, from an aqueous solution of known composition. 

Stoicheiometry of Reactions Studied.—(1) Acylation of water. The method of following 
the rate of acylation of this substance was chemical, rather than physical, and hence for any 
run in any of the systems it was possible to determine directly whether the concentration of 
water was eventually reduced to negligible proportions, it being invariably used in deficit. This 
was done for at least one run, in each system studied. It seems unlikely that water is 
destroyed chemically in any way other than by acylation, in these systems, and the reaction 
must therefore be quantitative under the conditions used. This argument, of course, assumes 
that the Karl Fischer analytical method used is also quantitative for the solutions involved. 
This is very probably so, except perhaps for the hydrofluoric acid solutions (see below). 

(2) Acylation of B-naphthol. For ali the systems studied kinetically, independent prepar- 
ative scale reactions, under similar conditions, showed >95% yield of the acylated material. 
Good physical constants indicated negligible rearrangement, and the absence of nuclear attack. 

Details of Kinetic Experiments.—(1) Analytical methods. (i) 8-Naphthol. $-Naphthol has a 


® Satchell, J., 1956, 3911. 

1 Vogel, J., 1948, 1814. 

1 Mashentsev, J. Appl. Chem. (U.S.S.R.), 1941, 14, 816. 

12 Vogel, “‘ Practical Organic Chemistry,’ Longmans, Green & Co., 1948. 
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moderately intense ultraviolet absorption band centred around 3300 A, which is absent in 
spectra of its acetate and butyrate. Hence absorption measurements at this wavelength were 
used. Beer’s law is obeyed in the solvents involved in the kinetic experiments, and there was 
no interference from other components of the reaction mixtures. The ultraviolet measurements 
were made with a Beckman spectrophotometer, and quartz cells, of 1 cm. path, fitted with 
ground stoppers. 

(ii) Water. Water determinations, kinetic and otherwise, were made with a commercial 
Karl Fischer apparatus, fitted with a semimicro-burette. The titres were usually rather 
small (ca. 2 ml. or less), and in some instances the commercial Karl Fischer reagent (supplied 
by B.D.H.) was diluted with anhydrous methanol before use to increase the titre. 

(2) Catalysis by hydrogen chloride. Kinetic runs involving catalysis by this acid were 
carried out at 40°, in graduated flasks, fitted with ground-glass stoppers. Mixtures were made 
up, by volume, from solvent, stock hydrogen chloride-solvent solution, and anhydride. The 
vessels were filled to just below the mark to allow for the liquid expansion on going from room 
temperature to 40°, and placed in the thermostat bath. 

If 8-naphthol was being acylated, a sufficient time was allowed to elapse before the run was 
started, for the small known amount (usually <M/50) of water in the solvent to be effectively 
destroyed. The correction of the initial concentration of anhydride for loss due to this reaction 
was usually small. Then solid 8-naphthol (enough to give an approximately 0-01M-solution) 
was added. This quickly dissolved on shaking. Samples for analysis were withdrawn at 
appropriate intervals. Useful light absorption was provided by a 1 ml. sample run into re- 
agent-grade glacial acetic acid, and made up to 25 ml. This dilution also effectively stops the 
reaction. The anhydride was always in excess (usually > ten-fold) over the naphthol, sirice 
this was found to reduce the kinetics to first-order. In many cases (see Discussion), the acid 
chloride was used together with, or instead of, hydrogen chloride or the anhydride. These re- 
action mixtures were prepared and treated in ways analogous to those described above. 

It was shown that there was negligible loss of hydrogen chloride from the reaction vessels, 
whose stoppers were sealed with Apiezon Q compound. 

When water was being acylated it was obviously not necessary for the solvent’s 
water content to be destroyed. In these runs a small amount of water was added, from a 
micropipette, as soon as flask and contents had attained 40°. The total water concentration for 
these runs was ca. M/15 initially. Hence the anhydride had to be ca. m/1-5 to reduce the kinetics 
to first-order. The samples for analysis (usually 1 ml.) were run directly into the titration 
flask of the Karl Fischer apparatus, the dilution sufficing to arrest the reaction. The titration 
was accomplished as rapidly as possible. 

Almost all the rate constants quoted in this paper are average values computed from two or 
more runs. The reproducibility for the B-naphthol was ca. +3%, but for the water only 
ca. +10%. (Agiven Karl Fischer determination was sometimes only reproducible to +8%.) 

(3) Catalysis by hydrogen bromide and perchloric acid. The procedures were similar to that 
for hydrogen chloride. These acids were only used with the acetic solvent system. Work on 
hydrogen bromide catalysis was done at 40°, and on perchlorate catalysis at 25°. Acetyl 
perchlorate was made when required in solution in acetic anhdride, as previously described. 
These solutions were not stable,‘ and it was found desirable to carry out a series of runs, for any 
given perchlorate concentration, starting them at different times after the preparation of the 
perchlorate. In this way an extrapolation giving the reactivity of the acetyl perchlorate 
immediately after formation could be constructed. The concentration of acetyl perchlorate in 
acetic anhydride was made such that useful samples of the stock solution could be taken which 
contained less anhydride than the total necessary fora run. Additional anhydride was, there- 
fore, also added. The detailed procedure was as follows. The reaction mixture was completely 
made up, except for the acetyl perchlorate sample. (This mixture contained a little perchloric 
acid, to catalyse the acylation of solvent water, but the acetyl perchlorate sample was to contain 
the major perchlorate contribution.) It was then left at 25° until the solvent water had been 
reduced to well below the concentration of the perchlorate to be added; then the freshly made 
acetyl perchlorate was added, followed by 8-naphthol to start the reaction. By this procedure, 
and by making up the acetyl perchlorate in acetic anhydride, it was attempted to ensure that 
none of this compound was converted into perchloric acid by reaction with water. 

(4) Catalysis by hydrogen fluoride. The procedures with this catalyst, studied only in acetic 
acid, were similar to those used for hydrogen chloride, except that Polythene vessels were used. 
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These vessels comprised a bulb of stout Polythene, fitted with Polythene tubing to act as a neck. 
The neck was sealed with a reasonably gas-tight, hydrogen fluoride-resistant plastic stopper. 
Runs concerning fluoride catalysis were at 40°. Loss of fluoride from the reaction vessels was 
very slow, and negligible over the duration of most of the runs. 

(5) Indicator measurements. Some measurements were made of the extent of ionisation of 
a Bronsted base indicator in the reaction mixtures used in the experiments on perchloric acid 
catalysis. The mixtures were made up as previously described except that, in place of 
8-naphthol, there was added a small volume of solvent containing the indicator (N N-dimethyl- 
2,4-dinitroaniline, a Bronsted base not very susceptible to acylation; kindly supplied by 
Mr. R. W. Lambert). The acetic acid solvent used for making up the indicator solutions was a 
specially dried sample made by adding of an appropriate amount of acetic anhydride, followed 
by prolonged storage at 60°. The determination of ionisation data in acetic acid has been 
discussed previously.'* 

(6) Infrared measurements. ‘These were made with a Grubb-—Parsons double-beam spec- 
trometer, with a fixed quartz sample cell for liquids, and the Nujol mull technique for solids. 
Spectra were taken within 30 min. of making up the solution, often more quickly. 

(7) Experiments with [*4C)-labelled acetic anhydride. A weighed sample (ca. 0-3 g.) of 8- 
naphthol, added last, was acylated, at 40°, under conditions analogous to those of the kinetic 
experiments with hydrogen chloride, with a known (ca. 1 g.) excess of labelled anhydride, 
dissolved in a known (ca. 10 g.) amount of acetic acid molar with respect to hydrogen chloride. 
The product was isolated after 1 hr. and its activity compared with that of the anhydride. The 
counting was by a scintillation technique. There were no complications due to quenching. 


RESULTS AND DISCUSSION 

(a) Acylation in the System Ac,O-HCl-AcOH.—(1) Reaction with B-naphthol. Pre- 
liminary experiments showed that, compared with the reaction rates obtained when they 
were both present, the rates obtained when either acetic anhydride or hydrogen chloride 
was absent, were negligible. Experiments, with both present, directed towards the 
determination of the reaction orders gave the following results. (i) With anhydride always 
in about ten-fold excess of the naphthol, then, for any given hydrogen chloride 
concentration the observed kinetics were first-order with respect to the naphthol (Fig. 1). 
(ii) Variation of the hydrogen chloride concentration, at fixed anhydride concentration, 
showed the order with respect to hydrogen chloride to vary from unity, when its con- 
centration was much less than the anhydride’s, to considerably less than unity when it was 
in excess of the anhydride. (iii) Similar results were found at fixed hydrogen chloride 
concentration, for the order with respect to anhydride. These data, collected in Table 1, 
are most easily explained, at the qualitative level, by the postulation of a rapid * 
equilibrium between anhydride and hydrogen chloride, producing the acylating agent, 
which then attacks the 6-naphthol in a slow step. For the concentration ranges used, if, 
when either the anhydride or catalyst is in excess, the equilibrium is displaced well towards 
the maximum possible formation of acylating agent, then the approximately first-order 
behaviour under these conditions for the compound in deficit is explained. 

The same values for the rate constants were obtained, whether one started with 
hydrogen chloride and acetic anhydride as reagents, or with acetyl chloride together with 
the appropriate amount of anhydride and/or hydrogen chloride. The rates depend, that 
is, only on the stoicheiometric chloride and acetyl concentrations (Table 2). For this 
reason the acylating agent is considered to be acetyl chloride rather than Ac,OH*CI-, 
because otherwise the improbable assumption would be necessary that acetyl chloride is 
converted largely into Ac,JOH*CI- in acetic acid under some conditions (e.g., in the presence 
of excess of hydrogen chloride or anhydride). This conclusion is supported by the infra- 
red spectra of the systems (see below). 

* Rapid in the sense that the equilibration is essentially complete before the addition of the naphthol. 


The period involved was at least 30 min., but usually less than an hour. The word “ rapid” is used 
in this sense throughout the paper. 


43 Satchell, J., 1958, 1916. 
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It is clear, from this purely qualitative discussion, that a mechanism analogous to the 
third of those quoted above operates in the present instance, viz.: 


(1) AcgO + HCl =—e=—@ AcCI + AcOH Fast 
(2) AcCl + ROH ——m ROAc+ HCI Slow, ky 


The second step is a bimolecular, nucleophilic substitution of a type often previously 
studied.* In solutions of low dielectric constant, such as acetic acid, it is likely to be 














Fic. 1. First-order plot for acetylation of B- Fic. 2. Salt-effect of hydrogen chloride 
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subject to appreciable salt effects in the presence of dipolar solutes.* Hence those runs 
with excess of hydrogen chloride will be particularly likely to exhibit such an effect, while 
those with excess of anhydride (?.e. those in which most of the catalyst will be converted 
into acetyl chloride) will be much less subject to it. The evaluation of the equilibrium 


TABLE 1. Acylation of 8-naphthol by acetic anhydride in acetic acid catalysed by 
hydrogen chloride at 40°. 
Initial [8-Naphthol] ~0-008m. [H,O] = 0-02. 
k, = observed first-order rate constant (in min.~*). 


(a) Order in hydrogen chloride. (b) Order in acetic anhydride. 
[Ac,O], * [HCl] 10°, [Ac,O], * (HCl) 10°, 
0-08 0-03 2-09 0-08 0-60 9-03 
0-08 0-06 4-11 0-12 0-60 13-5 
0-08 0-12 5-70 0-18 0-60 19-2 
0-12 0-09 6-16 0-18 0-18 12-6 
0-12 0-12 8-22 0-38 0-18 12-8 
0-08 0-30 7-20 0-68 0-18 13-0 
0-08 0-60 9-03 
0-08 0-90 10-5 


* [], represents the stoicheiometric molarity, after appropriate correction for reaction with solvent 
water. 


constant, K = [AcCl]/[HCI][Ac,O], for step 1, and the second-order constant, k,, for step 2, 
is, therefore, best done from results obtained with hydrogen chloride in deficit. Tables 1 
and 2 reveal that K is certainly fairly large. An approximate value, previously given, 


M4 E.g., Hudson and Savill, J., 1958, 4121. 
18 Ingold, “‘ Structure and Mechanism in Organic Chemistry,”’ Bell and Son Ltd., London, 1953. 
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is much too low.*® The results may, indeed, be explained satisfactorily with K = o, 
i.e., by assuming quantitative formation of acetyl chloride. Results referring to the 
addition of acetyl chloride only (Table 2) show that the rate of acylation of naphthol is 
closely proportional to the stoicheiometric concentration of acetyl chloride. If a 
significant quantity of the chloride was being converted into anhydride this proportionality 
would not have been observed. However, in view of the various experimental errors, 


TABLE 2. Acylation of 8-naphthol by AcCI-HCl-Ac,O in acetic acid at 40°. 
Initial [8-Naphthol] ~0-008m. [H,O] = 0-02m. 
k, = observed first-order rate constant (in min.—?). 
[AcCl], [Ac,O], [HCI], 10%,  [AcCl], [Ac,O], [HCI], 10%, [AcCl], [Ac,O], [HCI], 10%, 


0-08 — 0-04 5:70 0-18 0-42 19-7 —- 0-38 0-18 12:8 
—- 0-08 0-12 5-70 —- 0-18 0-60 19-2 O18 t 0-50 fF — 13-0 

0-08 — 0-52 8-97 0-08 — 0-02* 5-52 _— 0-68 0-18 13-0 
— 0-08 0-60 9-03 0-12 — 0-02* 8-41 0-18 0-20 0-02* 13-0 

0-08 — 0-22 7-34 0-18 — 0-02 * 12-8 0-18 0-40 0-02* 13-0 
_— 0-08 0-30 7-20 O-18¢ 0-20 f _— 13-0 


* Arising from reaction with solvent water. f{ In these calculations allowance was made for 
reaction between acetic anhydride and hydrogen chloride, with K assumed to be infinity. 


K would have to be less than ca. 50 for this effect to be unequivocally detected. The 
same conclusions are to be drawn from the observed rates in the presence of added 
anhydride. Here, if K = ©, the 0-02Mm-acetyl chloride lost as hydrogen chloride will be 
completely regenerated in the presence of added anhydride, leading to a predictable 
increase in rate. Also runs with different added excess of anhydride should all give the 
same rate (if the possibility of a solvent effect due to this compound is ignored). These 
expectations are reasonably fulfilled, and again significant discrepancies might have been 
expected if K were less than ca. 50. The fact that the rates with different excesses of 
anhydride are all very similar points to a small solvent effect for this compound. The 
addition of similar volumes of acetone also produces little effect on the rate. An average 
value for k, is 69-8 x 101. mol. min.1. 

Thus, from the viewpoint of the kinetic experiments, the formation of acetyl chloride 
may be assumed to be quantitative. Consideration of the data in Table 1, with this in 
mind, reveals the magnitude of the salt effect operating in the presence of excess of 
hydrogen chloride. A plot of the rates, at 0-08m-anhydride, for increasing hydrogen 
chloride concentration is given in Fig. 2. 

Although the kinetic results show that K is large, that it is not very large indeed is 
revealed by infrared spectra. Alone, or in solution in acetic acid, acetic anhydride shows, 
in particular, an absorption doublet at 12-5 u, and a very strong band at 8-85 uy. Acetyl 
chloride alone has no bands at 12-5 or at 8-85 u, but has a very strong band at 9-10. How- 
ever, acetyl chloride in 4—5m-solution in acetic acid has detectable absorption at 12:5 u, 
and its 9-10 » absorption possesses a definite shoulder in the 8-85 » region. It seems 
difficult to attribute these changes to anything except the formation of a small amount of 
acetic anhydride. Unfortunately the small amount of anhydride, and the nature of the 
bands, make quantitative estimation difficult. A value for K between 50 and 100 is 
probably consistent with the observations. 

It was mentioned previously that the infrared spectra did not favour a species 
Ac,OH*CI- (rather than AcCl) as the acylating agent. This is because the spectrum of 
acetyl chloride in acetic acid (or of acetic anhydride plus hydrogen chloride in this solvent) 
is basically that expected for superposition of the spectra of acetic acid and acetyl 
chloride—apart from the minor modifications attributed to acetic anhydride. If acetyl 
chloride were present chiefly as Ac,;OH*CI-, this close similarity would be very unexpected. 

If the mechanistic interpretation of the kinetics, supported by the infrared spectra, is 
correct, and there exists a rapid equilibrium between anhydride, catalyst, acyl chloride, and 
16 Satchell, Chem. and Ind., 1958, 1442. 








sol 
she 
naj 
exc 
cor 
oth 


If 1 
the 
Bre 


pre 


rat 


bec 
hal 
wo 
is I 


chl 
Tea 


con 
exc 
con 
plo 


chl 


16, 


—=—_— wr lUTmDlUr OS 


— © ( CO bee CD 


oOo 2 =m 








(1960) in Non-aqueous Media, catalysed by Mineral Acid. 1759 


solvent, then addition of [C]anhydride to an acetic acid—hydrogen chloride mixture 
should result in the rapid dispersion of the isotope throughout the solvent. When 6- 
naphthol was added, the resulting acetate had the activity expected from complete 
exchange of acetyl groups between the anhydride and solvent. While this is a necessary 
consequence of the proposed equilibrium, it does not support it in a positive sense because 
other mechanisms for the acetyl exchange are conceivable, ¢.g.: 


(1) 4AcgO + HCl ——p *4AcCI + AcOH 
(2) AcCl + AcOH == ACOH + AcCl 


If the second step were fast, at ordinary temperatures, this mechanism could account for 
the observed exchange without invoking the existence of a rapid reversal of the first step. 
Brown }” showed that reaction of benzoyl chloride with aliphatic acids can be used for the 
preparation of low-boiling acyl chlorides and favoured the scheme: 


(1) BzCl + ACOH —p BzOH 4- AcCI 4 


rather than: 
(2) BzCl + AcOH == BzOAc + HCl 


BzOAc + HCl ——pe BzOH + AcCI A 


because, while the reaction is carried out at the b. p., nevertheless high yields of acyl 
halide are obtained, which means that little halide is lost. Brown argued that much 
would be lost as hydrogen chloride if the scheme (2) operated predominantly, but this 
is no longer convincing since reaction between an anhydride and hydrogen chloride is now 
known to be fast, and will be especially so at high temperatures, so that the hydrogen 
chloride need not necessarily have time to be evolved as gas. However, the existence of 
reactions such as (1) is certainly possible. And they may be fast. 
Another possible route for acetyl exchange is the uncatalysed process: 


14Ac,O + AcOH =—™ Ac,O + ACOH 


which is probably rapid in the sense used in‘this paper.'® 

(2) Reaction with water. In this case preliminary experiments showed that the rate of 
reaction between anhydride and water, in the absence of the catalyst, although fairly 
slow, was not negligible compared with those of the catalysed reactions. All the quoted 
rate constants of catalysed reactions have, therefore, been appropriately corrected, it 
being assumed, as is well established, that the rate of the uncatalysed reaction is of the 
first order in both anhydride and water. The value of the second-order constant now 
obtained is k, = 2-47 x 10% 1. mole* min.+. This is compatible with previous values, 
obtained at other temperatures.3“8 

The experiments to determine the reaction orders, for the catalysed reaction, produced 
the following results. (i) In the presence of excess of anhydride, at any given catalyst con- 
centration, the kinetics were of first order in water. (ii) In the presence of anhydride, in 
an excess of both water and catalyst, the rate was closely proportional to the catalyst 
concentration. (Runs with hydrogen chloride concentrations comparable with, or in 
excess of, the anhydride, were not studied, being too rapid.) (iii) Increase in the anhydride 
concentration, at fixed catalyst concentration, increased the rate slightly. [A first-order 
plot is given in Fig. 3 and the findings (ii) and (iii) are illustrated by data in Table 3.] 
As with acylation of 8-naphthol the same results were obtained whether the source of 
chloride was hydrogen chloride or acetyl chloride. 

The general conclusion to be drawn from these results, and the previous discussion of 


- 1” Brown, J. Amer. Chem. Soc., 1938, 60, 1325; see also Mashentsev, J. Gen. Chem. (U.S.S.R.), 1946, 
, 203. 
18 Brown and Trotter, J., 1951, 87. 
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the naphthol reaction, is that the mechanisms of the two reactions are essentially analogous. 
For acylation of water the scheme is: 


Ac,O + HCI =m AcCl + AcOH 
AcCl + HzO ——t AcOH + HCI 


with the equilibrium for the first step far to the right. An average value for the second- 
order constant for the second step is k, = 1-7 1. mole+ min.+. Water is thus acylated by 
acetyl chloride about 24-5 times faster than $-naphthol. 

Two points merit further discussion. (a) Finding (ji), as well as establishing the first- 
order loss of water, implies that no appreciable quantity of the catalyst is lost in the 








1O€ 
' 
x Fic. 3. First-order acetylation of water by acetic 
= anhydride catalysed by hydrogen chloride. 
Oost Initial [H,O] ~0-07m. [Ac,O] = 1-05. [HCI] 
a: = 0-0024m. 
2 ky, = 49 x 10-* min.~! (corr. for rate of un- 
° catalysed reaction). 
1S) 
1 L 
o /00 200 


Time ( min.) 


water, as H,O*, in the concentration ranges studied. (This may, in fact, also be deduced 
from data given by Smith and Elliott ¥.) If catalyst were lost as H,O*, then, as the 
reaction proceeded and less and less water remained available, more and more catalyst 
would be freed and be converted into acetyl chloride>* The rate would thus increase and 


TABLE 3. Acylation of water by acetic anhydride in acetic acid catalysed by hydrogen 
chloride at 40°. 


Initial [H,O] = 0-07—0-05m. k, = First-order rate constant (in min.~*). 


(a) Order in hydrogen chloride. 


ee ee ae 1-05 1-05 1-05 1-05 1-05 1-05 
a een anced 0-0024 0-0048 0-012 0-012 (AcCl) 0-024 0-048 
SPU Seiesakssrseantete 4-9 9-9 22 23 43 88 

(b) Order in acetic anhydride. 
1S: eee 0-52 1-05 1-53 
ES ssastscebveresessi 0-012 0-012 0-012 
BEE Secanctentaknds 20 22 26 


* Rates for catalysed reactions have been corrected for the velocity in the absence of hydrogen 


chloride, for which the second-order rate constant k, = 2:47 x 10-*1. mole min.—. 


first-order plots would not be obtained. While this complication does not intrude for the 
present hydrogen chloride catalysis, it will do so for acids of sufficient strength (see 
below) ; it would also affect hydrogen chloride catalysis if the water content were sufficiently 
high, or in the event of an increase in the dielectric constant. (2) The increase in rate as 
the anhydride excess is raised, though small, is significantly greater than for the 8-naphthol 
reaction. Perhaps acylation of water is a little more subject to changes in dielectric 


constant. However, a more probable reason for the small effect is mentioned below. 


(3) Present mechanistic conclusions and previous work. (i) The conclusion concerning 
the formation of acetyl chloride agrees well with Colson’s results,2° overlooked by previous 


19 Smith and Elliott, J. Amer. Chem. Soc., 1953, 75, 3566. 
2° Colson, Bull. Soc. chim. France, 1897, 17, 58. 
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workers. Colson found it possible to distil good yields of acetyl chloride from acetic 
anhydride saturated with hydrogen chloride; and there are a few similar reports in the 
older literature of the formation of acyl halides from anhydrides and hydrogen halides 
under various conditions. It is also possible to obtain some acetyl chloride by heating the 
anhydride with calcium chloride *! (there are other similar reports here also). (ii) Conant 
and Bramann,} in their work on $-naphthol with various mineral acids as catalysts, con- 
cluded that the acylation rate was determined by the hydrogen-ion activity for the medium, 
as measured by the chloranil electrode. They suggested AcOH,* as the catalytic species, 
which is inconsistent with the mechanism now proposed, and has been shown to be invalid 
by Russell and Cameron * who pointed out that the chloranil electrode does not permit 
measurements in the presence of acetic anhydride. When the latter authors overcame 
this difficulty by using a hydrogen electrode, they found very different activites, and more- 
over evidence of compound formation for sulphuric, and perhaps also for perchloric, acid 
solutions. They tentatively interpret the latter as due to mixed anhydrides. Their 
results are consistent with those of the present investigation. (iii) In their early study of 
the acylation of water Orton and Jones? used various acetic acid-water mixtures as 
solvent, and various mineral acids as catalyst, especially hydrochloric, sulphuric, and 
nitric acid. In fairly aqueous media (50%), where dissociation will be complete, they 
found that equivalent amounts of the different catalysts were equally effective. This is in 
agreement with the mechanism for aqueous solutions (see p. 1753) where, for low acid 
concentrations, the rate is dependent on the hydrogen-ion concentration. As the 
proportion of acetic acid in the medium was increased, Orton and Jones observed departure 
from this equivalence; in particular, nitric acid showed a marked loss of catalytic power, 
compared with both hydrochloric and sulphuric acids, which were claimed to approach 
equal effectiveness on a molar basis. There are few data to support the latter conclusion, 
and more recent knowledge about such sulphuric solutions (see below) makes it suspect. 
However, it led Orton and Jones to suggest that, in this region, the catalytic species was 
the molecular acid, though the mechanism by which it operated was not revealed. The 
loss of activity of nitric acid is doubtless real; it was tentatively explained by the authors 
as due to the formation of acetyl nitrate, which thus removed molecular nitric acid and 
so lowered the reaction rate compared with that for hydrochloric acid catalysis which did 
not suffer such removal. The results of the present study lead, of course, to a reinterpret- 
ation: both acetyl chloride and nitrate are formed, but the latter is a much less active 
acylating agent. Acylation in the presence of nitric acid is discussed more fully below. 

(4) Yvernault * studied in detail the acylation of water, catalysed by both hydro- 
chloric and perchloric acid. Only catalysis by the former will be discussed now. In 
general, for experimental reasons, he employed rather higher water and anhydride con- 
centrations than were used in the present study. This somewhat complicated the kinetics, 
because of the changes in dielectric constant involved, and is, perhaps, the reason why he 
generally presented his data in terms of instantaneous velocities rather than rate constants. 
He first proposed *»° a two-step consecutive scheme with acetyl chloride as intermediate, 
but finally * reached conclusions similar to the present author’s concerning the 
pre-equilibrium. The two sets of results are difficult to compare because Yvernault 
rarely simplified the kinetic behaviour by using an excess of acylating agent. 

In the presence of appreciable anhydride Yvernault found an unexpected increase in 
rate (just beginning to be detected in our results, see Table 3) which he attibutes to an 
additional ionic mechanism. This seems very probable: the increased dielectric constant 
will favour the transference of a proton from the catalyst to water. 

Summing up, it may be conclyded that all the available experimental data are com- 
patible with, indeed support, the mechanisms given on pp. 1757 and 1760. The foregoing 
material has been treated in some detail since it contains many points of relevance to 


21 Gmunder, Helv. Chim. Acta, 1953, 36, 2021. 
*2 Russell and Cameron, J. Amer. Chem. Soc., 1938, 60, 1345. 
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catalysis in the other systems dealt with below. These points will be taken for granted in 
subsequent discussion. It was to test the generality of the proposed mechanism, and to 
demonstrate the ready formation of acyl chlorides, from anhydrides and hydrogen chloride 
in different systems, that the experiments discussed in sections (0), (c), and (d) below were 
conducted. Sections (e), (f), (g), and (4) deal with the extension to other mineral acids as 
catalysts. 

(b) Acylation in the System (Pr-CO),O-HCI-Pr-CO,H.—For this system the experiments 
covered much the same ground as for the acetic system, except that the water acylation 
was restricted to establishing the rate at a single composition. The acylation of 8-naphthol 
is reported in Tables 4 and 5. The main points emerging are the following: (1) The 


TABLE 4. Acylation of 8-naphthol by butyryl chloride in butyric acid at 40°. 
Initial [B-Naphthol] ~0-01m. [H,O] = 0-03m. 
k, = First-order rate constant (in min.~*). 


ERUPEMMGMES  ceussocceselrasercodaces 0-07 0-21 0-46 0-94 0-21 
EB ly des devcddbecescecesusctendens 0-03 0-03 0-03 0-03 0-93 
PIR: sc chacintngesussusecetiondecdues 0-614 1-89 4-32 8-97 5°85 


TABLE 5. Acylation of 8-naphthol by Pr-COCI-HClI-Pr-CO,0 in butyric acid at 40°. 
Initial [8-Naphthol] ~0-01m. [H,O] = 0-03m. 
k, = First-order rate constant (in min.~). 


[Pr-CO,O], ....c000. 0-21 0-21 0-21 — 0-46 — 0-07 0-47 
tion?” | See _ — _ 0-21 — 0-46 0-21 0-21 
ERs ssebesheseseces 0-21 0-10 0-24 0-03 0-49 0-03 — — 

Bg | Ne civacdcsscecs 1-86 0-91 1-94 1-89 4-46 4-32 1-86 1-89 


previous mechanism is satisfactory, and with butyric anhydride in excess of the catalyst, 
increasing the anhydride affects the rate negligibly, so that butyryl chloride is formed 
effectively quantitatively. This conclusion also follows from the rates in the presence of 
butyryl chloride alone. (2) A salt effect in the presence of excess of hydrogen chloride is 
comparable in magnitude with that found for acetic acid. (3) The second-order constant k, 
for acylation of 6-naphthol by butyryl chloride in butyric acid is 8-86 1. mole™ min.1, com- 
pared with k, = 69-8 x 101. mole min. for acetyl chloride in acetic acid. Some of the 
difference is due to the change in dielectric constant (~3 to ~6), but it must be mostly due 
to the expected lower reactivity of butyryl chloride in reactions of the type under discussion 
(see p. 1763). (4) The second-order constant k, for the acylation of water is 0-162 1. mole 
min.' compared with 1-70 for the acetic system. The considerations of (3) apply again 
here. 

No infrared study was made of this system. 

(c) The System (CHCI,*CO),O-HCI-CHCI,°CO,H.—In this system it was impossible to 
undertake a kinetic study with 8-naphthol whose solutions in this acid are unstable and 
become coloured. Also, as dichloroacetic is a fairly strong acid, much of any added water 
will probably be ionised. This will complicate its acylation, and, owing to the lower 
accuracy of the experiments with water, it was thought not profitable to study this 
reaction. However, infrared measurements with various mixtures of the system’s com- 
ponents, and with dichloroacetyl chloride revealed little evidence for the existence of 
anhydride when the chloride was added to dichloroacetic acid or after hydrogen chloride 
had been bubbled into a solution of the anhydride in this solvent. It is clear that the 
equilibrium (CHCI,°CO),0 + HCl = CHCI,*COCI + CHCI,*CO,H lies well to the right, 
as for the acetic system. 

(d) Miscellaneous Experiments.—(1) With benzoic anhydride and benzoyl chloride. 
Preliminary study showed that benzoyl chloride acylates @-naphthol very slowly, at 
ordinary temperatures, in benzene. Attempts to use this solvent were abandoned. In 
acetic acid, however, the reaction rate was convenient. Preparative experiments, at room 











ee ee 





yst, 
ned 
e of 
le is 
it Ry 
om- 
the 
due 
sion 
let 
Zain 


e to 
and 
ater 
wer 
this 
om- 
e of 
ride 

the 
ight, 


ride. 
, 

In 
oom 





[1960] in Non-aqueous Media, catalysed by Mineral Acid. 1763 


temperature, showed that the product, obtained in high yield, was essentially pure 
g-naphthyl acetate, rather than the benzoate. That some acetyl chloride would be 
formed, and hence that some acetylation would occur, follows from Brown’s experiments !7 
(see above). That no benzoylation occurs means that benzoyl chloride is very much less 
reactive towards $-naphthol than acetyl chloride. Thus both benzoyl and butyryl chloride 
have been found less reactive than acetyl chloride. This is to be expected since both 
phenyl and propyl groups lower any positive charge on the carbonyl-carbon atom more 
than the methyl group does, the first by conjugative relay, and the second by its greater 
+I effect. Lowering the positive charge on the carbonyl-carbon atom hinders nucleo- 
philic attack by the naphthol. 

Infrared spectra showed that, in acetic acid, benzoic anhydride and hydrogen chloride 
rapidly form benzoyl chloride and benzoic acid, probably fairly quantitatively. The 
benzoyl chloride formed in this way does not change to acetyl chloride rapidly at ordinary 
temperatures. That quantitative conversion is eventually obtained, when acetyl com- 
ponents are in excess of benzoyl, can be shown kinetically. 

If benzoyl chloride is added to acetic acid, the mixture brought to 40°, and 6-naphthol 
immediately added, the observed acylation kinetics are autocatalytic in form. This 
is expected for two consecutive reactions, BzCl—» AcCl—+» Product, whose rate 
constants are not too different. The autocatalytic behaviour would probably be capable 
of analysis, but this was not attempted here. Instead the reaction mixtures were set aside 
at 40° for 24 hr. before addition of naphthol. When this was done, excellent first-order 
plots were obtained. No change in rate resulted from leaving the mixtures for 48 hr. 
The observed rate constants (Table 6) were in reasonably good agreement with those 


TABLE 6. Acetylation of B-naphthol by benzoyl chloride and butyryl chloride in 
acetic acid at 40°. 
Initial [8-Naphthol] ~0-0lm. [H,O] = 0-02m. 
k, = First-order rate constant (in min.~), 


(a) Butyryl components as reagents. 


[PreCOC]l), {HCl}, 103%, _ - [Pr°CO,0}. (HCl) 10h, 
0-18 0-02 12-8 0-18 0-20 12-6 
(b) Benzoyl components as reagents. 

[BzCl), (HCl), 10%k, [Bz,0], (HCl) 108k, 
0-18 0-02 11-7 0-18 0-20 11-7 
0-33 0-02 20-8 

(c) Acetyl components as reagents. 
[AcClj, {HCl}, 10°, 
0-18 0-02 12-8 


obtained with acetyl chloride in acetic acid, if it was assumed that conversion of benzoyl 
into acetyl chloride was quantitative. The concomitant formation of ~0-2m-benzoic acid 
appears to have a rather small decelerative effect. 

(2) Experiments with butyryl chloride in acetic acid. It appears from the foregoing that 
if butyryl chloride is used as acylating agent in acetic acid solvent and the mixture left for 
an appropriate time before the addition of the compound to be acylated, the acetate and 
not the butyrate will be formed. This was shown preparatively. It was also shown 
kinetically, in a way similar to that used for benzoyl chloride above, the mixture being 
left for 30 min. at 40°. The rate (Table 6) was identical with that appropriate for the 
equivalent amount of acetyl chloride. The reaction between butyryl chloride and acetic 
acid at 40° must thus be fairly fast, as the corresponding reaction for acetyl chloride has 
already been shown to be. In comparison, the benzoyl chloride reaction is measurably 
slow. 


* E.g., Frost and Pearson, ‘‘ Kinetics and Mechanism,”’ John Wiley and Sons, Inc., 1953. 
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It is clear that Brown’s method for preparation of volatile acyl halides from the parent 
acid and benzoyl chloride, might form the basis of a fairly general one-step method of acyl- 
ation. Volatility is of no consequence, as the halide has not to be isolated, and a better 
source of halide would be the more reactive, and equally accessible, acetyl chloride. Solid 
acids could be dissolved in a suitable solvent. 

(e) Acylation in the System Ac,O-HBr-AcOH.—The rates in this system are much 
faster than in the corresponding one with hydrogen chloride, and no measurements were 


TABLE 7. Acylation of water by acetyl bromide in acetic acid at 40°. 
Initial [H,O] ~0-10—0-05m. 
k, = First-order rate constant (in min.), 


en nee ae! 1-05 1-05 1-05 0-52 
LO ACBr]  .....cccceeeeee 0-126 0-378 1-01 0-378 
IT sontunsimensttecsatl 5-52 17-2 46-0 16-8 


* Corrected for rate of uncatalysed reaction (see Table 3). 


TABLE 8. Acylation of 8-naphthol by Ac,O-HBr-AcBr in acetic acid at 40°. 
Initial [8-Naphthol] ~0-0lm. [H,O] = 0-018m. 
k, = First-order rate constant (in min.—'). 


[Ac,O], [HBr] 10°, [Ac,0], [HBr] 10°, [Ac,O], [AcBr] 10%, 
0-18 0-051 53-1 0-18 0-013 13-4 0-13 0-051 53-1 
0-18 0-026 27-6 0-10 0-051 49-0 0-35 0-026 26-8 
0-38 0-026 27-9 0-38 0-051 53-0 


possible with bromide in excess of anhydride. Otherwise the experimental pattern was 
similar. Results on the reactions with water and 8-naphthol are collected in Tables 7 and 8 
respectively. The main points are the following: : 

(1) The mechanism proposed for the hydrogen chloride catalysis is again required: 


Ac,O + HBr ——® AcBr + AcOH Fast 
AcBr + ROH =—==™ ROAc+ HBr Slow 


With anhydride in excess of the catalyst, variation of the anhydride concentration affects 
the rate negligibly. The acetyl bromide must be formed effectively quantitatively. 

(2) The second-order constant k, for acylation of @-naphthol by acetyl bromide in acetic 
acid is 1040 x 10° 1. mole* min.+ in comparison with 69-8 x 10° for acetyl chloride. 
The difference is in agreement with previous work on this sort of reaction 5 and is due to 
the greater polarity of the C-Br bond, which facilitates nucleophilic attack on the carbon. 

(3) For acylation of water k, = 46 1. mole? min. compared with 1-7 for acetyl 
chloride. (There were no kinetic complications due to the protonation of water by 
hydrogen bromide.) 

(f) Acylation in the System AcgO-HF-AcOH.—This system proved complicated. 
Infrared studies showed that solutions of hydrogen fluoride in acetic acid, made up from 
aqueous hydrogen fluoride and acetic anhydride, contained appreciable quantities of 
acetyl fluoride. It is not clear whether this was due to the inadequacy of the Karl Fischer 
method in these systems (leading to the addition of excess of anhydride). Water titres 
do fall to very close to zero in the presence of excess either of anhydride and catalyst or of 
acetyl fluoride. Catalyst solutions made by bubbling the gas into acetic acid gave no 
evidence of acetyl fluoride. These were used in the experiments described below. 

Acetyl fluoride in acetic acid (after 1 hr.) gives no evidence of anhydride formation, 
and solutions of the anhydride and excess of hydrogen fluoride gave infrared spectra 
characteristic of acetyl fluoride, though with evidence for a little residual anhydride. 


* E.g., Archer, Hudson, and Wardill, J., 1953, 888. 
25 Bevan and Hudson, /., 1953, 2187. 
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Fairly quantitative formation of acetyl fluoride must occur. Colson *° has prepared this 
substance from the anhydride and gaseous hydrogen fluoride. 

At 40°, acetyl fluoride in acetic acid attacks 6-naphthol very slowly (k, < 0-01 x 10° 
]. mole? min.“), the reaction being autocatalytic. However, equivalent amounts (M) of 
anhydride and hydrogen fluoride react at a considerable speed, as does a similar solution 
containing a deficit of catalyst. This is very difficult to understand if the formation of 
acetyl fiuoride is really quantitative. The rates (calculated from good first-order plots) 
are nearly as fast as at comparable concentrations of acetyl chloride. 


ee? 
~ 
Fic. 4. Acetylation of water by acetic = 
anhydride catalysed by perchloric acid. = os 
Initial [H,O] ~0-25m. [Ac,O] = 1-05. + 
[HC1O,) = 1:8 x 10-m. : 
8 
Vv os 











re] 2s 50 
Time (min) 


Runs with acetyl fluoride and added hydrogen fluoride revealed catalysis by the added 
acid, as might have been expected from Bevan and Hudson’s work.** Following 
Bernstein, Chapman, and others,” Bevan and Hudson showed that, in partially aqueous 
media, the hydrolysis of benzoyl fluoride is catalysed by hydrochloric acid and suggested 
a mechanism in which a hydronium ion assists the departing fluorine by hydrogen-bond 
formation (fluorine has greater hydrogen-bonding tendency than the other halide). The 
strongest known hydrogen bond with fluorine is that in the HF,~ ion. The species HF 
might, therefore, be expected to catalyse powerfully the heterolysis of a carbon-fluorine 
bond. Higher molecular aggregates would not be expected to be so effective. The 
molecular state of hydrogen fluoride in acetic acid is not known, though it very probably 
undergoes aggregation of some kind, especially at high concentrations, as it is thought to 
do in the pure liquid and in water.2”_ These considerations are consistent with the powerful 
catalysis, noted above, and the observation that, in the range above ca. 0-2M, increase 
in the hydrogen fluoride concentration decreases the reaction rate. The autocatalytic 
reaction of acetyl fluoride alone with $-naphthol is understandable. Perhaps the reaction 
in the presence of anhydride and deficit of catalyst is to be explained by the continued 
existence of a small quantity of the latter. 

These qualitative conclusions will be made more precise when further work with this 
complex system is complete. The ability of anhydrous hydrogen fluoride to act as a 
Friedel-Crafts catalyst in acylation by anhydrides may be related to the phenomena 
discussed above. 

(g) Acylation in the*System™ Ac,JO-HC1O,-AcOH.—(1) Acylation of water gave acceler- 
ative plots (Fig. 4). Perchloric acid is a strong acid and its concentration was much less 


*6 Miller and Bernstein, J. Amer. Chem. Soc., 1948, 70, ee Chapman and Levy, J., 1952, 1677. 
7 Bell and McCoubrey, Proc. Roy. Soc., 1946, A, 234, 1 
*8 Gore, Chem. Rev., 1955, 85, 229. 

3M 
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than the water concentration throughout most of the reaction, so that it is largely 
ionised, to form H,O*CIO,~ (which is little dissociated in acetic acid) : * 


H,O ot. HCIO, == H,OtClO,- Kycio, 


As the free water is removed the amount of free perchloric acid * will increase. Since it is 
this species which is important for catalysis (see below), this accounts for the acceleration 
(see discussion on p. 1760). Calculation of Kyqo, made by drawing tangents at different 
points on the curve in Fig. 4 gives a value in reasonable agreement with those given by 
Smith and Elliott and by Kolthoff and Bruckenstein.” 

Curved plots were avoided for the 6-naphthol runs by leaving the reaction mixtures till 
the water was destroyed, before the naphthol was added; naphthol does not appear to pick 
up protons itself in the concentration range used (see below). 

(2) The rate of acylation of @-naphthol was alway of the first order in -naphthol. The 
results in Table 9 indicate that the rate is also probably of first order in both perchloric 


TABLE 9. Acylation of 8-naphthol by acetic anhydride in acetic acid catalysed by 
perchloric acid at 25°. 
Initial [8-Naphthol] ~0-01m. [H,O] = 0-014m. 
k, = First-order rate constant (in min.—'). 


FREI, . coscocccccsceceses 0-24 0-24 0-24 0-24 0-12 0-44 
IOUTHCIOg) ....0ccccsceeee 11-0 5-50 2-80 1-1 1-1 1-1 
DT Ceo aston cccensseenes 57-6 26-5 12-8 4-26 2-02 8-04 


acid and acetic anhydride, if a small salt effect is assumed to operate, even at the low 
values here employed, when the perchloric concentration is changed. This is reasonable 
in view of the extensive ionisation probable for perchloric acid in acetic acid.” The above 
observations are consistent with two different mechanisms: 


(i) AcgO + HCIO, === Ac,OH'CIO,- Fast 
Ac,OH*CIO,- + ROH —p ROAc + AcOH + HCIO, Slow, k 

(ii) AcgO + HCIO, we AcCIO, + AcOH Fast 
AcCIO, + ROH — ROAc + HCIO, Slow, k 


Ac,OH*CI10,~ and AcCIO, being present only in low concentration. 
(3) Runs with acetyl perchlorate showed that, with a reasonable extrapolation, the 
same rates were observed as with mixtures of anhydride and acid catalyst (Table 10). 


TABLE 10. Acylation of 8-naphthol by acetic anhydride in acetic acid catalysed by 
acetyl perchlorate at 25°. 
Initial [g-Naphthol] ~0-01m. [H,O] = 0-014M. 
k, = First-order rate constant (in min.~). 
[Ac,O], 10*[AcCIO,) 10*{HCIO,) 10%, T* [Ac,O], 10*{AcCIO,] 10*fHCIO,] 10%, T* 


0-24 4-4 1-1 18-2 50 0-24 4-4 1-1 23-8 20 
0-24 4-4 1-1 20-2 40 0-24 4-4 1-1 26-3 t 0 
0-24 4-4 ll 22:3 30 


* Period (in min.) elapsing between formation of acetyl perchlorate and its addition to reaction 
mixture. t Extrapolated value (cf. Table 9). 


Thus acetyl perchlorate can be rapidly converted into perchloric acid in the reaction 
mixtures, either by reaction with the solvent or with naphthol. 

(4) Some ionisation data are given in Table 11, together with the experimental second- 
order constants (kj) obtained at the same acidities and solvent composition. If the 
correct mechanism is (i) above, then log k, might be expected to be correlated linearly with 

* The “ free’ perchloric acid probably exists largely as the ion pair AcCOH,+CIO,~, but is written 
as HCI1O, in the equations for simplicity. 
2® Kolthoff and Bruckenstein, J. Amer. Chem. Soc., 1956, 78, 1; 1957, '79, 1, 5915. 
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TABLE 11. Jonisation of the Bronsted base NN-dimethyl-2,4-dinitroaniline (B) 4 in 
Ac,O-HC10,-AcOH at 25°. 


J = [BH)/[B). &, = Second-order rate constant (in 1. mole“! min.-) for acylation of B-naphthol. 


log k, log k, + 
105{B] [Ac,O], 10*(HCIO,) log J Const. 105[B] [Ac,O}, 10*{HCIO,) log I Const. 
1-0 0-24 1-1 —1-07 2-21 2-0 0-24 5-5 0-10 1-42 
2-0 0-24 2-8 —0-30 1-73 4-0 0-24 11-0 0-39 1-08 


log J (J = [BH*C10,~]/[B] where B is a Bronsted base indicator) for the following reasons. 
The experimental velocity, at a given acid concentration, is given by: 


v = k,[Ac,O),toicnI ROH] = Re[A]stoicn[ ROH] 


where A represents anhydride. In the following AH* will represent AcSOH*Cl1O,~ and 
BH* will represent BH*ClO,~. Square brackets denote concentration, and parentheses 
activity. The velocity according to mechanism (i) is given by: 


v = k(AH*)(ROH | fasfron/fx 
where f, is the activity coefficient for the transition state. Hence 
= k(AH*] fan frou/[Alstoicn fx 
since Aay+ = (AH*]fan+/[A](HCIO,)f4 = [AH*]fan/[A]stoicn(HClO,)/s 
when the ionisation is small, and 
Kpu+ = [BH*)fpu+/[B](HCIO,) fp 


hg _ », (BH*] Sau from _ Kant fafont 
[B) fe Kaus fofant 


If it is assumed that the two activity-coefficient ratios remain constant with alteration in 
medium, which is reasonable in view of their symmetry * then: 


log k, = Const. + log/BH*]/[B] = Const. + log J 
€ Xs of 





hence 


Table 12 shows that there is no linear relation between log k, and log J. Mechanism (ii), 


TABLE 12. Collected second-order rate constants (kg, in 1. mole min.) for acylation of 
water and 8-naphthol in acetic acid (or butyric acid) at 40°. 


Acylation of water. Acylation of B-naphthoi. 
ky 2 
RUD <dacisivbocentctestecnigheiusseatios 0-00247 BEEP * Vecbiverodbsatriagdenagctcetehencthn ses <0-00001 
TEED) etirdhithatbds cktemasdicdoibenctann’ 1-70 oS SEETHER Set S 0-0698 
SEE U6dnstndennssicedanseieirtadwcteckee 46-0 BETEY ccccerdctevvisuvecriscuaectinsvontiogs 1-040 
PrCOCl (in Pr°CO,H) ............ 0-162 PreCOCl (in PreCO,H)  .....s0.000000- 0-00886 


involving acetyl perchlorate as the intermediate, therefore seems more likely to be 
dominant, though the case cannot be argued more strongly. If the conclusions of 
Mackenzie and Winter* and of Burton and Praill® are correct, participation of 
Ac,OH*C1O,~ would have been expected to be prominent. 

Apart from their work the only other relevant study appears to be Yvernault’s.*4 As 
in his experiments with hydrogen chloride this author acylated water. In spite of the 
complexities involved for this substance, noted above, he deduced a mechanism identical 
with that proposed here on the basis of the acylation of 6-nahthol. In doing this he used an 
argument, intended to be similar to ours and based on indicator measurements, but it is not 
convincing (a) because he expected a correlation between J and reaction velocity (rather 
than rate constant) and (b) because his indicator concentration was only about one-quarter 
of his acid concentration. 

%° Bethell and Gold, J., 1958, 1905, 1930. 
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Yvernault’s kinetic conclusions, so far as they are comparable, are in agreement with 
the present study. 

(h) Acylation Catalysed by HNO, and H,SO,.—These two, seemingly obvious, catalysts 
were not used in the present work because both suffer from special complications, 
(1) Acetic anhydride and nitric acid very probably form acetyl nitrate, but systems 
containing these components also form nitrogen pentoxide, which acts as a nitrating 
agent.*! In systems capable of nitration (e.g., 8-naphthol), this reaction has always been 
observed to occur in preference to acetylation.** Acetylation of water by acetyl nitrate, 
though perhaps a profitable study, was not attempted here. Savill and Lees * have 
shown that acetyl nitrite is solvolysed, without complication, in aqueous acetone, 
(2) Sulphuric acid and acetic anhydride in acetic acid probably form first acetyl sulphate 
which slowly rearranges to sulphoacetic acid. This will complicate acylation. Further 
study of this system is planned. 


KinGc’s COLLEGE, STRAND, Lonpon, W.C.2. [Received, September 24th, 1959.] 


31 E.g., Gold, Hughes, and Ingold, J., 1950, 2467. 

%2 Burton and Praill, J., 1955, 729; Bonner, J., 1959, 3908. 
33 Savill and Lees, J., 1958, 2262. 

34 Murray and Kenyon, J. Amer. Chem. Soc., 1940, 62, 1230 


350. Aromatic Polyfluoro-compounds. Part IV.* The Reaction 
of Aromatic Polyfluoro-compounds with Nitrogen-containing Bases. 
By G. M. Brooke, J. Burpon, M. Stacey, and J. C. TatLow. 





Hexafluorobenzene reacts with ammonia and hydrazine to give penta- 
fluoroaniline and pentafluorophenylhydrazine, respectively. Pentafluoro- 
benzene reacts analogously to give the 2,3,5,6-tetrafluoro-compounds. More 
drastic reaction of ammonia with pentafluoroaniline affords 2,4,5,6-tetra- 
fluoro-1,3-phenylenediamine. Methylamine gives a mono- and a di-replace- 
ment compound with hexafluorobenzene; the latter compound is believed to 
be the p-isomer. 


ALTHOUGH there are several reports }® of nucleophilic substitution for hexafluorobenzene, 
only one? describes a reaction with a nitrogen base, pentafluoroaniline having been 
obtained from hexafluorobenzene and sodamide in liquid ammonia. From this reaction 
mixture we have now isolated, besides pentafluoroaniline, a small amount of another 
compound, believed to be perfluorodiphenylamine, (C,F;),NH. Further, we have 
simplified the preparation of pentafluoroaniline and extended the scope of the process 
to include the reactions of several other nitrogen bases with polyfluoro-aromatic 
compounds. 

At elevated temperatures (100—230°), in aqueous ethanol, nitrogen bases (in excess) 
and polyfluoro-aromatic compounds reacted easily with elimination of fluoride ions and 
formation of the expected nitrogen-containing derivatives in good yields: 


FF FF 
wr Se + 2NHR, —> wr Swe, + NHR; FO 
FF f 


Thus, pentafluoroaniline was formed in 59% yield when hexafluorobenzene was treated 
with aqueous-ethanolic ammonia at 167°. 


* Part III, Tetrahedron, in the press. 


1 Godsell, Stacey, and Tatlow, Nature, 1956, 178, 199. 

2 Forbes, Richardson, and Tatlow, Chem. and Ind., 1958, 630. 
% Forbes, Richardson, Stacey, and Tatlow, J., 1959, 2019. 

* Pummer and Wall, Science, 1958, 127, 643. 

5 Birchall and Haszeldine, J., 1959, 13. 
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Under similar conditions, pentafluorobenzene gave a tetrafluoroaniline. This com- 

und is believed to be the 2,3,5,6-tetrafluoro-isomer (i.¢e., the hydrogen and amino-groups 
being orientated para), both by analogy with the results described below for the tetra- 
fluorophenylhydrazine prepared similarly, and from its nuclear magnetic resonance 
spectrum. This spectrum showed that there were only two magnetically different kinds 
of fluorine atoms in the molecule: if the compound had had the hydrogen and amiho- 
groups orientated ortho or meta, then four different types of fluorine atom should have 
been disclosed in the spectrum. 

Under more drastic conditions, at 220°, reaction of pentafluoroaniline with aqueous- 
ethanolic ammonia gave a small amount of a tetrafluorophenylenediamine. This diamine 
was identical with the meta-isomer which had been prepared previously ® in this Depart- 
ment as illustrated. The nuclear magnetic resonance spectrum confirmed the orientation 


FF H.N_F H.N_F 
F< ah» (NH Jt aa re NH 
2 ' 
‘hh Vs FF. 


of this diamine. The sluggishness of the double replacement of fluorine by ammonia was 
not unexpected: pentafluoroaniline is powerfully deactivated towards nucleophilic attack, 
owing presumably to an increase of electron-density in the aromatic ring by back- 
conjugation of the electron pair on the nitrogen atom of the amino-group. It is well- 
known ? in aromatic chemistry that the amino-group is one of the most powerful activat- 
ing substituents towards electrophilic attack. The formation of the meta-diamine is of 
considerable interest; it is the first example we have found so far of nucleophilic double 
replacement in the fluoro-aromatic series that did not give a para-isomer as the main 
roduct. 

' At 115°, methylamine and hexafluorobenzene gave pentafluoro-N-methylaniline. 
However, under the more drastic conditions used to prepare pentafluoroaniline from 
hexafluorobenzene and ammonia, methylamine and hexafluorobenzene gave a tetrafluoro- 
NN’-dimethylphenylenediamine in 61% yield. Somewhat surprisingly, in view of the 
meta-orientation of the tetrafluorophenylenediamine obtained from the pentafluoroaniline— 
ammonia reaction, this NN’-dimethyl compound appeared to be the para-isomer since it 
showed only one fluorine absorption in the nuclear magnetic resonance spectrum: the 
ortho-isomer would have shown two groups of peaks and the meta-isomer three. Further 
work is in progress to confirm the structure of this compound by chemical methods. The 
obvious explanation for the difference in reactivities between ammonia and methylamine 
is that methylamine, being a stronger base than ammonia, is a more powerful nucleophile. 

Hydrazine with hexafluorobenzene gave crystalline pentafluorophenylhydrazine, and 
with pentafluorobenzene gave a tetrafluorophenylhydrazine, both in high yields. Both 
these products reacted with carbonyl compounds to give solid derivatives in the usual way. 
The tetrafluorophenylhydrazine was shown to be the 2,3,5,6-tetrafluoro-isomer (i.e., with 
the hydrogen and the hydrazino-group para) in two ways. First, with Fehling’s solution, 
the hydrazino-group was replaced by hydrogen to give the known 1,2,4,5-tetrafluoro- 
benzene. This reaction, which produces an aromatic hydrocarbon from an arylhydrazine, 
has been applied ® outside fluorine chemistry but may well be particularly useful in the 
latter field because of the ready availability of the fluorophenylhydrazines that we have 
now demonstrated. The second orientation of the tetrafluorophenylhydrazine was 
provided by nuclear magnetic resonance spectroscopy; two magnetically different kinds of 

* Robson, Roylance, Stephens, anti Tatlow, unpublished work. 

on “‘ Structure and Mechanism in Organic Chemistry,”’ G. Bell and Sons Ltd., London, 1953, 
J * Finger, Reed, Burness, Fort, and Blough, J. Amer. Chem. Soc., 1951, 78, 145; Infrared Spectral 


Data, American Petroleum Research Project 44, Serial No. 1018. 
® Chattaway and Pearce, J., 1915, 107, 32; Chattaway and Ellington, J., 1916, 109, 587. 
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fluorine atom were present; had the hydrogen and the hydrazino-groups been orientated 
ortho or meta, then four kinds of fluorine atom would have been shown. 

No nucleophilic replacement occurred when hydrazine reacted* with pentafluoro- 
anisole. Presumably, demethylation proceeded much more readily than replacement, 
and the pentafluorophenoxide ion formed was too deactivated to react itself. 

Both hydroxylamine and guanidine reacted with hexafluorobenzene, but no tractable 
products could be isolated. This may well have been due to the instability of hydroxyl- 
amine, guanidine, and their immediate substitution products at the temperature of the 
reaction. 

Aniline reacted with hexafluorobenzene at room temperature with the formation of a 
white precipitate. This precipitate decomposed, however, upon filtration and appeared 
to be a loose addition complex, since hexafluorobenzene was recovered. At elevated 
temperatures aniline did not react with hexafluorobenzene except to produce small amounts 
of tar at the highest temperatures tried. This is not unexpected since aniline is a weaker 
base, and hence a weaker nucleophile, than the other bases used. 

Full discussion of the orientation effects described in this and earlier papers is deferred 
until more results are available. 


EXPERIMENTAL 


Perfluorodiphenylamine.—Hexafluorobenzene (10 g.) reacted with sodamide in liquid 
ammonia as described before * to give, besides pentafluoroaniline, a higher-boiling material 
which solidified and recrystallised from light petroleum (b. p. 40—60°) to give perfluorodiphenyl- 
amine (0-3 g.), m. p. 81—82° (Found: C, 41-5; H, 0-3. C,,HNFy,, requires C, 41-3; H, 0-3%). 

Pentafluoroaniline.—Hexafluorobenzene (5-0 g.), prepared by defluorination ? of octafluoro- 
cyclohexadienes, aqueous ammonia (10-4 ml.; d 0-88),, and ethanol (20 ml.) were heated 
together in a sealed tube at 167° for 18 hr. The mixture was then diluted with water and 
extracted with methylene chloride. Distillation of the dried (MgSO,) extracts afforded penta- 
fluoroaniline (2-9 g.), b. p. 156—157°, m. p. 33-5—35-0° (lit.,2 b. p. 153—154°, m. p. 33-5— 
34-5°). This material had an infrared spectrum identical with that of the compound prepared 
previously.? 

2,3,5,6-Tetrafluoroaniline.—Pentafluorobenzene!! (4-6 g.), aqueous ammonia (10-4 ml. ; d 0-88), 
and ethanol (20 ml.) were treated as in the previous experiment, to give 2,3,5,6-tetrafluoroaniline 
(2-9 g.), b. p. 158—159°, m. p. 23-5—26-5° (Found: C, 43-7; H, 2-0. C,H ,NF, requires C, 
43-7; H, 18%). The !°F nuclear magnetic resonance spectrum of the pure, molten compound 
showed two multiplets of equal intensity at 65-3 and 85-9 p.p.m. with respect to trifluoroacetic 
acid as external reference. The multiplet pattern of these, and of the ring proton resonance," 
is also consistent with the 2,3,5,6-tetrafluoro-structure. 

Treatment with acetic anhydride and concentrated sulphuric acid for 2 min. under reflux 
gave 2,3,5,6-tetrafluoroacetanilide (57%), m. p. 138-5—139° (from aqueous ethanol) (Found: 
C, 46-2; H, 2:3. C,H,ONF, requires C, 46-4; H, 2-4%). 

2,4,5,6-Tetrafluoro-1,3-phenylenediamine.—Pentafluoroaniline (4:1 g.), aqueous ammonia 
(7-0 ml.; d 0-88), and ethanol (15 ml.) were heated in a sealed tube at 223° for 24 hr. The 
dark red product was isolated by extraction with methylene chloride and was fractionally 
sublimed at 80—90° to give, initially, a mixture (0-4 g.) which was shown by infrared 
spectroscopy to contain about 75% of pentafluoroaniline and 25% of 2,4,5,6-tetrafluoro- 
phenylenediamine, and finally, pure 2,4,5,6-tetrafluoro-1,3-phenylenediamine (0-4 g.), m. p. 
129-5—131° alone and on admixture with the material obtained by another route * (Found: 
C, 39-8; H, 2:3. C,H,N,F, requires C, 40-0; H, 2-2%). The two specimens of diamine had 
identical infrared spectra. 

2,3,5,6-Tetrafluoro-NN’-dimethyl-1,4-phenylenediamine.—Hexafluorobenzene (5-0 g.), methyl- 
amine [distilled from methylamine hydrochloride (11-2 g.) and dilute alkali], ethanol (20 ml.), 
and water (5 ml.) were heated together in a sealed tube at 168—172° for 12 hr. Isolation by 
methylene chloride as before gave 2,3,5,6-tetrafluoro-N N’-dimethyl-1,4-phenylenediamine (3-4 g.), 


10 Gething, Patrick, Tatlow, Banks, Barbour, and Tipping, Nature, 1959, 183, 586. 
11 Stephens and Tatlow, Chem. and Ind., 1957, 821. 
12 Thomas, unpublished work. 





Ss Pm as pee 


Ss a 


infr 


yl- 


ind 
tic 


lux 
nd: 


ynia 
The 
ally 
red 
)r0- 


ind: 
had 


hyl- 
ml.), 
n by 
I g.), 





(1960) Aromatic Polyfluoro-compounds. Part IV. 1771 


b. p. 226—230°. This material solidified and was recrystallised from light petroleum (b. p. 80— 
100°), to give the pure compound, m. p. 92-5—94° (Found: C, 46-2; H, 3-8. C,H,N,F, requires 
C, 46-2; H, 39%). A 3m-solution of this compound in acetone showed one fairly sharp #F 
nuclear magnetic resonance absorption at 84-2 p.p.m. from trifluoroacetic acid. 

Pentafluoro-N-methylaniline.—Treated as in the previous experiment, but at 115° for 24 hr., 
hexafluorobenzene (5-0 g.) gave pentafluoro-N-methylaniline (1-6 g.), b. p. 160—177° (mainly 
171°) (Found: C, 42-9; H, 2-1. C,H,NF; requires C, 42-7; H, 2-1%), and a higher-boiling 
(177—-230°) fraction (1-5 g.) which solidified on cooling and was probably mainly the NN’-di- 
methyl compound described above. 

Pentafluoro-N-methylaniline gave a liquid acetyl derivative with acetyl chloride, but with 
toluene-p-sulphonyl] chloride in pyridine gave an N-toluene-p-sulphonyl derivative (25%), m. p. 
84—85-5° (from aqueous ethanol) (Found: C, 47-7; H, 2-9. C,,4H,gO,NSF; requires C, 47-9; 
H, 2:9%). 

Pentafluorophenylhydvazine.—Hexafluorobenzene (5-1 g.), hydrazine hydrate (14-4 g.; 100% 
w/w), water (10-4 ml.), and ethanol (30 ml.) were refluxed together for 12-5 hr. Dilution with 
water, extraction with methylene chloride, and evaporation of the dried (MgSO,) extracts left a 
brown solid (4-0 g.), m. p. 63—70°. Recrystallisation from light petroleum (b. p. 80—100°) 
afforded 2,3,4,5,6-pentafluorophenylhydrazine (2-6 g.), m. p. 76-0—77-5° (Found: C, 36-3; H, 
15. C,H,N,F; requires C, 36-4; H, 1-5%). 

Treatment of this compound in aqueous ethanol with benzaldehyde gave benzaldehyde 
pentafluorophenylhydrazone (77%), m. p. 130—131° (from aqueous ethanol) (Found: C, 54-8; 
H, 2:6. C,,H,N,F, requires C, 54-6; H, 2.5%). With hydrogen chloride in anhydrous ether 
the hydrazine gave its hydrochloride (99%), m. p. 239—241° (from ethanol-ether) (Found: C, 
30-8; H, 1-7. C,H,N,CIF, requires C, 30-7; H, 1-7%). 

2,3,5,6-Tetrafluorophenyihydrazine.—Pentafluorobenzene (4-88 g.), hydrazine hydrate (16-7 
g.; 100% w/w), water (11-6 g.), and ethanol (20 ml.) were refluxed together for 7} hr., then 
poured into water and the product (4-08 g.), m. p. 87—88°, was filtered off and recrystallised 
from light petroleum (b. p. 80—100°) to give pure 2,3,5,6-tetrvafluorophenylhydrazine (3-30 g.), 
m. p. 90—91-5° (Found: C, 40-0; H, 2-3. C,H,N,F, requires C, 40-0; H, 2-2%). The ®F 
nuclear magnetic resonance spectrum of a 3m-solution of this compound in acetone has two 
multiplets of equal intensity at 64-5 and 79-0 p.p.m. from trifluoroacetic acid. 

Treatment cf this phenylhydrazine with benzaldehyde in aqueous-ethanol gave benzaldehyde 
2,3,5,6-tetrafluorophenylhydrazone (54%), m. p. 109—109-5° (from aqueous ethanol) (Found: 
C, 58-6; H, 3-3. C,,H,N,F, requires C, 58-2; H, 30%). 

1,2,4,5-Tetrvafluorobenzene from 2,3,5,6-Tetrafluorophenylhydrazine.—The phenylhydrazine 
(2-00 g.) and Fehling’s solution [mixture of solution “‘ A ”’ (40 ml.) and solution “‘ B ”’ (40 ml.)} 
were refluxed together for 40min.,a red precipitate beingformed. The product was then distilled 
from the reaction mixture in steam, separated from the lighter aqueous layer, and distilled 
in vacuo from phosphorus pentoxide to give 1,2,4,5-tetrafluorobenzene (0-89 g.), identified by 
its infrared spectrum ® and by its retention time on vapour-phase chromatography. 

Reaction of Hexafluorobenzene with Aniline.—Hexafluorobenzene (5-0 g.) was added to a five- 
fold excess of aniline in aqueous ethanol at room temperature. A white precipitate was formed 
immediately. When an attempt was made to filter off this precipitate, it liquified and passed 
through the filter. The whole mixture was therefore refluxed for 27 hr., but, even after this 
time, only hexafluorobenzene (2-8 g.) was isolated. After being treated for 27 hr. at 165° a 
similar reaction mixture still contained hexafluorobenzene (gas-liquid chromatography). A 
small amount of tar was also isolated from this last reaction, but no 2,3,4,5,6-pentafluorodi- 
phenylamine. 

Nuclear Magnetic Resonance Measurements.—These were carried out on a Mullard SL44 
Mark 1 instrument at 30-107 Mc./sec. Further details will be published later.” 


We thank Dr. L. F. Thomas for the magnetic measurements, Dr. D. H. Whiffen for the 
infrared spectroscopy, and the Wellcome Trust for a grant (to G. M. B.). 
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351. Preparation and Infrared Spectra of Some Tetrachloro- 
borates. 


By W. Kywnaston, B. E. LarcomsBe, and H. S. TURNER. 


Some alkali-metal and ammonium tetrachloroborates have been prepared 
by cold milling at atmospheric pressure. The infrared absorption spectra 
are recorded and briefly discussed. 


Many salts of tetrafluoroboric acid are known. The existence of tetrachloroborates has 
only recently been established, though it had been suggested previously that the anion is 
present in certain adducts of boron trichloride with halogen compounds.' More concrete 
evidence has been the preparation by a high-temperature reaction of potassium, rubidium, 
and cesium tetrachloroborates,? and by the preparation and examination of the infrared 
absorption spectra of quaternary and other ammonium tetrachloroborates; * and, on the 
basis of isotope studies,* the halogen exchange between boron trichloride and quaternary 
ammonium chlorides has been explained as involving a tetrachloroborate ion as inter- 
mediate. Tetrachloroborates have also been obtained by disproportionation following 
the reaction of certain primary and secondary amines with boron trichloride. Com- 
pounds containing mixed complex ions [RBX,_,Y,]~ (where R is alkyl or vinyl and X and Y 
are fluorine, chlorine, or bromine) have been prepared recently.® 

Earlier we obtained substituted ammonium tetrachloroborates by reaction of boron 
trichloride with finely divided ammonium chlorides in boiling chloroform; the reaction is 
sometimes complicated by elimination of hydrogen chloride, with formation of borazane 
adducts RR’R’ NBCl,, the borazenes RR’N:BCl,, and the borazoles (RN:BCl)3, and the 
degree of reaction depends on the state of division of the chloride. A much more satisfac- 
tory and widely applicable method is to mill the chloride at room temperature with glass 
beads in chloroform c ‘ning an excess of boron trichloride, the reactive surface of 
insoluble chlorides being couiinually re-exposed and much purer tetrachloroborates 
obtained: earlier failures, e.g., by Greenwood and Wade, almost certainly arose through 
too small a surface for reaction. Besides the substituted ammonium tetrachloroborates 
which may also be prepared in boiling chloroform, ammonium tetrachloroborate itself and 
the higher alkali-metal tetrachloroborates have been made. Lithium and sodium chlorides 
did not give the tetrachloroborates, as was also found by Muetterties? in his high-tem- 
perature studies, but potassium and cesium chlorides (rubidium was not tried) react 
smoothly. The potassium and cesium salts contained 87% and 88% respectively of the 
tetrachloroborates and with the thermodynamically favourable conditions of a cold 
reaction practically complete conversion would be expected with longer or more efficient 
milling. The only other metal chloride investigated, barium chloride, did not react. 
Ammonium tetrabromoborate was also prepared in this way. 

The tetrahalogenoborates examined were white solids which reacted instantly and 
vigorously with water to give boric acid, hydrogen halide, and the parent base. All were 
stable in dry air at room temperature. Lappert observed that while pyridinium tetra- 
chloro- and tetrabromo-borate lost hydrogen halide when heated, giving the pyridine—boron 
trihalide adducts, the reverse reaction did not take place. We have observed the same 
behaviour with trimethylamine-boron trichloride, but it is known ® that the reaction 


1 (a) Geuther, J. prakt. Chem., 1874, 8, 354; Meerwein and Maier-Hiiser, ibid., 1932, 184, 51; 
Greenwood and Wade, J., 1956, 1527; Wiberg and Heubaum, Z. anorg. Chem., 1935, 222, 98; Martin, 
J. Phys. Chem., 1947, 51, 1400; Groeneveld, Rec. Trav. chim., 1952, '71, 1152; Lappert, J., 1953, 2784; 
Hewitt and Holiday, J., 1953, 530; (b) Lappert, Proc. Chem. Soc., 1957, 121. 

2 Muetterties, ]. Amer. Chem. Soc., 1957, 79, 6563. 

’ Kynaston and Turner, Proc. Chem. Soc., 1958, 304. 

* Herber, J. Amer. Chem. Soc., 1958, 80, 5080. 
® Gerrard and Mooney, Chem. and Ind., 1958, 1259; Gerrard, Hudson, and Mooney, ibid., 1959, 432. 
* Brinckman and Stone, Chem. and Ind., 1959, 254. 
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Me,N,BEtF,(s) + HCl(g) —» [Me,NH](BEtF,Cl](s) does take place. Presumably in 
this case the B-N bond is weakened by the positive inductive effect of the ethyl group, and 
the nitrogen atom is sufficiently negative to take up a proton. 

That the compounds we have obtained are tetrachloroborates is confirmed by their 
characteristic infrared absorption: for the alkali-metal and tetra-alkylammonium com- 
pounds there is no other reasonable structure; the same absorption is present in the 
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product from the highly hindered ethyldi-isopropylamine,” and ammonium or substituted 
ammonium ions are demonstrable in the ammonium tetrachloroborates. The typical 
absorption spectra of solid tetrachloroborates (Fig. 1a, c, d) show a very broad strong band 
in the 630—750 cm. region. The potassium salt shows also weak bands at 1449, 1382, and 
1265 cm."1, but these are obscured for the ammonium salts by CH deformation and CH, and 
NH; rocking vibrations. With ammonium tetrabromoborate there is a strong broad band 
? Hunig and Kiessel, Chem. Ber., 1958, 91, 380. 
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with maxima at 607 and 586 cm." attributable to the tetrabromoborate ion. Bands 
measured are given in Table 1, where the tetrahalogencborate maxima are enclosed in 
square brackets. 

For the quaternary ammonium salts the main absorption band differs little from that 
in the alkali-metal salts, but in other ammonium salts the band is broader and subsidiary 
maxima, not always fully resolved, appear in the 700—750 cm." region. This suggests 
that there is a small interaction of the tetrachloroborate ion with the ammonium ion and 
examination of the 3 u region suggests slight hydrogen-bonding of the ammonium ions. 

Waddington ® measured the infrared frequencies of the ammonium ion in a number 
of monobasic salts. The effect of hydrogen-bonding would be to lengthen the N-H bond 
and consequently to shift the N-H stretching band v, to a lower frequency; frequencies 
observed lie between 3100 cm.+ for ammonium fluoride and 3332 cm. for the tetra- 
fluoroborate. The frequency of the other infrared-active fundamental of the ammonium 
ion v4, which is at about 1400 cm. and would be expected to be increased by hydrogen- 
bonding, shows no clear movement. In ammonium tetrachloroborate, vs has the high 
value 3249 cm. (v, 1407 cm.*), but the presence of the weak band at 1756 cm. (presum- 
ably the combination frequency v, +- vg) suggests that there is enough residual hydrogen- 
bonding to prevent free rotation. Although our sample of ammonium tetrachloroborate 
contained about 9% of ammonium chloride comparison of the spectrum with other 
materials of lower tetrachloroborate content suggests that the band was not merely due 
to the ammonium chloride present. 

In the spectra of the aliphatic substituted ammonium chlorides and of pyridinium 
chloride, the following assignments accord with those of previous workers: %!® NH,*, 
3100—2900s, 2800—2400m; NH,*, 3000—2700s, 2450m; NH*, 2700—2400s cm.7. 
With the corresponding tetrachloroborates (Table 1) these bands are absent or very weak, 
and instead other stronger and sharper bands occur hetween 3300 and 3100 cm.*; this 
is where, it has been calculated,!® the N-H stretching frequencies of free unbonded 
substituted ammonium ions would be found, and this is borne out for those salts in which 
hydrogen bonding is inherently unlikely. Thus in methylammonium tetrafluoroborate 
these bands are found at 3282 and 3223 cm.; in the corresponding tetrachloroborate 
the values are 3214 and 3158 cm.-1, and from this comparison and because the tetrachloro- 
borate band is more complex than for the alkali-metal salts it seems likely that there is 
some small residual hydrogen-bonding or a perturbation of the free N-H vibrations by 
crystal forces." The same is probably true to varying extents of the other substituted 
ammonium tetrachloroborates. 

The effect of the anion on the cation is particularly marked with the pyridinium salts. 
Solid pyridinium chloride shows weak bands at 3206 and 3134 cm. as well as the broad, 
strong band near 2490 cm. and two bands of medium intensity at 2108 and 1990 cm. 
It has been suggested " that the two weak bands around 3200 cm. are attributable to 
a proportion of unbonded NH* groups perturbed only by crystal forces. In pyridinium 
perchlorate, in which much less hydrogen-bonding might be expected, the broad band is 
still present, but at 2740 cm.?. For pyridinium tetrachloroborate (Fig. 1d) and the 
mercurichloride 1 [C;H;NH]*[{HgCl,]~ there is no absorption between 2800 and 2200 cm.7, 
and instead there are very strong sharp bands at 3256 and 3239 cm.*, and at 3225 and 
3164 cm.-1, respectively. In these salts hydrogen-bonding may well be completely absent. 

We have been unable to undertake an infrared examination of all the compounds ™ 
regarded as tetrachloroborates, but we examined the pyridine—boron trichloride adduct 


§ Waddington, J., 1958, 4340. 

® Bellamy, ‘“‘ The Infra-red Spectra of Complex Molecules,” 2nd edn., Methuen and Co. Ltd., 
London, p. 259; Witkop, Experientia, 1954, 10, 420; Heacock and Marion, Canad. J. Chem., 1956, 34, 
1782; Stone, Craig, and Thompson, /., 1958, 52. 

10 Chenon and Sandorfy, Canad. J]. Chem., 1958, 36, 1181. 

11 Dodd and Stephenson, “‘ Hydrogen Bonding,’’ Pergamon Press, London, 1959, p. 177. 
12 Evans and Kynaston, unpublished work. 
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formulated * as [(C;H;N),BCl,]*[BCl,]-. The conductivity of the molten compound 
provides evidence of dissociation into ions, and two infrared bands not present in the 
components might, on comparison with the bands of the isoelectronic molecule carbon 
tetrachloride, reasonably be ascribed to the tetrachloroborate ion.* Bax, Katritzky, 
and Sutton # have, however, shown by molecular-weight and conductivity determinations 
that the adduct is monomeric and negligibly dissociated into ions in benzene solution. A 
comparison of the infrared absorption spectrum of the solid compound with that of 
pyridinium tetrachloroborate proves the absence of the tetrachloroborate ion. A com- 
parison of trimethylamine-boron trichloride and trimethylammonium tetrachloroborate 
leads to a similar conclusion. The absorption spectra of pyridine— and trimethylamine- 
boron trichloride in chloroform solution have previously been recorded, with tentative 
partial assignment of the bands by Katritzky,™ in good agreement with our own results 
apart from small solvent effects. 


EXPERIMENTAL 


Potassium and cesium chlorides were commercial products. The substituted ammonium 
halides were either commercial products or were prepared from the free amines, and were dried 
at ~100°/0-1 mm. Boron trichloride was purchased in cylinders from British Drug Houses 
Ltd. and used without further purification. Boron tribromide, supplied by Borax Consolidated 
Ltd., was distilled before use. Chloroform, a laboratory grade, was dried over calcium chloride 
and kept over phosphoric anhydride. 

Analyses were normally carried out by standard microanalytical methods. Boron was 
determined by a combustion procedure.4* Some of the ammonium tetrahalogenoborates were 
hydrolysed and the solutions titrated for halide and boric acid; the amine present was estimated 
by distillation and titration. 

M. p.s were determined in sealed hard-glass tubes. The result commonly depended on the 
rate of heating: the tube was therefore first immersed in a bath about 10° below the m. p. and 
then heated rapidly. 

Preparation of Tetrachlorobovates.—(a) By cold milling. The halide (0-050 g.-mol.) and glass 
beads (40—80 g.) were placed in a heavy-walled cylindrical round-bottomed bottle bearing a 
B19 socket. This vessel was attached to a vacuum-manifold and heated at 100°/0-005 mm. 
for 15 min. to remove any remaining traces of water. While the bottle was chilled to —80° 
boron trichloride (6-44—8-78 g., 0-055—0-075 mole; 10—50% excess) was distilled in, followed 
by chloroform (30—60 ml.). (When boron tribromide was used it was added from a pipette 
under nitrogen.) The apparatus was then filled with dry nitrogen at atmospheric pressure 
and the bottle was detached and closed by an adaptor with a tap through which the bottle was 
roughly evacuated (to ~10 cm.). The bottle was allowed to warm to room temperature and 
shaken. The tap and the B19 joint were both lubricated with a heavy Fluorolube grease 
(supplied by Imperial Chemical Industries Limited, General Chemicals Division) which had a 
satisfactory resistance to chloroform and boron halides. In most cases the product of the 
reaction was a suspension of a solid and this was filtered under dry nitrogen (it was convenient 
to exclude the beads by using a coarse sieve), washed with chloroform and light petroleum 
(b. p. 40—60°), and dried in a current of nitrogen. Ina few cases the product was a two-phase 
liquid system, which was evaporated to dryness in vacuo. The results of a number of prepar- 
ations are summarised in Table 2. The degree of conversion of the halide into the halogeno- 
borate depended on a number of factors, including the efficiency of milling and the solubility 
of the halide in the solvent used. In the preparations described no attempt was made to find 
aminimum reaction time. Chloroform was the most satisfactory solvent since many ammonium 
halides are appreciably soluble in it, but other solvents such as toluene or light petroleum have 
also been used. 

(b) In refluxing chloroform. The halide (0-150 mole) in chloroform (200 ml.) was milled 


8 Greenwood, Wade, and Perkins, XVIth Internat. Congress Pure Appl. Chem., Paris, 1957. 
Bax, Katritzky, and Sutton, J., 1958, 1258. 

% Katritzky, J., 1959, 2049. 

1® Corner, Analyst, 1959, 84, 41. 
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with glass beads in a glass-topped preserving jar on a roller mill at room temperature for 24—48 
hr. The suspension was transferred through a coarse sieve to a 1-1. 3-necked flask fitted with 
a double-surface condenser surmounted by a solid carbon dioxide-cooled cold-finger condenser, 
a Vibromixer agitator impeller, and an inlet, via a small cold-finger condenser attached to the 
third neck, for boron trichloride and nitrogen. A flexible seal between the impeller and the 
flask was made by a polyvinyl chloride Pyrotenax single-way sleeve H.V. 2311 (made by 
Hellermann Ltd., Crawley) which had a satisfactory resistance to the vapour above the reaction 
mixture. The suspension was stirred under nitrogen while refluxing gently and boron tri- 
chloride was admitted at the rate of ~1 drop of liquid every 2 seconds until an excess was 
present, as indicated by an increase in the amount condensing on the exit cold-finger. Re- 
fluxing was continued for about an hour after which the cold-finger condenser was warmed 


TABLE lI. 
Ti isencseacsatitornstances 1450w, 1376w, 1261w, [752sh, 692s, 661s] 
SE anisetieiinsnetesenneens 3134s, 3043s, 2805m, 2010w, 1756m, 1443sh, 1402s 
PRE ssdadcicstmcdbcaesh 3249s, 3147sh, 3053s, 2821m, 1756m, 1407s, 1260sh, 1112w, [756sh, 722s, 
694s, 665s, 649s] 
kes 3223w, 3119m, 2957s, 2890s, 2805s, 2709s, 2597s, 2503s, 2407w, 2298w, 


2208w, 2074s, 1967w, 1773w, 1612m, 1578w, 1511s, 1474m, 1465w, 1397s, 
1371s, 1365s, 1298s, 1216s, 1156w, 1139w, 1022w, 994w, 935w, 885w, 733w, 
’ 667w 

[BaP NE, ][BCI,] ........ccccees 3223s, 3174s, 3135m, 3089m, 2992s, 2923s, 2876s, 2787w, 2691lw, 2572w, 
2464w, 2083w, 2017w, 1586s, 1490s, 1483s, 1407s, 1401s, 1382s, 1372s, 
1291s, 1215sh, 1200m, 1076w, 954w, 936w, 868w, [748sh, 709s, 675s, 650s] 

[MegNHg]C1* .........eeceeeeee 3198w, 2985s, 2937s, 2850s, 2781s, 2513w, 2464w, 2144w, 1904w, 1583s, 
1481s, 1438w, 1417w, 1255m, 1232m, 1082m, 1040w, 1020s, 883s, 865s 

(Me,NH,](BCl,]* ............ 3201s, 3163s, 3130s, 3041m, 3011m, 2974m, 2934sh, 2906sh, 2821w, 2781m, 
2737w, 2712w, 2437w, 2420w, 2372w, 1579s, 1465s, 1455s, 1434m, 1411m, 
1393s, 1356m, 1270m, 1230w, 1074w, 1018m, 1005s, 873m, 800s, [748s, 
714sh, 691s, 658s] 


(REET IEA © oo ccccecseccccsiss 3lllw, 3007m, 2957s, 2916sh, 2863w, 2685s, 2623s, 2524s, 2474s, 2417sh, 
2144w, 1483s, 1445m, 1415m, 1401lw, 1384w, 1259s, 1242w, 1164w, 1069w, 
987s, 820w wil 

[Me,NH][BCly] * .........00.008 3185s, 3022w, 2968m, 2920m, 2850w, 2670m, 2520m, 2470m, 2422sh, 


1479s, 1470s, 1449m, 1411m, 1378m, 1275m, 1043w, 985m, 975s, 81lw, 
[753m, 705s, 689s, 661s) 

EIRRTEMIAE sanoconsessoneccosees 2980m, 2946m, 2886w, 2812w, 2774w, 2744w, 2623s, 2607s, 2575sh, 
2537m, 2503s, 2362w, 1483s, 1478s, 1440m, 1395s, 1380m, 1363w, 1330w, 
1186m, 1172m, 1076sh, 1071m, 1035s, 851m, 810m 

[EtsNH)[BCl,]  ..........0000. 3142s, 3002m, 2988m, 2950m, 2890w, 2805w, 2750w, 2709w, 2677w, 
2467w, 1476s, 1470s, 1459s, 1444s, 1420m, 1408m, 1387s, 1358m, 131lw, 
1288m, 1266w, 1172m, 1153m, 1088w, 1063m, 1053m, 1039m, 1010m, 
892m, 837m, 806m, 779w, [733sh, 697s, 659s] 

FRAP TRIGA saccvevsccsccesecs 3142w, 2985s, 2937s, 2781m, 2640s, 2602s, 2570s, 2524s, 2494s, 2422m, 
1488m, 1477m, 1470m, 1438s, 1403s, 1392s, 1378m, 1365m, 1334w, 1320m, 
1295w, 1260w, 1185s, 1160m, 1137s, 1120w, 1100m, 1067s, 1023s, 951w, 
938sh, 933w, 921lw, 879w, 848w, 786w, 780m 

(EtPr',NH)[BC1,] ............ 3163s, 2990m, 2947m, 2880w, 2694w, 1490m, 1484sh, 1464m, 1410sh, 
1402s, 1386s, 1382sh, 1365w, 1305m, 1180m, 1155m, 1130m, 1110m, 
1082m, 1059m, 1015m, 947w, 938w, 924m, 915sh, 778m, 768m, (728s, 
699s, 667s, 650sh] 


a sreneel 3100w, 3021m, 2950w, 2923m, 2850w, 2787w, 2744w, 2570w, 2474w, 
2371w, 1490s, 1405m, 1358w, 1299w, 1135w, 1118w, 1082w, 1020w, 959s, 
949s, 917w 

([Me,N][BCl,] *.......00c00000 3033m, 2961m, 2753w, 2583w, 248lw, 2855w, 1482s, 1414m, 1288w, 948s, 
[723s, 695s, 665s] 

( *  ibse a aerigersae? 2984s, 2942s, 2888sh, 2290w, 1483s, 1461s, 1409s, 1376m, 1320m, 1184s, 
1083m, 1030m, 1008m, 958w, 803s, 795sh 

(Et, N][BCL] ......ccccceeeeeee 2982s, 2940m, 2880w, 1475sh, 1463s, 1401s, 1308s, 1271m, 1184s, 1124w, 
1076m, 1032s, 1021sh, 1003s, 97lw, 948w, 890w, 798s, 789s, 76lw, [718s, 
693s, 667s) 

ein Site lee Bre 3135s, 3032s, 2802m, 1708w, ~1430sh, 1398s 

TS a nessncndisil 3146s, 3032s, 2801m, 1714w, 1428sh, 1398s, 1271m, 1106w, [607s, 586s] 

ab 1303w, [1119sh, 1054s, 1032s], 772w 

SEERA. wcksvictnecaishuetait 3134—2445s, 2272s, 2040w, 1957m, 1795w, 1773w, 1669m, 1573m, 1474m, 
1445m, 1309m, 1228w, 1164w, 1124w, 1011s, 929w, 890w, 722w 

(MeNH,][BF,] ..........000.. 3282s, 3223s, 3111m, 3059m, 2992m, 2869w, 2768w, 2544w, 2430w, 1618s, 


1520s, 1468m, 1432m, 1382w, 1296s, 1261m, 1164sh, [1063sh, 1025s], 
985s, 921s, 769w, 723w 
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TABLE 1. (Continued.) 


Curve 
i IE. snc cntensecaviacdecies 1447vw, 1382vw, 126lvw, [703s, 668s] 
b [MeNH,JCl*..................... 3081s, 2980s, 2870s, 2781m, 2484w, 1910w, 1578s, 1535s, 1465w, 
1424w, 126lw, 1001s, 958s 
¢ [MeNH,)[BCi,] ® .........s0000- 3220s, 3155sh, 3022s, 2834m, 2741m, 2510w, 2437w, 2404w, 1582s, 


1490s, 1481s, 1459s, 1426m, 1259s, 1102w, 972w, 956w, 923m, 
912m, 780m, [750sh, 722sh, 696s, 668s, 647sh] 

@ (C,H,-NH)[BCl,]® ............ 3256s, 3239s, 3190s, 3138s, 3107s, 3096s, 3081s, 3021w, 2985w, 
2964w, 2930w, 2923w; 2902w, 2869w, 2805w, 2050w, 2017w, 
1980w, 1860w, 1638m, 1606s, 1540s, 1486s, 1409w, 1386m, 1370w, 
1335s, 1262m, 1246sh, 1241m, 1200s, 1168s, 1076w, 1050m, 1028w, 
1008w, 988w, 876w, 743s, (694s, 666s] 

DB CA  cccsccccccccssccse 3143w, 3134m, 3093m, 307lw, 3048w, 2927w, 2528w, 2040w, 
2008w, 1842w, 1639m, 1624s, 1573w, 1495m, 1482m, 1462s, 1404w, 
1358w, 1334w, 1257w, 1219m, 12llw, 1158m, 1101s, 1055w, 
1024m, 805s, 789sh, 779s, 762s, 743s, 720s, 677s, 645m, 612m, 605s 

fF MeN, BCI, ® ....ccccccccccccesees 3043w, 3021w, 2957m, 2923w, 2889w, 2843w, 2685w, 2524w, 2474w, 
2236w, 1481s, 1463s, 1449m, 1409m, 1405m, 1265w, 1230m, 1113s, 
1019w, 963s, 833s, 786s, 755s, 743s, 722sh 


s = strong; m = medium; w = weak; sh = shoulder. 


* These spectra will appear in the DMS Index (Butterworths) on spectral cards numbered 6000 
onwards. 


TABLE 2. Preparation of tetrahalogenoborates, M[BXY3], from MX and BY, by milling. 


BY; ; Con- 
(excess) Time version Found (upper)/calc. (lower) (%) 
MX BY; % (hr.) (%) Cc H N Cl B M. p. 
Me,NCl BCl, 10 66 87 24-2 6-2 6-6 58-4 5-0 264° ¢ 
21-2 5-3 6-2 62-5 4:8 
Me,NHCl1 ... BCI, 13 112 91-5 18-0 5-2 6-8 64-2 475 160—163 
16-9 4-7 6-6 66-7 5-1 
Me,NH,Cl ... BC 54 140 98 131 52 69 708 5&7 110—112 
12-1 4:0 7-05 71-4 5-4 
MeNH,Cl BCI, 48 112 90 71 3-6 8-3 745 5-8 150—152 
6-5 3-1 7-6 76-9 5-9 
Et,NCl ¢ BCI, 67 120 95 33-8 7-6 5-75 48-8 4-0 222—224 
33-9 7-2 5-0 50-2 3-8 
Et,NHCl ¢ BCI, 39 112 98 29-3 6-5 5-9 55-1 4-2 71—75 
28-2 6-3 5-5 55-7 43 
Pr,EtNHCl* BCI, 25 19 97 33-2 6-85 4-85 49-3 4-2 109—110 
33-9 7-2 5-0 50-2 3-8 
C,H,NHC1 BCl, 18 88 ~100 25-8 2-5 5:8 60-9 485 119—121 
25-8 2-6 6-0 61-0 4-65 
os BCI, 50 160 91 — 3-0 8-75 81-7 6-3 166—170 
_- 2-35 8-2 83-2 6°35 
NH,Br BBr, 21 64 60 — — 5-2 oa 2-8°¢ a 
— 1-15 4:0 — 3-1 
NH,Br BCI, 22 40 94 — 2-9 8-5 64-1¢ 43 4 
~ = 1-86 6-5 659° 5-0 
CsCl BCI, 13 112 87 — —- —- 46-1 3-45 
— -- - 49-8 3-80 
KCl BCl, 66 116 88-5 — —- - 71-0 5-55S 
— _— —_— 741 5-65 
ButNHC]1 ? BCl, — — 97 21-5 4-7 77 61-5 55 162—167 ¢ 
21-1 53 6-2 62-5 4:8 


* The product was a two-phase liquid system. ° Prepn. in boiling chloroform. ¢ Total halogen, 
as Cl. ¢ Decomp. * Found: Br, 87-7. Calc.: Br, 918%. 4 Found: K, 20-5. Calc.: K, 20-4%. 


to room temperature and excess of boron trichloride was swept out in a current of nitrogen. 
Finally the product was cooled and filtered off. This method proved to be less convenient than 
cold milling and gave inferior results. Ammonium tetrachloroborate could not be made in 
this way. 

Most of the tetrahalogenoborates were insoluble in those solvents (e.g., carbon tetrachloride, 
chloroform, light petroleum, benzene, diethyl ether) with which they did not react, but tetra- 
ethylammonium, triethylammonium, and _ ethyldi-isopropylammonium  tetrachloroborate 
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formed two-phase liquid systems with chloroform at or slightly above room temperature. The 
smaller, upper, less dense phase in each case contained the bulk of the tetrachloroborate, with 
a very dilute solution below. 

Infrared Spectra.—The tetrahalogenoborates are too reactive to allow their absorption 
spectra to be measured satisfactorily in potassium chloride discs, but mulls in liquid paraffin 
and hexachlorobutadiene were satisfactory if prepared in a dry box. 

The spectra were measured on a double-beam recording grating spectrometer designed and 
constructed in this laboratory.'7 Several spectra of tetrachloroborates, together with the 
corresponding chlorides, are reproduced in the Figure. The absorption bands of other tetra- 
halogenoborates are listed in Table 1. The spectra of the pyridine—boron trichloride and 
trimethylamine-boron trichloride adducts are reproduced for comparison with pyridinium 
tetrachloroborate. 


We are indebted to Mr. D. Reichenberg for flame-photometric analyses of alkali metals. 
This paper is published by permission of the Director of the National Chemical Laboratory. 


NATIONAL CHEMICAL LABORATORY, D.S.I.R., 
TEDDINGTON, MIDDLESEX. [Received, November 6th, 1959.} 


17 Hales, J. Sci. Instr., 1959, 36, 264. 


352. Reactions of Simple Aldehydes with cis- and trans-Cyclo- 
hexane-1,2-diol. 
By FRANK S. H. HEAD. 





With formaldehyde and acetaldehyde tvans-cyclohexane-1,2-diol gives 
trans-hexahydro-1,3,5-benzotrioxepan and its 2,4-dimethy] derivative, respect- 
ively, as the principal products, whereas the cis-diol gives cis-hexahydro- 
1,3-benzodioxolan and its 2-methyl derivative. With formaldehyde traces 
of di-(¢vans-2-hydroxycyclohexyloxy)methane (two isomers) and the corre- 
sponding cis-compound (one form) are also formed. Interaction of the 
tvans-diol and glyoxal at room temperature gives a bishemiacetal shown to 
be trans-hexahydro-2,3-dihydroxy-1,4-benzodioxan. 


In connexion with work on the cross-linking of cotton cellulose with aldehydes an investig- 
ation of the action of aldehydes on cis- and trans-cyclohexane-1,2-diol has been carried 
out. The trans-diol was chosen as a model of the «-glycol system in the anhydroglucose 
units of cellulose, since its hydroxyl groups are secondary, ¢rans-, and equatorial. De- 
rivatives of the cis-diol were included for comparison. It is well known that the cis-diol 
gives an isopropylidene derivative,’ and more recently it has been found that the trans- 
diol does so too,? but the reaction of the two diols with simple aldehydes does not seem to 
have received attention. 


O-CHR O-CH,- O-CH,- 

2 Oo OO OD 

o—CuR OH HO .HO 
(II) (IIT) (IV) 

W bai v trans-diol was heated with paraformaldehyde at about 135° in the presence 
of an acid catalyst (ferric chloride or calcium chloride) the principal product was trans- 
hexahydro-1,3,5-benzotrioxepan (I; R= HH). The seven-membered ring system in (I) 
is uncommon, but it is known to occur in Appel and Haworth’s methyl 4,6-O-ethylidene- 
2,3-O-oxydiethylidene-«- and -f-p-glucosides, prepared by treating methyl «- or 8-D- 
glucoside with paraldehyde in the presence of sulphuric acid at room temperature, and in 


1 Béeseken and Derx, Rec. Trav. chim., 1921, 40, 519. 
* Christian, Gogek, and Purves, Canad. J. Chem., 1951, 29, 911. 
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similar substances.2 Honeyman and Morgan 4 have shown that methyl «-p-mannoside 
(in which the 2,3-hydroxyl groups are cis to one another) gives 2,3:4,6-di-O-ethylidene- 
a-p-mannoside. Andrews, Hough, and Jones,® on the other hand, found that L-rhamnose 
with formaldehyde in aqueous sulphuric acid gave principally an oxydimethylene com- 

und, in which the 3,4-(trans-)positions were bridged, together with much smaller amounts 
of other substances, including a second oxydimethylene compound with the 2,3-(cis-)- 
positions bridged. 

In addition to compound (I; R =H) the reaction mixture contained unchanged 
trans-diol and a syrup from which two crystalline isomeric forms of di-(¢vans-2-hydroxy- 
cyclohexyloxy)methane (II) were isolated in small amounts; these forms gave isomeric 
di-p-nitrobenzoates and bis-3,5-dinitrobenzoates, and they are assumed to be pL- and 
meso-forms. The yield of compound (I; R = H) was 74% when an excess of aldehyde 
was used: the yield of syrup was greatest when equimolecular proportions were taken and 
the yield of (I) was then only 19%. Ferric chloride was used as the catalyst because 
Adams and Adkins ® claim that it gives the best results with paraformaldehyde, but it 
was later found that calcium chloride gave better yields of compound (I) (32% with 
equimolecular proportions of reactants). A modification of Appel and Haworth’s method 
(using trioxan dissolved in chloroform) gave poor results with the trans-diol. 

When cis-cyclohexane-1,2-diol was treated, as above, with an equimolecular proportion 
of paraformaldehyde in the presence of ferric chloride, it gave a 74% yield of cis-hexahydro- 
1,3-benzodioxolan (III; R = H) and a trace of di-(cis-2-hydroxycyclohexyloxy)methane 
(IV). The crystalline substance (IV) and its 3,5-dinitrobenzoate differed from both of 
the isomers of (II) and their 3,5-dinitrobenzoates. Treatment of trans-cyclohexane-1,2- 
diol with paraldehyde under these conditions gave disappointing results, most of the diol 
being recovered unchanged, but when Appel and Haworth’s method was used a good yield 
of trans-hexahydro-2,4-dimethyl-1,3,5-benzotrioxepan (I; R = Me) was obtained. The 
cis-diol treated similarly gave rise to cts-hexahydro-2-methyl-1,3-benzodioxolan (III; 
R= Me). The formation of substances corresponding to (II) and (IV) was not observed. 
The cyclic formals of types (I) and (III) have characteristic odours and are all peroxidised 
fairly rapidly in contact with air. 

From these results it appears that cyclic acetals with five-membered rings are readily 
formed from the cis-diol, but that with the trans-diol seven-membered rings form more 
easily. Comparison of the yields (19 and 74% respectively) of compounds (I) and (III) 
(R = H) obtained with equimolecular proportions of reactants suggests that the latter 
process proceeds less readily than the former. 

The results as a whole make it probable that in reactions between simple aldehydes 
and cellulose the formation of cyclic acetals will occur much more readily than cross- 
linking [typified by the formation of (II)]. 


ae yo ta CH(OH)-CHO 
(VI) 


No attempts have been made to prepare acetals of the trans-diol with glyoxal, but the 
formation under mild conditions of a crystalline bishemiacetal, trans-hexahydro-2,3-di- 
hydroxy] ,4-benzodioxan (V), has been observed. Its properties were similar to those of 
the bishemiacetal of glyoxal and ethylene glycol (2,3-dihydroxydioxan 7) which dissociates 
readily into its components and behaves as a source of glyoxal. 


* Appel and Haworth, J., 1938, 793; Mellies, Mehltretter, and Rist, J. Amer. Chem. Soc., 1951, 78, 
294; Ansell and Honeyman, J., 1952, 2778. 

‘ Honeyman and Morgan, a 1954, 744. 

5 Andrews, Hough, and Jones, J. Amer. Chem. Soc., 1955, '77, 125. 

* Adams and Adkins, J. Amer. Chem. Soc., 1925, 47, 1358. 
* Head, J., 1955, 1036; see also Raudnitz, Chem. and Ind., 1956, 166. 
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The constitution (V) was confirmed by periodate oxidation; the substance reduced 
1 mol. of periodate in 15 min. and yielded fairly pure t¢rans-cyclohexane-1,2-diol di- 
formate together with 0-07 mol. of formic acid. The latter probably arose by oxidation 
of the partly dissociated form of the substance (VI). When a solution of the substance 
was left for an hour before being oxidised the amount of acid rose to 0-12 mol. It appears 
probable from these results that compound (V) is much more stable in solution than 
2,3-dihydroxydioxan, which also reduced 1 mol. of periodate rapidly, but gave 0-68 mol. 
of formic acid and 0-10 mol. of formaldehyde. 

Three isomers (V) are possible; one if the hydroxyl groups are cis to each other, and 
two if they are trans. Only one has been observed. Attempts to separate other isomers 
failed and, moreover, the crude preparation (V) and the purified substance both gave 
good yields of crude di-p-nitrobenzoate of the same m. p. 

Theoretically it should be possible to add further molecules of glyoxal to the hemi- 
acetal (V) and obtain a series of polymers. When this was attempted with two or ten 
mols. of glyoxal, amorphous glasses resulted. Equimolecular proportions of the cis-diol 
and glyoxal also gave a syrup. 


EXPERIMENTAL 


The infrared absorption spectra of the cyclic acetals (types I and III) were measured on 
liquid films between rock-salt plates. All exhibited strong bands between 1150 and 1060 cm." 
indicative of ether groupings, but were free from hydroxyl and carbonyl absorption. The 
spectra of the hydroxylic substances (II), (IV), and (V) (in Nujol mulls) exhibited the same 
general features, but there was strong hydroxy] absorption at about 3400 cm. [about 3300 cm.7 
for (IV)]. The spectra of the isomers (II) differed in the “‘ finger print ’’ region from each other 
and from that of compound (IV). 

Reactions of trans-Cyclohexane-1,2-diol with Paraformaldehyde.—(a) A mixture of trans- 
cyclohexane-1,2-diol (29 g.), paraformaldehyde (30 g.), and anhydrous ferric chloride (1 g.) 
was heated at 130—140° for 7 hr., for half the time under reflux and for the remainder with 
the condenser set for distillation. The homogeneous product was poured into a solution of 
sodium carbonate (2 g.) in water (50 c.c.) and steam-distilled. Extraction of the distillate 
(250 c.c.) with chloroform and fractionation of the dried extract (K,CO,), gave trans-hexa- 
hydro-1,3,5-benzotrioxepan (I; R =H) (29-3 g., 74%), b. p. 55—58°/0-8 mm., 97°/20 mm., 
n*) 1-4686 (Found: C, 60-6; H, 90%; M (in camphor), 149. C,H,,O, requires C, 60-7; H, 
8-9%; M, 158]. The liquid was to some extent soluble in water and did not reduce Fehling’s 
solution. 

(b) A mixture of the tvans-diol (116 g.), paraformaldehyde (30 g.), and ferric chloride (4 g.) 
was heated and worked up as above. After removal of the trioxepan (yield 19%) by steam- 
distillation, the residue was mixed with chloroform and filtered from inorganic salts. The 
aqueous layer contained unchanged ¢trans-diol (31 g.) which was recovered by evaporation to 
dryness under reduced pressure, extraction with benzene, filtration, and precipitation with 
an equal volume of light petroleum (b. p. 60—80°). Evaporation of the dried (K,CO,) chloro- 
form layer gave a syrup (54-4 g.) which was dissolved in ether (150 c.c.) and left in the refri- 
gerator. Di-(trans-2-hydroxycyclohexyloxy)methane (II), isomer A, separated as colourless 
water-soluble needles (8-0 g., 3%), which after recrystallisation from light petroleum (b. p. 
60—80°) melted at 104—105° (depressed on admixture with trans-diol) [Found: C, 64-0; 
H, 10-1%; M (in camphor), 222. (C,,;H,,O, requires C, 63-9; H, 9-9%; M, 244]. 

The substance (0-3 g.) in dry pyridine (5 c.c.) was treated with p-nitrobenzoyl chloride 
(0-7 g.), left for 2 days at room temperature, and then poured into water. The precipitate was 
collected, suspended in saturated sodium hydrogen carbonate solution, and collected again, 
giving the di-p-nitrobenzoate (83%) which separated from aqueous acetone (80%) as pale yellow 
needles, m. p. 144—146° (Found: C, 60-1; H, 5-9; N, 5-3. C,,H 390, 9N, requires C, 59-8; 
H, 5-6; N, 5-2%). The pale yellow bis-3,5-dinitrobenzoate, prepared similarly in 95% yield 
and recrystallised from aqueous pyridine and from acetone, had m. p. 205—206° (Found: 
C, 51-1; H, 4:9; N, 9-2. C,,H,,0,,N, requires C, 51-3; H, 4-4; N, 8-9%). 

Concentration of the ethereal mother-liquors (from which Isomer A had separated) to half 
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volume, and dilution with an equal volume of light petroleum (b. p. 60—80°), gave di-(trans-2- 
hydroxycyclohexyloxy)methane (11), isomer B (4-6 g., 2%), as colourless water-soluble prisms. 
After recrystallisation from 1:1 ether-light petroleum, and filtration after short storage to 
avoid contamination with isomer A, it melted at 81—82°, depressed on admixture with isomer 
A [Found: C, 64-2; H, 96%; M (in camphor), 215]. The di-p-nitrobenzoate (yield 90%) 
separated from 80% aqueous acetone as pale yellow needles, m. p. 108—109°, depressed on 
admixture with the derivative of isomer A (Found: C, 59-5; H, 5-5; N, 49%). The bis- 
3,5-dinitrobenzoate (yield 95%), purified as was its isomer, formed pale yellow needles, m. p. 
181—182°, depressed on admixture with the A-derivative (Found: C, 51-4; H, 4-6; N, 89%). 

Hydrolysis of the Formals (I and I1; R = H).—A weighed amount of the formal [e.g., 2-8 g. 
of (I)] was added to 2n-sulphuric acid (200 c.c.) in a reflux apparatus protected with a water 
trap to avoid loss of formaldehyde. The whole was refluxed for 1} hr. and then distilled to 
50 c.c. Water (150 c.c.) was added to the residue, which was then distilled again; this was 
done twice. The three distillates so obtained were each made up to 250 c.c. and the form- 
aldehyde content was determined by the hypoiodite method.® 

The residue from the distillations was neutralised by adding insufficient barium hydroxide 
(50 g.) in hot water (100 c.c.), followed by an excess of barium carbonate (20 g.). Evaporation 
of the filtered solution and washings under reduced pressure gave a residue consisting of nearly 
pure ¢vans-diol (identified by m. p. and mixed m. p.). The percentage yields of products obtained 
were as follows: 


I; R=H ILA II, B 
FOSTROMIITER nvcisecopsicapebaasadconssscioecy 98-4 99-1 99-7 
GTS wecpinesesscagecnacscnsensanensaieccsce 88 93 87 


Reactions of cis-Cyclohexane-1,2-diol with Paraformaldehyde.—The cis-diol (15 g.), para- 
formaldehyde (4 g.), and ferric chloride (0-5 g.) were heated for 7 hr. at 130—140°, working 
up being as for the trans-diol. The principal product was cis-hexahydro-1,3-benzodioxolan 
(III; R= H) (12-2 g., 74%), b. p. 167—168° (69—70°/27 mm.); m™® 1-4604 [Found: 
C, 65-0; H, 9-4%; M (in camphor), 173. C,H,,O, requires C, 65-6; H, 9-4%; M, 128]. It 
dissolved to some extent in water and did not reduce Fehling’s solution. Hydrolysis with 
hot dilute sulphuric acid gave 86-9 and 56% respectively of the theoretical yields of formaldehyde 
and cis-diol (the methods used for recovering the ¢vans-diol did not give very good results with 
the cis-isomer). ‘ 

The residue, from which (III; R = H) had been removed by steam-distillation, yielded 
unchanged cis-diol (1-0 g.) and a syrup (2-6 g.). The syrup was mixed with boiling water 
(250 c.c.), cooled, filtered, and extracted with chloroform, and the extract was dried (K,CO,) 
and evaporated. The residue, when dissolved in ether (2-5 c.c.), deposited di-(cis-2-hydroxy- 
cyclohexyloxy)methane (IV) (0-1 g.); recrystallised from ether it had m, p. 88—90°, depressed 
on admixture with the cis-diol or with (II, B) [Found: C, 63-8; H, 9-5%; M (in camphor), 
227. C,,;H,,0O, requires C, 63-9; H, 99%; M, 244]. The 3,5-dinitrobenzoate, obtained in 
nearly theoretical yield, separated as almost colourless crystals from pyridine, m. p. 219—220°, 
depressed by admixture with either of the corresponding derivatives of (II, A or B) (Found: 
C, 51-3; H, 4-6; N, 9-1. C,,H,,0,,N, requires C, 51-3; H, 4:4; N, 8-9%). 

Reaction of trans-Cyclohexane-1,2-diol with Pavaldehyde.—The trans-diol (25 g.) was added 
to a mixture of paraldehyde (125 c.c.) and concentrated sulphuric acid (12 drops) and left for 
3 days at room temperature, during which the solid all dissolved. The mixture was diluted 
with chloroform, neutralised, dried (K,CO,), and fractionated im vacuo to remove solvent and 
unchanged paraldehyde. The residue was freed from unchanged diol by mixing it with water 
and extracting the acetal with light petroleum (b. p. 60—80°). The washed extract was dried 
(K,CO,) and the solvent was removed. Fractionation of the residue gave trans-hexahydro- 
2,4-dimethyl-1,3,5-benzotrioxepan (I; R = Me) (17-6 g., 44%), b. p. 105—106°/22 mm., n™ 
1-4561 [Found: C, 64:0; H, 9-5%; M (in camphor), 161. Cy9H,,0, requires C, 64-5; H,9-7%; 
M, 186}. Hydrolysis with hot dilute sulphuric acid yielded 97-3% and 82% of acetaldehyde 
and tvans-diol respectively. Thé method of hydrolysis was generally similar to that used 
with the parent compound, but 3% sulphuric acid was used, the distillation was only repeated 
once, and the acetaldehyde distillates were collected in ice-cooled sodium metabisulphite 


® Head, J. Text. Inst., 1947, 38, T 389. 
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solutions and left for 1 hr. before titration. The acetaldehyde content of the distillates was 
then determined by back-titration with iodine.® 

Reaction of cis-Cyclohexane-1,2-diol with Paraldehyde.—The method was similar to that used 
with the tvans-diol and it gave cis-hexahydro-2-methyl-1,3-benzodioxolan (III; R = Me) (52%), 
b. p. 77—79°/33 mm., n*° 1-4497, with a clinging and rather unpleasant odour [Found: C, 67-4; 
H, 9-9%; M (in camphor), 134. C,H,,0, requires C, 67-6; H, 99%; M, 142]. Hydrolysis 
with dilute sulphuric acid, as for (I; R = Me), yielded 91-2% of acetaldehyde. 

trans-Hexahydro-2,3-dihydroxy-1,4-benzodioxan (V).—A mixture of tvans-cyclohexane-1,2- 
diol (63-8 g.) and commercial 30% glyoxal solution (106-7 g.) was evaporated to dryness in 
vacuo over phosphoric oxide. The crystalline residue (97 g.) was extracted with cold acetone 
(100 c.c.). The undissolved portion (82-4 g.) melted at 118—122° (available glyoxal content 
by Friedemann peroxide method, 33-4%). A second crop (6 g.), obtained by evaporation 
of the acetone extract and trituration of the residue with ether, melted at 113—115° and 
contained 33-7% of glyoxal. Repeated recrystallisation from acetone gave trans-hexahydro- 
2,3-dihydroxy-1,4-benzodioxan as needles, m. p. 140—143° (decomp.) (Found: C, 55-3; H, 8-3. 
C,H,,0, requires C, 55-2; H, 81%). The available glyoxal contents determined by the 
Friedemann’s alkali and peroxide methods ! and by the hypoiodite method ® were 32-9, 33-3, 
and 33-9% respectively (calc. for V: 33-3%). Attempts to isolate isomers or other substances 
from the acetone mother-liquors failed. 

When heated, compound (V) gave off a greenish-yellow vapour (presumably monomeric 
glyoxal) and in hot xylene it gave a yellow solution which became colourless again on cooling. 
With phenylhydrazine in aqueous acetic acid solution it gave glyoxal bisphenylhydrazone 
immediately, in nearly theoretical yield. When the solid purified substance (0-4 g.) was added 
to p-nitrobenzoy]l chloride (1-3 g.) in dry pyridine (25 c.c.) and left for 3 days at room temperature, 
and the product was worked up as for the p-nitrobenzoates of (II; R = H), it gave the di-p- 
nitrobenzoate (0-8 g., 73%), m. p. 232—235°. Recrystallisation from toluene and from acetone 
gave pale yellow rhombic plates, m. p. 243—244° [Found: C, 55-5; H, 4:3; N, 63%; M 
(in camphor), 385. C..H,.O,)N, requires C, 55-9; H, 4:3; N, 59%; M, 472]. Infrared 
examination (Nujol mull) provided no evidence of free hydroxyl groups. Neither the di-p- 
nitrobenzoate of the trans-diol (m. p. 128—129°) nor any other substance was observed. 
Similarly, when the crude preparation of (V) was used, either in the solid form (as above) or 
dissolved in pyridine, it gave a crude di-p-nitrobenzoate of the same m. p. as that from the 
purified substance, and no other product. 

Periodate Oxidation of the Dioxan (V).—(a) The substance (0-435 g.) was dissolved in 0-075m- 
sodium metaperiodate and made up to 100 c.c. with more of the same solution. At intervals 
aliquot parts were added to water containing a large excess of ethylene glycol, then aerated 
for 15 min. with carbon dioxide-free air, and the free acid was titrated with alkali. Sub- 
sequently an excess of alkali was added, and the whole back-titrated with acid after 2 hr. in 
order to determine the total formic acid (free and esterified). Periodate consumption was 
determined on other aliquot parts by Miiller and Friedberger’s method."! The following 
results were obtained: 


Time Periodate reduced Free acid Total acid found after 
(min.) (mol.) formed (mol.) hydrol. (mol.) 

15 0-98 0-07 1-89 

30 1-01 0-07 2-01 

60 1-02 0-07 2-05 


(b) The substance (ca. 0-1 g.) was dissolved in water (25 c.c.), left for 1 hr., and treated 
with 0-075m-sodium metaperiodate (25 c.c.). After 15 min. the amount of free acid (deter- 
mined as above) was 0-12 mol. When the substance was dissolved first in the periodate solution 
(25 c.c.), diluted immediately with water (25 c.c.), and titrated after 15 min., the yield of acid 
was 0-06 mol. 

(c) The substance (26-1 g.) was dissolved in a solution of sodium metaperiodate (30-5 g., 
95%, of the calculated amount) in water (500 c.c.) and cooled with water. After 30 min. no 
periodate was detected. The oil which separated was extracted with chioroform, and the 
extract washed, dried (CaCl,), and evaporated. Fractionation of the residue (23-3 g.) under 

* Ripper, Monatsh., 1900, 21, 1079. 


10 Friedemann, J. Biol. Chem., 1927, 78, 331. 
4 Miiller and Friedberger, Ber., 1902, 35, 2652. 
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reduced pressure gave trans-cyclohexane-1,2-diol diformate (18-7 g., 72%), b. p. 118°/15 mm., 
n™® 1-4576 (Found: C, 56-2; H, 7-4; CHO, 33-3. C,H,,0, requires C, 55-8; H, 7-0; CHO, 
33-7%). Hydrolysis with alkali gave an almost theoretical yield of the ¢vans-diol (recovered as 
described earlier). Infrared examination of the ester (liquid film) showed that it contained little 
(if any) hydroxyl group, but bands corresponding to carbonyl groups (ca. 1725 cm. ~) and ether 
linkages (between 1150 and 1060 cm.) were observed. 


The author is indebted to Dr. H. Spedding for measuring the infrared absorption spectra 
and to Mr. J. F. Fernie and Miss M. M. Williamson for assistance with some of the experimental 
work. 


THE BriTIsH CoTTON INDUSTRY RESEARCH ASSOCIATION, 
SHIRLEY INSTITUTE, DipsBURY, MANCHESTER. [Received, October 28th, 1959.] 





353. The Viscosity of Dinitrogen Tetroxide and its Binary 
Mixtures with Organic Solvents. 


By C. C. Appison and B. C. Situ. 


The viscosity of pure liquid dinitrogen tetroxide and of its mixtures with 
six organic solvents has been determined over the temperature range — 20° 
to +20°. The ’onium donors diethylnitrosamine, ethyl acetate, and acetic 
anhydride give viscosity-composition isotherms which show pronounced 
maxima. The isotherm for the donor toluene shows little deviation from 
linearity, while the non-donors cyclohexane and carbon tetrachloride show 
negative deviations. The experimental results are presented in the form of 
fluidity-composition isotherms; the position of the minima in these isotherms 
gives a more reliable indication of the mole ratios involved in molecular 
association in the liquid state. The influence of this association is also shown 
in the variation of viscosity with temperature. Non-donor solvents give 
straight-line plots of log y against 1/T, but donor solvents give curves. 
Fluidity deviations are correlated with volumes of mixing. 


DituTion of liquid dinitrogen tetroxide with organic solvents enhances the solution 
properties and the reactivity of the liquid, while retaining the essential features of the 
dinitrogen tetroxide solvent system. In consequence, the physical properties of these 
mixtures have been studied to determine the nature of the molecular interactions involved. 
Diethylnitrosamine forms a solid 2: 1 compound with dinitrogen tetroxide (m. p. —37°), 
and in 1953 Addison and Conduit reported kinematic viscosity data for this system. 
A series of isotherms was obtained with pronounced maxima at the 2:1 molar ratio, 
and this was regarded as evidence that the addition compound itself represented the 
major species in the liquid. Later, vapour pressures,? densities,? and particularly ultra- 
violet absorption spectra * of mixtures of dinitrogen tetroxide with many electron-donor 
solvents showed that, although partial electron-transfer undoubtedly occurs, there is no 
direct evidence for the existence of individual molecules of addition compound in the 
liquid state. A systematic study of the dynamic viscosities of several typical systems 
has therefore been undertaken. 


EXPERIMENTAL 


Viscometey.—An all-glass viscometer of the pattern described by Greenwood and Wade § 
was used. This incorporates the weir system to maintain a constant rate of flow. Times of 
flow were of the order of 100 sec., measurable to 0-1 sec. Being totally enclosed, the viscometer 


1 Addison and Conduit, J., 1952, 1390. 
? Addison and Sheldon, J., 1957, 1937. 
* Addison and Smith, J., 1958, 3664. 
* Addison and Sheldon, J., 1958, 3142. 
5 


J 
Greenwood and Wade, J. Inorg. Nuclear Chem., 1957, 3, 349; J. Sci. Instr., 1957, 34, 288. 
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is convenient for use with volatile and readily hydrolysed liquids, and was completely sub- 
merged in a thermostat bath for measurements over a temperature range. The viscometer was 
calibrated by using the five liquids to be employed in the mixtures. In the equation yt/d = 
At® — B, where t = time of flow in sec. and d = density, values for the constants A and B of 
4-65 x 10° and 4-0 centistokes cm.“ respectively gave the values for the pure solvents shown 
in col. 3 of Table 1; these are compared with recorded values (col. 4). The viscosity of each 


TABLE lI. 
7m, Obs. Lit. values 7, Obs. Lit. values 
Solvent Temp. (c.p.) for 7 (c.p.) Solvent Temp.  (c.p.) for 7 (c.p.) 
Cyclohexane... 25° 0-899 0-898,* 0-900” Toluene ... 20° 0-593 0-5866 * 
a on ae 0-982 0-980° EtOAc ... 30 0-402 0-400 1 
> errs 25 0-902 0-9019,* 0-902,° os — 0-426 0-4244,1* 0-425 ® 
0-904 7 ‘ -- 20 0-451 0-452° 
| weneseeatns 20 0-976 0-968 * RGM) «201. 20 0-915 0-892,1! * 0-912,13* 
ao 15 1-046 1-038 7° 0-9417 14 


* Interpolated values. 


solvent was also determined over a temperature range down to —20° (except for cyclohexane, 
m. p. 6-6°) and each solvent gave a straight-line plot of log y against 1/T. The constants in 
the equation logy, 7 = C/T — K, together with activation energies for viscous flow, are given 
in Table 2. 


TABLE 2. 
Solvent Cc K = AE” (kcal. mole) Solvent Cc K = AE” (kcal. mole-) 
Cyclohexane... 650 2-225 2-97 BWOAKE 2.000000 444 =1-860 2-03 
CE, cccccsedsces 570 1-956 2-61 BORD svtsdinisies 565 1-966 2-58 


Toluene ......... 476 1-850 2-18 


Materials.—Dinitrogen tetroxide was prepared and purified as already described.“ 
Organic solvents were rigorously purified by conventional methods. No chemical reaction 
occurred in solution during the experiments. For reproducible results with these mixtures, 
particular care was necessary to remove the last traces of grease from the solvents. The 
viscometer was cleaned at intervals with nitric acid—alcohol. Small obstructions which 
occasionally lodged in the capillary tube could be removed satisfactorily by using mercury. 


RESULTS AND DISCUSSION 


Viscosity of Dinitrogen Tetroxide——Since the liquid readily supercools, viscosity 
measurements below the m. p. (—11-2°) were made without difficulty. Values for the 
dynamic viscosity are given in Table 3. The density values used were those already 
determined by the authors. The values for » lie on the straight line log,, » = 400/T — 
1-742, and no discontinuity is observed at the m. p. Earlier measurements ™!® are 
restricted to the temperatures above 0°, but are in good agreement. 

The activation energy of viscous flow for dinitrogen tetroxide is 1830 cal. per mole, and 


* “Selected Values of Physical and Thermodynamic Properties of Hydrocarbons and Related 
Compounds,” Carnegie Institute of Technology, American Petroleum Institute Research Project 44, 
Pittsburgh, 1953. 

Hammond and Stokes, Trans. Faraday Soc., 1955, 51, 1641. 

Grunberg, Trans. Faraday Soc., 1954, 50, 1293. 

Mumford and Phillips, /., 1950, 75. 

10 Timmermans and Martin, J. Chim. phys., 1926, 28, 747. 

11 Timmermans and Hennaut-Roland, J. Chim. phys., 1930, 27, 401. 

12 Chadwell, J. Amer. Chem. Soc., 1926, 48, 1912. 

18 Thorpe and Rodger, Phil. Trans., 1894, 185, A, 451. 

™ Lewis, J., 1940, 32. 

18 Addison and Thompson, J., 1949, S. 218. 

‘© Richter, Reamer, and Sage, Ind. Eng. Chem., 1953, 45, 2117. 
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the molar heat of vaporisation is 9100 cal. at the b. p. (21-15°).17_ The ratio AE*/AE” = 
4-66 is therefore rather high.*1® This suggests that the unit of flow might be smaller than 
dinitrogen tetroxide, possibly nitrogen dioxide. 

Batschinski’s Law.—The specific volume V was calculated from known density values,® 
and values of the fluidity (reciprocal viscosity) ¢ are available from Table 3. When 


TABLE 3. 


Temp. 20-0° 18-1° 16-8° 98° 1-6° 00° —6-0° —10-0° —12:4° —15-0° —18-4° —20-0° 
7 (c.p.) 0-420 0-426 0-435 0-468 0-512 0-527 0-565 0-599 0-615 0-641 0-663 0-687 


specific volumes over a temperature range are plotted against fluidity, a straight-line 
relation V = 0-0443¢ + 0-5855 is obtained, and again there is no apparent discontinuity 
at the m. p. 


Fic. 1. Viscosity—composition isotherms 
(—20°) for mixtures of dinitrogen : res , 
tetroxide with organic solvents. Fic. 2. Mixtures of dinitrogen tetroxide 
with 1: 1 donor solvents. 
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l 1 
’ . ‘ . curves were obtained at 20°, 10°, 0°, 
N0, O2 O4 O06 O08 wi0’, and 20"). 
Mole fraction of organic so/vent —@—@— Acetic anhydride (C, 20°; D, 
A, Diethylnitrosamine ; B, acetic anhydr- 0°; E, —20°). 


ide; C, ethyl acetate; D, toluene; 
E, carbon tetrachloride. 


Viscosity of Dinitrogen Tetroxide-Organic Solvent Mixtures.—Viscosity-molar com- 
position isotherms for five solvents at —20° are shown in Fig. 1. Solvents may be divided 
into the three types: ‘onium donor, x-donor, and inert solvents. These three types 
may be clearly distinguished in the viscosity curves. The ‘onium donors diethyl- 
nitrosamine, ethyl acetate, and acetic anhydride show pronounced maxima. The x-donor 
toluene shows little deviation from linearity, while the inert solvent carbon tetrachloride 
shows a concave isotherm. The viscosities of mixtures with cyclohexane were not 
measured below —10°, but isotherms for these mixtures resemble curve E. 

The diethylnitrosamine curve was calculated from the kinematic viscosity. This 
curve, and that for ethyl acetate, pass through maxima at 0-6 mole of solvent, and this 
could be correlated with the formation of 2 : 1 compounds which occurs in each case in the 
solid state. Maxima in viscosity curves have frequently been accepted as evidence for 

17 Giauque and Kemp, J. Chem. Phys., 1938, 6, 40. 

18 Ewell, J. Appl. Phys., 1938, 9, 252. 

## Glasstone, Laidler, and Eyring, “‘ The Theory of Rate Processes,’ Chap. 9, International Chemical 


Series, McGraw-Hill Co., 1941. 
*” Addison and Sheldon, J., 1956, 1941, 
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the stoicheiometry of complexes formed in solution, but the danger of attaching too 
great significance to the position of these maxima has been stressed by Ewell.*" This 
view is supported by the curve for acetic anhydride (Fig. 1). This compound gives a solid 
1:1 complex with dinitrogen tetroxide, yet the maximum in the dynamic viscosity 
isotherm occurs at 0-62 mole fraction of solvent. (The kinetic viscosity shows a maximum 
at 0-8 mole of acetic anhydride.) Nevertheless, the shape of the viscosity isotherms 
gives clear evidence for donor-acceptor behaviour, and the positive deviation is a sensitive 
measure of the extent of association. 


Fic. 3. Mixtures of dinitrogen tetroxide 
with 2: 1 donor solvents. 



































o Fic. 4. Mixtures of dinitrogen tetroxide 
y ' with non-donor solvents. 
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to B, curves were obtained at 20°, 10°, 
0°, —10°, —20°). 

—O—O— Diethylnitrosamine (in direc- 
tion C to D, curves were obtained at 10°, 
0°, —10°, —20°, —30°). 


Mole fraction of organic so/vent 


Fluidity Relationship.—Ideal fluidity relations may be applied to binary mixtures in 
which the components have similar activation energies. The fluidities of ideal solutions 
are related by the equation 


log dy = %, log ¢, + %2 log ¢, 


where concentrations are expressed in terms of the molar fraction x, and subscripts 0, 1, 2 
refer to ideal solution, dinitrogen tetroxide, and organic solvent respectively. Although 
maxima in actual viscosity curves for dinitrogen tetroxide solutions are not related to the 
stoicheiometry of molecular association in solution, yet the deviation of fluidity from ideal 
behaviour should have more significance. The results obtained in this work are therefore 
presented in this way. The function log,) ¢ — logy) ¢) (where ¢ is the measured fluidity) 
is plotted against molar fraction of solvent (Figs. 2—4) for the six systems investigated. 
Molecular association in solution gives rise to negative deviations (Figs. 2, 3), while the 
non-donors carbon tetrachloride and cyclohexane give positive deviations (Fig. 4). Where 
no association occurs, or when such association involves a 1:1 molar ratio, deviations 
would be expected to be approximately parabolic and symmetrical with respect to 1:1 
molar composition. This is the case for carbon tetrachloride and cyclohexane, and also 
for toluene. Acetic anhydride has particular interest; in terms of fluidity deviation 
(Fig. 2) the curves show a clear maximum at 1:1 ratio. This is now consistent with the 
known 1:1 compound formed with dinitrogen tetroxide in the solid, and in contrast to 
the maximum at higher solvent concentrations observed for the viscosity curve (Fig. 1). 
This supports the view that fluidity deviations give real evidence for the ratios involved 
*t Ewell, J. Chem. Phys., 1937, §, 967. 
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in molecular association in the liquid state, and it is in this light that the curves for ethyl 
acetate and diethylnitrosamine (Fig. 3) should be considered. The positions of maximum 
fluidity deviation are displaced from the 1 : 1 towards the 2: 1 mole ratio characteristic of 
the solid addition compounds. Although electron-transfer to the tetroxide by these weak 
donors occurs only partially under these physical conditions, it seems clear that more than 
one solvent molecule takes part in electron-donation to each tetroxide molecule. 
Correlation with Volumes of Mixing.—In Fig. 5 the maximum fluidity deviations at 20° 
are plotted against the observed volume changes on mixing. Points for the five polar 
solvents lie close to a straight line which passes near the origin. (Carbon tetrachloride 
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Fic. 6. Influence of temperature on vis- 
cosity of dinitrogen tetroxide—organic sol- 

Fic. 5. Correlation oftolume changes vent mixtures. 
on mixing with excess fluidity function 
for binary mixtures of liquid dinitrogen 
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2, acetic anhydride; Solvents of solvent 
3, ethyl acetate; A Diethylnitrosamine 0-390 
4, toluene; B Acetic anhydride 0-594 
5, carbon tetrachloride; C Ethyl acetate 0-627 
6, cyclohexane. D Toluene 0-454 
E Cyclohexane 0-852 
F Carbon tetrachloride 0-351 


is included here since the C-Cl bond is polar though the dipole moment is zero.) Positive 
fluidity deviations correspond to increases in volume, and negative deviations accompany 
contraction on mixing. Values for the non-polar cyclohexane do not correspond with 
those for the polar solvents. This exceptional behaviour of the hydrocarbons was observed 
also in the correlation of dipole moment of solvent with the partial pressure of the tetroxide 
over the mixtures.? 

Variation of Viscosity with Temperature.—This variation is shown in Fig. 6, where donor 
and non-donor solvents are readily distinguished. The slopes of the log y-1/T lines, and 
thus the activation energy for viscous flow, of solutions of dinitrogen tetroxide in non- 
donors carbon tetrachloride and cyclohexane are independent of temperature. In this 
respect these solutions resemble pure liquids. Where molecular association occurs, the 
degree of association increases with decreasing temperature (curves A to D, Fig. 6). This 
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results in a progressive increase in activation energy since the energy required to create a 
hole in the liquid is augmented by the energy of association. 


Tue UNIVERSITY, NOTTINGHAM. [Received, November 3rd, 1959.) 





354. Liquid-phase Photolysis. Part II. Iodobenzene. 
By J. McDonaLp Brair and D. Bryce-SMITH. 


Ultraviolet irradiation of liquid iodobenzene in the presence of silver 
powder gives iodobiphenyls, benzene, biphenyl, hydrogen iodide, and 
hydrogen, together with silver iodide, as the main identified products. The 
course of the process is discussed in terms of free-radical intermediates. 


In Part I,! the photolysis of diphenylmercury, tetraphenyl-lead, and iodobenzene in 
isopropylbenzene was used to provide information regarding the mechanism of homolytic 
phenylation. Photolysis of pure iodobenzene seemed likely to be particularly simple, 
since this compound can act as both radical source and substrate; yet, in fact, it proved 
complex. 

In preliminary experiments we observed that, when iodobenzene was exposed in silica 
tubes to ultraviolet radiation, the initial rapid decomposition to give free iodine soon 
ceased. Addition of silver powder to remove free iodine led to some improvement, but a 
satisfactory degree of decomposition was obtained only by use of the apparatus described 
in Part I.4 Under such conditions a convenient 5% decomposition occurred in 2—3 hr. 
Greater degrees of decomposition were avoided in order to minimise effects due to 
secondary photodecomposition of iodine-containing products. The products generally 
identified were a mixture of the three isomeric iodobiphenyls, benzene, biphenyl, hydrogen, 
and hydrogen iodide (trace). The formation of hydrogen was most marked at the higher 
temperatures, and neither hydrogen nor hydrogen iodide was evolved to a significant 
extent during a photolysis at 47°. No marked variation in ratios of isomers with tem- 
perature was observed: the isomeric composition of the iodobiphenyls from an experiment 
at 125° was 2-, 56-5; 3-, 29-5; 4-,14%. These values are in approximate agreement with 
those reported by Augood, Cadogan, Hey, and Williams? for the decomposition of 
dibenzoyl peroxide in iodobenzene (2-, 51-7; 3-, 31-6; 4-, 167%). In both cases the 
precision of the spectrophotometric analytical procedure was not high—certainly not 
high enough to justify suspicion that the small differences observed have real significance. 
Photodecomposition of the iodobiphenyls may account for the formation of traces of 
biphenyl, but is unlikely to have been appreciable at such low concentrations, or markedly 
selective between isomers. We conclude that free phenyl radicals were formed and led 
to phenylation of the iodobenzene, in agreement with the results reported in Part I. 

In phenylations with dibenzoyl peroxide as the radical source, it had been concluded 
that the displaced hydrogen atom appears largely as benzoic acid, ¢.g., through abstraction 
from an intermediate by dibenzoyl peroxide or a benzoyloxy-radical.* On this basis, 
displaced hydrogen in the present case might have been expected to appear as benzene. 
In fact, the benzene formed was equivalent to only ca. 20% of the iodobiphenyls. 
Although traces of hydrogen iodide and a little hydrogen were evolved, particularly in 
photolyses above 100°, these were insufficient to account for the deficiency. 

Hydrogen iodide could result from dehydrogenation of an intermediate radical (I) by 
iodine. The failure to account for the displaced hydrogen largely as benzene may be 
explained by the very high reactivity of phenyl in comparison with (say) benzoyloxy- 
radicals, so that the stationary concentration of the former in an aromatic solvent tends 

1 Part I, Blair, Bryce-Smith, and Pengilly, J., 1959, 3174. 


* Augood, Cadogan, Hey, and Williams, /., 1953, 3412. 
® Augood and Williams, Chem. Rev., 1957, 57, 123. 
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to be particularly low, and addition to the solvent is preferred to abstraction of a hydrogen 
atom from another species also at a low concentration. The considerations raised in 
t Part I} suggest that dihydroiodobiphenyls might well be formed 
Ph under the present conditions after disproportionation of the inter- 
(I) nes mediate radicals (I). Attempts to isolate dihydroiodobiphenyls failed, 
. although there were indications of their presence. Thus, distillation 
under reduced pressure was invariably accompanied by the evolution of hydrogen 
jodide and the liberation of free iodine, this being most marked with the materials 
from photolyses at lower temperatures: the products isolated were iodobiphenyls 
and a little biphenyl. It may be noted that hydrogen iodide formed during the photolysis 
would not necessarily all be evolved at this time in the presence of unsaturated reaction 
products such as dihydroiodobiphenyls, but might well appear during subsequent 
distillation. 
A feasible explanation of the liberation of free hydrogen is that this arises from photolysis 
of hydrogen iodide. In support of this, no hydrogen has been detected when iodine-free 
radical sources have been employed with benzene and isopropylbenzene as substrates.? 


EXPERIMENTAL 


Photolysis of Iodobenzene.—lodobenzene, purified as in Part I,} was irradiated in the 
presence of silver powder, under oxygen-free nitrogen by using the cells described in Part I.? 
Five runs at temperatures ranging from 47° to 135° were conducted. The water-cooled cell 
was used for the run at 47°, and the air-cooled cell at higher temperatures. One representative 
experiment is described in detail. The results of other experiments are summarised in the 
Table. 


Products from the photolysis of todobenzene in the presence of silver. 


Expt. No. 1 2 3 + 5 
DED TD.. ccnticcesenscerveiesensvetonenie 65 70 67 96 156 
PP SETI, ac ccccscorccsesecesseccncoses 135° 130° 125° 100° 47° 
Irradiation time (hr.)  ..............sesesseeee 2-5 2-5 2-7 6 5 
Benzene produced (Q.) ........sceseseeeeeeeeee 0-21 0-11 0-18 . ° 
H, evosved (ual, St NTP.) ..6..6..ccsccseese 25 ss 15 ° Trace 
ROMO UNOMNIOE CB) aides dn cincdcdscccsscancedes 3-15 3-25 3-59 4-01 3-22 
DOORS | savacsdissssisccrevsccesbopescasuces 1-27 0-66 0-91 1-22 1-25 
2- 56-5 53-3 56-5 58-5 * 
Ratios (%) of iodobiphenyls ......... 3- 29-0 31-3 29-5 28-5 ° 
4- 145 15-4 14-0 13-0 bd 


* Not determined. 


Nitrogen was very slowly passed over iodobenzene (65 g.) in the air-cooled cell. The cell 
was shielded from ultraviolet radiation until the working temperature (135°) had been reached. 
Silver powder (5 g.) was added from a hopper at intervals as required. Irradiation was 
continued for 2$ hr. at 135°. 

25 Ml. (20% of theoretical based on iodobiphenyls) of hydrogen were evolved. In this 
experiment hydrogen was estimated by sparking with oxygen the gas retained by a tapped 
vessel isolated from the cell by a liquid-nitrogen trap and from the atmosphere by a gas- 
reservoir. In other experiments the hydrogen was estimated by use of a palladium leak. 
Traces of hydrogen iodide were qualitatively detected. After irradiation the mixture was 
allowed to cool and was filtered. Benzene formed during irradiation was removed by fractional 
distillation with added carbon tetrachloride, and was estimated as m-dinitrobenzene by the 
procedure described in Part I: 1 0-21 g. of benzene was found. 

Fractional distillation of the cell contents was continued under reduced pressure until most 
of the iodobenzene had been removed. The contents of the distilling flask were then transferred 
to a small distillation unit, and distillation was continued under a high vacuum. A small 
quantity of biphenyl (ca. 0-1 g.) distilled with the last runnings of iodobenzene. It had m. p. 
60—64° and mixed m. p. 66—69°, having the correct infrared spectrum in carbon disulphide. 
The iodobiphenyl fraction (3-4 g.), collected at 85—105°/0-2 mm., was redistilled to remove 





1790 Albert: Naphthyridines: Ionization Constants and 


traces of impurities; analysis for the three isomers by the standard infrared method,’ dimethyl- 
formamide being used as solvent, as in Part I! gave: 2-, 56-5; 3-, 29-0; 4-, 145%. A 
synthetic mixture of the three iodobiphenyls (kindly provided by Dr. J. I. G. Cadogan) (2-, 
46-7; 3-, 34-1; 4-, 19-2%) which was analysed by the same technique gave 2-, 50-5; 3-, 30-8; 
4-, 18-7%. Elemental analysis of the iodobiphenyl] fractions was consistent with the presence 
of a trace of biphenyl (Found: C, 52-7; H, 3-3; I, 43-9. Calc. for C,,H,I: C, 51-4; H, 3-2; 
I, 454%. Calc. for a mixture of iodobiphenyls with 3-3% of biphenyl: C, 52-7; H, 3-3; 
I, 43-8%). The presence of biphenyl introduces an error. Biphenyl does not absorb 
significantly at the wavelengths used for measurements, and would tend to increase the 
apparent proportion of 2-iodobiphenyl, for this must be obtained by difference. 0-91 g. of 
high-boiling residue remained in the flask after the high-vacuum distillation. 

Small quantities of an acidic substance were isolated from several experiments. This was 
deposited on cool glass at the top of the fractionating column during distillation of the iodo- 
benzene. It formed colourless crystals, readily soluble in ethanol and water and giving an 
aqueous solution of pH 3. It was insoluble in ether, acetone, and iodobenzene. When suddenly 
heated it volatilised completely; but when slowly heated it decomposed without melting but 
with slight sublimation at 200°, becoming black, and free iodine was liberated at 200—210° 
(Found: C, 32-1; H, 3-7). These properties appear to suggest an unusual structure, and the 
substance is being further investigated. 


The authors thank Messrs. Hanovia for a grant (to J. M. B.). The early stages of the work 
were carried out at King’s College, London. 


THE UNIVERSITY, READING, BERKS. 
Kinc’s COLLEGE, Lonpon, W.C.2. (Received, November 4th, 1959.) 


355. Naphthyridines: Ionization Constants and Spectra of Four 
Parent Substances. 


By ADRIEN ALBERT. 


Ionization constants and ultraviolet spectra of the four unsubstituted 
naphthyridines have been measured and compared with those of related 
heteroaromatic substances. 


THE surprisingly high basic strength! of pteridine (I) (pK, = 4:12) suggested this study 
of certain naphthyridines, e.g., 1,8-naphthyridine (II) to see if any abnormalities occur. 
Each of the four naphthyridines is derivable from pteridine by the loss of one nitrogen 
atom from each ring. No unsubstituted naphthyridine was known until 1927 when the 
1,8-? and the 1,5-isomer ** were prepared. 1,5-Naphthyridine can be readily made by 
the Skraup reaction from 3-aminopyridine,** and the possibility that it may be the 
1,7-isomer has been carefully eliminated.45 As 2- and 4-aminopyridine do not take part 
in Skraup reactions, but can be converted into «- or y-hydroxynaphthyridines, it seemed 
expedient to replace the hydroxy-group in these by chlorine and the latter by hydrogen. 
Attempted removal of chlorine by hydrogenation has led to difficultly separable mixtures 
of naphthyridine, hydronaphthyridines, and starting material. It has now been found 
better to replace the chlorine by the hydrazine-group, which is later oxidized to the 
required naphthyridine with copper sulphate, a method found useful in the pyridine 
series.6 In this way, 1,6- and 1,7-naphthyridine were obtained in good yield from their 


' Albert, Brown, and Cheeseman, J., 1951, 474. 

* Koller, Ber., 1927, 60, 1918. 

* Bobranski and Sucharda, Ber., 1927, 60, 1081. 

* Hart, J., 1954, 1879. 

® Klisiecki and Sucharda, Roczniki Chem., 1927, '7, 204; Chem. Abs., 1928, 22, 777. 
* Thielepape and Spreckelsen, Ber., 1922, 55, 2929. 
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4hydroxy-derivatives. To prevent formation of the 1,5-isomer, the preparation of 
4-hydroxy-1,7-naphthyridine commenced with 3-aminopyridine l-oxide, and the orient- 
ation of 4-hydroxy-1,7-naphthyridine so produced has been carefully established.? The 
low-melting form (55°) of 1,5-naphthyridine, obtained in two ways by Miyaki,® was not 
encountered. 

Ionization.—The basic strengths of the naphthyridines (see Table) are lower than those 
of quinoline and isoquinoline, as would be expected from the relayed inductive effect of a 


H OH 
N 5 4 
Ci ha Kus HO N7N An 
H H H 


(I) (I) (111) (IV) 


second doubly bonded nitrogen atom. The basic strength of 1,8-naphthyridine appears 
to be raised by hydrogen bonding, in the cation, not possible in other isomers. Mesomeric 
effects, which would weaken the 1,7- and the 1,5-isomer, are evidently small. The greater 
strength of the 1,6- and the 1,7-isomer suggests that a high proportion of their cations have 
the proton on the 6(7)- rather than on the 1-nitrogen atom (cf. the pK’s of quinoline and 
isoquinoline in the Table). Yet variations in pK, between these four isomers are much 
less than in those diazanaphthalenes having both nitrogen atoms in the one ring (viz., 
cinnoline ® 2-3, phthalazine 3-5, quinazoline ! 3-5, quinoxaline ™ 0-7). No connexion 
is evident between the pK and electron distribution as calculated from molecular-orbital 
theory.!” 

Thus the pK, values of those diazanaphthalenes having nitrogen atoms in the positions 
found in pteridine (I), taken in conjunction with the pK, of 1,4,5-triazanaphthalene 
(1-20),25 confirm the impression that the pK of pteridine! (4-12) is anomalously high. 
Increased resonance in the cation is the most likely cause of this strengthening. 

Spectra.—It is evident from the Table, that the spectra of the naphthyridines (neutral 
molecules in water) strongly resemble one another. Only 1,5-naphthyridine gave 
appreciably more detail in a hydrocarbon solvent than in water. The I, II, and III bands 
of naphthalene (220, 275, and 312 my) can be distinguished just as in the spectra of 
quinoline and isoquinoline which those of the naphthyridines resemble (see Figure). The 
lack of a large hypsochromic shift when 1,6- and 1,8-naphthyridine are made into cations 
contrasts with the hypsochromic shift of 47 my in quinazoline ® for which a resonance- 
strengthened, hydrated cation has been postulated. Valency would permit resonance 
stabilization of a hydrated cation for these two naphthyridines also, but only through the 
canonical forms (III) and (IV) where all high-energy structures (Kekulé and para-quinonoid) 
have been lost. In view of the spectral similarity between each neutral naphthyridine 
molecule and its cation, and the resolution into distinct II and III bands, such hydration 
seems quite unlikely. 

Since this work was completed, I have learnt of Ikekawa’s syntheses } of 1,6- and 
1,7-naphthyridine, m. p. 25—27° (not analysed) and 57—60° respectively, viz., 6°5—7° 
below those found here. 


7 Murray and Hauser, J. Org. Chem., 1954, 19, 2008. 
8 Miyaki, J]. Pharm. Soc. Japan, 1942, 62, 257. 

* Osborn and Schofield, J., 1956, 4191. 

10 Albert, Goldacre, and Phillips, J., 1948, 2240. 

™ Albert, Brown, and Wood, /., 1954, 3832. 
 Longuet-Higgins and Coulson, J., 1949, 971. 

‘8 Albert and Pedersen, J., 1956, 4683. 

't Albert, ‘“‘ Heterocyclic Chemistry,” Athlone Press, London, 1959, p. 121. 
® Ikekawa, Chem. Pharm. Bull. (Japan), 1958, 6, 263, 401. 
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li 
Physical constants of naphthyridines. n 
Ionization in 
water at 20° Concn. Ultraviolet spectra (shoulders in italics) d 
Substance pK, Spread (m) Amax. (My) log ¢ pH p 
In water d 
1,5-Naphthyridine ... 249,¢ 297 + 303 + 310 3-65, 3-75 + 3-81 43-79 5-0 a 
CHIEEE adeccocdosesece 291 +003 0-05  268,° 305 + 313 3-54, 3-99 + 4-04 0-1 ds 
1,6-Naphthyridine ... 222, 248, 303 + 314 4-34, 3-50, 3-50 +- 3-45 6-0 n 
CRRIOM. ccccccccccccces 378 +003 0-003 248° +257 + 267,309 3-50+ 3-40 + 3-23,3-65 1-0 v 
1,7-Naphthyridine ... 220, 260, 301 + 313 4-40, 3-57, 3-37 + 3-35 6-0 
NEED scsicceastoctis 3-63 +0-03 0-005 217, 266, 302 + 313 4-58, 3-61,3:53+ 3-48 1-0 t 
1,8-Naphthyridine ... 260,° 301 + 309 3-62, 3-80 + 3-81 6-0 d 
COREE evcrececusocece 3-39 +001 0-01  302°+ 309 4-02 + 4-01 1-0 g 
Quinoline ............ 226, 275, 299 + 3124 4-36, 3-51, 3-46 + 3-52 oO" 
CIEE nccosscccccsces 4-94¢ 233, 3134 4-50, 3-80 : 
Isoquinoline ......... 267¢ + 278, 306 + 319° 3-57 + 3-41, 3-38 + 3-47 “ 
GE vxeicivveventcs 5-40° 227, 266 + 273, 332° 4-66, 3-30 + 3-30, 3-63 
In cyclohexane 
1,5-Naphthyridine 249 + 257 + 267 3-65 + 3-65 + 3-49 be 
284 + 290 -+ 296 + 302 3-40 + 3-54 + 3-71 
+ 308 + 3-69 + 3-81 at 
1,6-Naphthyridine ... 221, 253, 304 + 315 4-47, 3-61, 3-47 + 3-38 
1,7-Naphthyridine ... 220, 260, 303 + 314 4-38, 3-52, 3-23 +. 3-15 w 
* Ref. 10. Ref. 9. * Another peak <220. ¢ Ref. 1. m 
Ww 
5 m 
Cx: T 
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N 
6 
4r fl 
Ww 
w be 
i Ultraviolet spectra in water of the neutral be 
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quinoline, and (C) isoquinoline, a 
Jr N 
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cr 
C, 
2 4 ro is 
200 240 280 520 m 
ve/ength(m 
Wavelength(mp) r 
EXPERIMENTAL D 


Analyses are by Dr. J. E. Fildes and her staff. Ionization constants and spectra were 
determined as before.!* 

1,5-Naphthyridine—The Skraup reaction of 3-aminopyridine with arsenic oxide * (which 
gives 36% of material, m. p. 72°) was improved as follows. 3-Aminopyridine (7-5 g.), sodium 
m-nitrobenzenesulphonate (35 g.), water (45 ml.), glycerol (25 ml.), and sulphuric acid (82 g.) 
were heated at 135° with stirring for 4 hr. Water (100 ml.) was added and the mixture made 
alkaline with sodium hydroxide and steam-distilled as long as the condensate gave a precipitate 
with picric acid. The distillate was made alkaline and continuously extracted with ether. 
The extract was dried (Na,SO,) and the ether removed. The residue was recrystallized from 






18 Albert and Phillips, J., 1956, 1294. 
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light petroleum (b. p. 60—70°), and sublimed at 40°/0-005 mm. to colourless needles (50%), 
m. p. 75° (lit.,>5 7 75°), 

1,6-Naphthyridine.—4-Hydroxy-1,6-naphthyridine was prepared!” by hydrolysing and 
decarboxylating the 3-ethoxycarbonyl derivative. In preparing the latter from 4-amino- 
pyridine and ethyl ethoxymethylenemalonate,” it was found essential to recrystallize the 
diethyl 1-p-aminopyridylethylidenemalonate to m. p. 74° before ring-closure. It was necessary 
also to purify the 4-hydroxy-1,6-naphthyridine-3-carboxylic acid from alkali before the 
decarboxylation, for which the quinoline must be freshly distilled and dry. 4-Hydroxy-1,6- 
naphthyridine (1 g.; m. p. 303—304°; lit.,17 297—-299°) and phosphorus oxychloride (15 ml.) 
were refluxed for l hr. The volatile material was removed at 100 mm., and the residue added 
to ice and water, which was then extracted with chloroform (3 x 20 ml.). The extract was 
dried (Na,SO,) and evaporated. The residue, recrystallized from light petroleum (b. p. 60—70°), 
gave colourless 4-chloro-1,6-naphthyridine (50%), m. p. 90° (Found, for material dried at 20° 
over KOH and shredded paraffin: N, 16-65. C,H,;N,Cl requires N, 17:0%). Attempted 
sublimation at 70° led to loss through dimerization. 

4-Chloro-1,6-naphthyridine (1 g.), alcohol (12 ml.), and hydrazine hydrate (1-25 g., 2 equiv.) 
were set aside at 20° for 4days. The alcohol was recovered below 40° and the residue recrystal- 
lized from 5 parts of water, giving 90% of 4-hydrazino-1,6-naphthyridine as orange crystals 
which slowly evolved vapours above 230° and melted about 270° (Found, for material dried 
at 20° over CaCl,: C, 60-0; H, 5-15; N, 34-65. C,H,N, requires C, 60-0; H, 5-0; N, 35-0%). 

To 4-hydrazino-1,6-naphthyridine (0-82 g.) and kieselguhr (1 g.) in boiling water (35 ml.), 
was added copper sulphate (2-5 g.) in boiling water (11 ml.), and the slurry was refluxed for 15 
min., made alkaline with 10N-sodium hydroxide (nitrogen evolved), and filtered. The cake 
was refluxed with water (7 ml.) and filtered. The combined filtrates were shaken with 
methylene chloride (3 x 40 ml.), which was then dried (Na,SO,) and recovered below 40° 
The crystalline residue was sublimed at 20°/0:005 mm., giving 60% of colourless 1,6- 
naphthyridine, m. p. 31-5°, having a powerful mouse-like odour (Found: C, 73-8; H, 4-5; 
N, 21-7. C,H,N, requires C, 73-8; H, 4:6; N, 21-5%). 

1,7-Naphthyridine.—3-Aminopyridine 1l-oxide? was purified by heating it for 0-5 hr. at 
60°/0-5 mm., and extracting the residue (Soxhlet) with chloroform (the oxide crystallized in the 
flask). The ester, obtained by condensation with ethyl ethoxymethylenemalonate, cyclized 
well only when quite pure. The product was reduced with sodium dithionite,!® which proved 
better than iron,’ and decarboxylated in pure, dry quinoline (the earlier method’ proving 
better than the later one). The resulting 4-hydroxy-1,7-naphthyridine was recrystallized 
from water (8 parts) until it gave only one spot on paper chromatography (3% aqueous 
ammonium chloride) (Found: C, 66-0: H, 4:2; N, 19-1. Calc. for C§SH,ON,: C, 65-8; H, 4-1; 
N, 19-2%). 

This was converted through 4-chloro- 7 into 4-hydrazino-1,7-naphthyridine, as for the above 
isomer, except that it was refluxed for 3 hr. and not set aside. This gave 90% of pale yellow 
crystals (from 50 parts of water) which effervesced at 234° (Found: C, 59-6; H, 5-3; N, 35-6. 
C,H,N, requires C, 60-0; H, 5-0; N, 35-0%). This hydrazine, when oxidized as the above 
isomer, gave 60% of 1,7-naphthyridine, which sublimed at 40°/0-005 mm. as colourless crystals, 
m. p. 64°. The odour is faint, as with the 1,5-isomer (Found: C, 74:5; H, 4:5; N, 21-5%). 

1,8-Naphthyridine, m. p. 98°, was prepared from methyl 2,4-dihydroxy-1,8-naphthyridine-3- 
carboxylate, through 2,4-dichloro-1,8-naphthyridine which was hydrogenated and fractionated.” 


I thank Dr. E. Spinner for helpful discussions and Messrs. K. Tratt, F. Robinson, and 
D. Light for technical assistance. 


DEPARTMENT OF MEDICAL CHEMISTRY, AUSTRALIAN NATIONAL UNIVERSITY, 
CANBERRA, AUSTRALIA. [Received, November 23rd, 1959.} 


1” Moller and Siis, Annalen, 1958, 612, 153. 
18 Hauser and Reynolds, J. Org. Chem., 1950, 15, 1224. 
1 Siis and Méller, Annalen, 1956, 599, 233. 
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356. Diazaindenes (““ Azaindoles”). Part I. Ionization 
Constants and Spectra. 
By TERRINE K. ADLER and ADRIEN ALBERT. 
Ionization constants and ultraviolet spectra have been determined for 
1,4-, 1,5-, 1,6-, and 1,7-diazaindene. They are discussed with particular 


reference to the remaining isomers. 1,5- and 1,6-Diazaindene are stronger 
bases than other heteroaromatic parent substances yet measured. 


DIAZAINDENES (“ azaindoles”’) are of interest as possible metabolite antagonists of the 
purines (3,5,7-triazaindoles) and of physiologically active indoles such as serotonin, 
tryptophan, and NN-diethyl-lysergamide. Competition has recently been demonstrated 
between 1,7-diazaindenes and indoles in bacteria, viruses, fungi, and protozoa. Thus 
7-azatryptophan is incorporated into bacterial protein in the place of tryptophan by a 
tryptophan-requiring mutant of E. coli, but growth soon ceases.1 T2 bacteriophage 
behaves somewhat similarly,} v pihngpeRE en Bom inhibits the conversion of indole into 
tryptophan in the mould Neurospora crassa,? and 7-azatryptophan prevents the uptake 
of tryptophan by the protozoon Tetrahymena pyriformis.® 

Whereas much has been written about indazole and benzimidazole, indoles containing 
an additional nitrogen derivative incorporated in the Bz-ring have been little studied 
and few of the physical properties of the parent substances are known. Hence, the 
ionization constants and ultraviolet spectra of these substances have now been investigated. 
These compounds are stable, colourless, almost odourless solids, more soluble than indole 
in water, and with higher melting points. 


Ionization in H,O at 20° —_ Ultraviolet spectra in H,O (shoulders in 








lr ae aa te — italics) 
“pK, Concn. P saparecensnsimeeenticensitnnsanly 
Substance M. p. (basic) spread (m) Armax. (My) log ¢ pH 
1,4-Diazaindene 127° 292° 3-92 9-2 
COIR «cadences 6-94 +0-01 0-005 284, 327 3-85, 3-70 4:7 
1,5-Diazaindene 112 265, 273 3°59, 3-50 10-5 
Cation 8-26 -£0-06 0-005 268, 293 3-46, 3-29 6-0 
1,6-Diazaindene 137 260, 291 3-59, 3-68 10-0 
ee 795 +0-06 0-005 261, 319 3-70, 3-73 6-0 
1,7-Diazaindene 105 290 3-91 7-0 
SEE | nckasoncs 4:59 +0-01 0-005 293 3-94 21 
a 52 273 +- 278, 288 3-79 + 3-78, 3-694 
CORIO cescccces <l 
Quinoline ......... 275, 299, 312 3°51, 3-46, 3-52 ° 
GORE  evccsecss 4-94¢ 313 3-80 4 
Indazole ......... 146 250, 284, 296 3°65, 3-63, 3-52 4:0 
o  meerreeree 1-22 0-04 0-00003° 253, 291, 302 3-75, 3-67, 3-53! —1-2 
Benzimidazole ... 170 242, 265, 271, 277 3-72, 3-58, 3-70, 3-69%9 9-1 
oo ae 5-534 240, 267, 273 3°61, 3-81, 3-894 2-0 


* Ref. 4. ° The first four compounds (and their cations), like indole, have a peak below 220 mp. 
© Determined spectroscopically at 302 mp. ¢ In EtOH (Edwards, Arch. Biochem., 1949, 21, 105; 
Karrer and Schmid, Helv. Chim. Acta, 1946, 29, 1853; the spectrum in water, in which indole is 
insoluble, should resemble that in alcohol because the spectrum of tryptophan, which resembles that 
of indole, is virtually identical in the two solvents (Edwards, loc. cit.). In cyclohexane, the peaks are 
at 262, 266, 280, and 288 mp (Friedel and Orchin, “‘ Ultraviolet Spectra of Aromatic Compounds,” 
New York, Wiley, 1951. ¢ Albert, Brown, and Cheeseman, J., 1951, 474. / Present work. 9% No 
extra resolution in cyclohexane. 





Ionization.—Indole, unlike quinoline, has practically no basic properties because the 
lone pair of electrons on the nitrogen atom are incorporated into the mobile z-electron 
system. Thus, as expected, the compounds now studied are stronger bases than indole. 
However, three of them are very much stronger than quinoline (see Table). 

1 Pardee, Shore, and Prestidge, Biochem. Biophys. Acta, 1956, 21, 406. 

* Sundaram and Sarma, Current Sci., 1957, 26, 13. 


* Kidder and Dewey, Biochim. Biophys. Acta, 1955, 17, 288. 
* Albert, Goldacre, and Phillips, J., 1948, 2240. 
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The most potent influence on the ionization constants of these compounds arises from 
possible tautomerisms of the type (I) = (II) and (III) = (IV), which permit additional 
resonance in the cations. The neutral molecules can take part in resonance also, e.g., with 
forms of (I) and (III) where Nq) carries a positive and the other nitrogen atom carries a 
negative charge. However, separations of charge in a neutral molecule contribute little 
toits stability. On the other hand, a large stabilization of the cations by resonance is to be 
expected from such pairs of canonical forms as (I) protonated on Ng) and (II) protonated 


4 
2 N HN Z AY 
— N N Sn S N Ha N NH 
(1) (II) (111) (IV) (V) 


on Ny). These are the lines along which the high basic strength of many «- and y-amino- 
aza-aromatic compounds have been explained. Indeed, compound (I) may be regarded 
as 4-aminopyridine (pK, 9-2) with a vinyl substituent, and (III) as a 4-aminoviny]l- 
pyridine. Resonances involving ortho-quinonoid forms commonly produce weaker baser 
than those where fara-quinonoid forms take part,**® and hence the comparative weakness 
of the 4- and the 7-isomer is explained. 

The 7-isomer is further weakened by the inductive effect of N,,) because of the nearness 
of the two nitrogen atoms (the Table shows that, as would be expected, indazole has this 
inductive effect in a heightened degree, and benzimidazole to about the same extent as 
1,7-diazaindene). Steric hindrance to protonation of 1,7-diazaindene should be no 
greater than in quinoline, but the fractional positive charge on Ni) may exert a coulombic 
repulsion on an approaching proton. 

1,5- and 1,6-Diazaindene are stronger bases than any other hetero-aromatic parent 
substance measured hitherto, the strongest of which is imidazole (pK 7:2), followed by 
acridine (5-6). Substances in the pK range 6—8-5 often show diversified physiological 
properties because they are distributed both as ions and as neutral molecules at pH 7:3. 

No acidic function could be elicited in aqueous solutions of these diazaindenes, and this 
is consonant with the weakness as acids of benzimidazole (pK 13-2) ® and indazole (14, 
present work). 

Spectra.—It is often found that the insertion of a doubly bound nitrogen atom into a 
heterocyclic nucleus makes little difference to the spectrum.’ Thus 1,9- and 2,9-diaza- 
fluorene (which are 2,3-benzologues of 1,7- and 1,6-diazaindene) have almost identical 
spectra, which differ little from that of carbazole. The difference is mainly in the III band 
(about 320 my) which is less resolved, has twice the extinction coefficient, and is shifted 
5 mu towards the visible region. However our diazaindenes differ more from one another, 
and from indole. 

The spectrum of indole is related to that of naphthalene ® in that the 219, 273~278, 
and 288 my bands of the former correspond to the I, II, and III bands of the latter which 
are respectively at 220, 275, and 312 my. 1,4-, 1,5-, and 1,7-Diazaindene have a III band 
at 290—292 mu, and two of them have a band at 260—265 my. Only 1,6-diazaindene 
(see Figure) has both bands. The resolution of the diazaindene spectra is poorer than is 
that of indole, and is little improved in dichloromethane (the diazaindenes are not soluble 
in cyclohexane). Hence it seems that in 1,4-, 1,5-, and 1,7-diazaindene, some telescoping 
of bands has occurred, as with the II and III bands in anthracene. 1,5-Diazaindene in 


5 Gore and Phillips, Nature, 1949, 168, 690. 

* Brown, J., 1958, 1974. 

7 Albert, ‘‘ Heterocyclic Chemistry,” The Athlone Press, London, 1959. 

* Horner, Annalen, 1939, 540, 73; cf. Pruckner and Witkop, Annalen, 1943, 564, 135. 
* Badger and Christie, J., 1956, 3438. 
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dichloromethane absorbs at lower wavelengths than 1,4-dihydro-4-imino-1-methyl- 
pyridine (V) which has dmx. 326 my. This suggests that very little of the tautomer (II) 
is present in the neutral molecule. 

In the cations of 1,4-, 1,5-, and 1,6-diazaindene, the band of longest wavelength is 
displaced 20—35 my to longer wavelengths than for the neutral molecules. Similar 
displacements are found in many heterocyclic bases (e.g., isoquinoiine, quinoxaline, 
acridine, and 2- and 3-aminopyridine) but are absent in others (e.g., quinoline, pyridine, 
and 4-aminopyridine).’? 1,7-Diazaindene, indazole, and benzimidazole show the latter 
type of behaviour. 


Ultraviolet absorption of 1,6-diazaindene: 
(A) neutral molecule, (B) cation. 


log € 








2 i 1 i J 
200 240 280 320 360 
Wove/length (mp) 





Improvements have been made in yields and reproducibility of synthesis of three of 
the diazaindenes. 


EXPERIMENTAL 

Analyses by Dr. J. E. Fildes and her staff. Ionization constants and spectra were deter- 
mined as before.!° 

1,4-Diazaindene was obtained by the ring-closure of 3-formamido-2-methylpyridine 
(Madelung reaction), but with sodium anilide at 300° (as used by Robison and Robison for 
1,7-diazaindene ") instead of the usual potassium ethoxide.4* The necessary 6-amino- and 
6-chloro-2-methyl-3-nitropyridine were obtained by methods * more efficient than used by 
Clemo and Swan ! (Found: C, 71-0; H, 5-4; N, 23-5. Calc. for C;H,N,: C, 71-2; H, 51; 
N, 23-7%). 

1,5-Diazaindene was prepared by irradiating diazotized 3-amino-4-hydroxy-1,6-naphthyrid- 
ine and decarboxylating the 1,5-diazaindene-3-carboxylic acid so formed,’ a method which 
we prefer to the Madelung ring-closure of 4-formamido-3-methylpyridine.* 4-Hydroxy-1,6- 
naphthyridine # was nitrated “ to 4-hydroxy-3-nitro-1,6-naphthyridine which was reduced 
at 20° and atmospheric pressure (lit.,44 80 atm.) in methanolic suspension over Raney nickel 
(30 min.). The filtrate and washings (boiling water) were taken to dryness. The residue was 
dissolved in N-hydrochloric acid (12 parts) and precipitated with ethanol (40 parts), giving 
3-amino-4-hydroxy-1,6-naphthyridine dihydrochloride (Found: C, 40-9; H, 4:0; N, 17-5; 
Cl, 28-9. C,H,ON,Cl, requires C, 41-0; H, 3-9; N, 17-95; Cl, 30-3%). After diazotization of 
this amine, the solution must be taken to dryness within 2 hr. at <25°/0-1 mm, __1,5-Diaza- 
indene was sublimed at 80°/0-001 mm. (Found: C, 71-0; H, 4-9; N, 23-5%). It was stable in 
0-01m-sodium hydroxide at 20°. 

1,6-Diazaindene was similarly made by irradiating diazotized 3-amino-4-hydroxy-l,7- 
naphthyridine and decarboxylating the product.” To prevent the formation of 1,5-naphthyrid- 
ines (and hence of 1,4-diazaindene) this preparation started from 3-aminopyridine 1-oxide 


10 Albert and Phillips, J., 1956, 1294. 
1 Robison and Robison, J. Amer. Chem. Soc., 1955, 77, 457. 

12 Clemo and Swan, /., 1948, 198. 

8 Clemo and Holt, /., 1953, 1313; Baumgarten and Su, J. Amer. Chem. Soc., 1952, 74, 3828. 
1 MOller and Siis, Annalen, 1958, 612, 153. 

'® Okuda and Robison, J]. Org. Chem., 1959, 24, 1008. 

'® Albert, preceding paper. 

17 Siis and Mdller, Annalen, 1956, 599, 233. 
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and not from 3-aminopyridine.** 4-Hydroxy-1,7-naphthyridine (1-1 g.) was refluxed with 
nitric acid (¢@ 1-5; 15 ml.) for 1 hr. The excess of acid was distilled off, the residue stirred with 
water (20 ml.), and the pH adjusted to 3-5. The 3-nitro-derivative was obtained in 74% yield 
(lit.,2”7 21%), had m. p. 309—310° (decomp.), and was chromatographically homogeneous. 
It was converted into 3-amino-4-hydroxy-1,7-naphthyridine dihydrochloride (75% yield) as 
was the 1,6-isomer (above). Diazotization with sodium nitrite in N-hydrochloric acid at 0° 
gave more reproducible yields (80%) than did pentyl nitrite.” Irradiation in 0-1N-acetic acid 
at 20° until coupling with B-naphthol ceased (3 hr.) gave a 90% yield (lit.,1” 57%) of 1,6-diaza- 
indene-3-carboxylic acid, m. p. 196°. Decarboxylation at 200° gave 1,6-diazaindene, m. p. 
137° (Found: C, 71-1; H, 5-2; N, 23-6%). Preparation * of 1,6-diazaindene, m. p. 129-5°, 
from 2-formylpyrrole and 2-aminoacetaldehyde diethyl acetal gave a product that had only 
22% of the required absorption at 260 mu. 

1,7-Diazaindene was prepared by the Madelung ring-closure of 3-formamido-2-methyl- 
pyridine ™* (Found: C, 71:3; H, 5:1; N, 23-7%). 


We thank Drs. D. J. Brown, D. D. Perrin, and E. Spinner for helpful discussions, also 
Messrs. K. Tratt, D. Light, and F. Robinson for technical assistance. One of us (T. K. A.) is 
indebted to the U.S. Public Health Service for a Research Fellowship (National Institute of 
Mental Health). 
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18 Murray and Hauser, J. Org. Chem., 1954, 19, 2008. 
19 Herz and Tocker, J. Amer. Chem. Soc., 1955, 77, 6357. 


357. The Surface Chemistry of Germanium. Part II.* Erosion 
by Chlorine. 


By J. I. Carasso and I. STELZER. 


The rate of reaction of chlorine with germanium samples of known crystal- 
lographic and electronic properties is determined by a manometric method 
over a range of temperatures. The entropy factor for the reaction is found 
to correspond to full surface coverage, with a probability factor of unity. 
The measured activation energy indicates that the supply of positive holes 
to the surface is not rate-limiting. 


StupIEs of heterogeneous reactions on solids have usually suffered from the difficulty of 
obtaining a uniform solid and a simple surface. The use of large single-crystal specimens 
of known crystallographic orientation affords reproducibility as well as detailed physical 
information on the atomic and electronic conditions at the surface. Such studies are of 
current interest in the field of semiconductor surface physics. 

Most of the solid-gas reactions for which rate measurements are available are of the 
“tarnishing reaction’’ type: their rates are determined by diffusional or electrolytic 
transport of reactants through a solid phase of products, and therefore yield little inform- 
ation on the electronic processes at the gas~solid interface. Reactions of this type have 
been discussed by Wagner,! Mott,? and Gulbransen.* Gasification reactions, on the other 
hand, appear to have received little attention, with the notable exception * of the gasific- 
ation of carbon by steam or oxygen. Some studies have been reported > of high-tem- 
perature metal—halogen reactions. At temperatures high enough to volatilize the halide, 


* Part I, J., 1956, 3726. 


1 Wagner, Z. phys. Chem., 1933, B, 21, 25; 1936, B, $2, 447. 

* Mott and Cabrera, Rep. Progr. Phys., 1948—49, 12, 163. 

3 Gulbransen, Trans. Electrochem. Soc., 1943, 83, 301. 

* Hinshelwood e? al., Proc. Roy. Soc., 1946, A, 187, 129; 1948, A, 198, 357, 377. 

5 Frommer and Polanyi, Z. phys. Chem., 1928, A, 187, 201; McKinley and Shuler, J. Chem. Phys., 
1958, 28, 1207. 
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these are found to be of first order in halogen pressure, indicating that the reaction is taking 
place on a nearly bare surface, and to be non-activated. Law and Meigs ® have studied 
the reaction between monocrystalline germanium and oxygen at temperatures high 
enough to evaporate germanium monoxide. This reaction is retarded by products so as 
to become of zero order, and the inverse pressure-dependence of the rate indicates rate- 
limitation by the diffusion of germanium monoxide away from the site of reaction. In the 
present paper the far simpler reaction between chlorine and monocrystalline germanium 
(in the temperature range 175—260°c and at pressures below 130 mm. Hg) is discussed. 
The reaction is found to be of zero order in chlorine pressure with no evidence of retardation 
by products, and the rate obeys the equation: 


Rate = 1077+! exp [(—25,000 + 1000)/RT] molecules sec. cm. 


The observed rates are shown to correspond to a mechanism in which the supply of 
positive holes at the surface does not limit the reaction rate. 


EXPERIMENTAL 


Maiterials.—Chlorine gas was led from a cylinder of commercial liquid to the purification 
assembly (Fig. 1) through silver-plated copper tubing, purified by bulb-to-bulb vacuum- 
distillation and stored in 2-l. flasks. Immediately before use the gas was given one further 
fractionation. Germanium slices were cut in the (111) plane from a monocrystalline bar of 
zone-refined and zone-levelled n-type germanium of uniform resistivity (2 ohm-cm.) and life- 
time of minority carriers (150 microsec.), lapped on a glass plate with 900-grade corundum 
powder and water, and finally etched in a mixture of nitric, hydrofluoric, and acetic acid (45, 
25, 30 ml. respectively) to complete removal of mechanical damage, as shown by the attainment 
of a constant etching rate. The B.E.T. area of surfaces thus prepared has been determined,’ 
and leads to a value of 1-4 for the surface roughness. Since the surface density of germanium 
atoms in a (111) plane is 7-3 x 10% cm.~*, the samples exposed ~1-0 x 10% atoms of metal 
per cm.? of apparent surface area. 

A pparatus.—Pressure-following system. The rate of reaction of chlorine with the germanium 
surface was measured by following the change with time of the chlorine pressure, which was 
transmitted to a mercury manometer by a servo-mechanism operated by a spoon gauge (Fig. 1). 
The spoon gauge was fitted with a pair of platinum contacts connected by 40-gauge enamelled 
copper wires to tungsten lead-in wires. A reduction in pressure inside the spoon gauge opens 
the contacts and thus actuates a Thyratron relay controlling an on-off, magnetically operated, 
vacuum valve in series with an adjustable throttle. This causes a reduction in pressure outside 
the spoon gauge as long as the contacts remain open. To enable the system to follow both 
increases and decreases in pressure, an air-leak controlled by a needle valve is included in the 
(‘‘ slave ’’) external system, so that the pressure in the latter continuously fluctuates about the 
static pressure in the (‘‘ master’’) system of reaction chamber and spoon gauge. Initial 
chamber pressures between 5 and 760 mm. Hg can be balanced by appropriate relative settings 
of the vacuum and air-leak throttles. Coarse settings make it possible to follow rapid changes 
in pressure (up to ~30 cm. min.) but give rise to excessive pressure oscillations in the slave 
system. With fine settings it is possible to smooth the movement of the mercury column so 
that the pressure can be measured with a cathetometer to 0:02 mm. A 10-1. ballast reservoir 
associated with the slave system also helps to minimize pressure fluctuations. The mano- 
meter (15 mm. bore), spoon gauge chamber, and ballast reservoir were housed in air thermostats, 
and dead spaces were kept to a minimum. 

Chlorine reaction chamber. The chamber (Fig. 1) consisted of a horizontal vapour-jacketed 
glass tube of internal diameter such that it just supported the germanium slice by its edges. 
The loading stopper and the taps immediately adjacent to the chamber were lubricated with 
Fluorube grease (B.D.H. Ltd.), grease A on the taps and W on the joint. This grease was found 
to be entirely inert towards chlorine. The reaction chamber was connected to the vacuum 
manifold by a short length of 10-mm. tubing to permit thorough outgassing. An alternative 


* Law and Meigs, J. Electrochem. Soc., 1957, 104, 154. 
7 Law, J. Phys. Chem., 1955, 59, 543. 
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“ slow ” connection to the chamber was provided, in the form of l-mm. bore capillary tubing, 
to enable the chamber to be filled, or evacuated, without overloading the servo-mechanism. The 
reaction temperature was controlled by circulating in the outer jacket the vapour of a high- 
boiling liquid (0-dichlorobenzene, decalin, benzyl alcohol, or I-chloronaphthalene). After the 
system had been evacuated for several hours by means of a diffusion pump backed by a rotary 
pump, chlorine was introduced into the manifold, and thence into the reaction chamber through 
the capillary tube. Measurements of pressure were begun as soon as the chamber had been 
filled to the required pressure of chlorine. 

Calculation of Rate Constants.—If it is assumed that chlorine and germanium tetrachloride 
form an ideal-gas mixture, and since one molecule of germanium tetrachloride is produced for 
every two molecules of chlorine consumed, the pressure of chlorine at any instant, Pg, is given 


A 


Fic. 1. Apparatus for erosion Vacuum 
vate measurement. line 





A, Vacuum manifold. 

B, Purification train. 

C, Storage flasks. 

D, Reaction chamber. 

E, “Slow ”’ connection to cham- 
ber. 

F, “ Fast’’ connection to cham- 
ber. 

G, Diffusion pump. 

H, Spoon gauge. 

I, Spoon gauge contacts. ? 

J, Relay. 

K, Solenoid. Chlorine 


L, Soft-iron plunger. ; I : 
M, Needle aie (vacuum). cylinde: 

N, Needle valve (air leak). 

O, Ballast tank. 

P, Mercury manometer. 

Q, Boiler for vapour thermostat. 


R, Reflux condenser. B 
S, Thermometer. 

T, Germanium specimen. 

U, Loading stopper. 

V, Spoon gauge by-pass. 
































by Pq = 2P; — P,, where P, is the measured total pressure and P, is the initial pressure of 
chlorine, provided that the extent of the reaction is restricted to a pressure of germanium 
tetrachloride below its saturation value at room temperature, to prevent the appearance of a 
liquid phase on the cooler parts of the reaction chamber-spoon gauge system. An exact 
measurement of P, cannot be made by the present technique, because several minutes are needed 
to fill the chamber to the required pressure of chlorine. However, this proves to be immaterial 
since the total pressure P, is found to vary with time at a constant rate: hence, P, = kt, so that 
Pq = 2kt — P,, and the reaction rate is not a function of P,, i.e., dPo/dé = 2k. 

This behaviour is typical of zero-order kinetics (Fig. 2). 

Reproducible reaction rates were obtained once the surface showed the characteristic etch 
pattern for the reaction under 250 x magnification: an array of interlacing equilateral triangles 
for the lower temperatures and a finer-textured velvety appearance for the higher temperatures. 
It is not thought, however, that the increase in surface roughness amounted to as much as a 
factor of three. The rate constants per cm.* of surface were therefore calculated on the 
assumption that no appreciable change in surface area with temperature took place. The fact 
that the order is zero over the entire reaction permits a theoretical interpretation of the results 
even though only part of the reaction chamber was thermostatically controlled: the specimen 
surface is covered with a layer of chemisorbed chlorine with which it is in intimate thermal 
contact. The corresponding reaction of bromine could not be investigated in the present 
apparatus because the rate showed a pressure-dependence. 
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The factor of 7 x 10" for converting the experimental reaction rates (cm. Hg min.~}) into 
molecular units (molecules sec.1 cm.~*) was obtained from the chamber volume (63 cm.®), the 
surface area of the specimens (4-0 cm.*), and the assumed mean temperature for the gas inside 
and outside the thermostat vapour jacket (100°). This factor need be known only to the 
nearest power of ten for the purpose of estimating the entropy factor by extrapolating the 
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Fic. 2. Zero-order plots for the erosion of ger- 
manium by chlorine. 


(Curve A, T = 177°; B, 189°; C, 205°; D 
189°; E, 175°; F, 258°.) 
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results to infinite temperature. The results obtained at four levels of temperature, plotted 
in Fig. 3, correspond to the rate equation 


Rate = 10*7+1 exp [(—25,000 + 1000)/RT] molecule sec.-? cm. 


RESULTS AND DISCUSSION 


The rates of reaction of chlorine with a (111) germanium surface, measured at four 
levels of temperature and over a range of initial chlorine pressures, P,, are shown in 


TABLE lI. 
10° x Rate 10-% x Rate 
Run Ps Rate (molecule Run P, Rate (molecule 
no. (cm.) T (min. cm.) sec.~+ cm.~*) no. (cm.) T (min. cm.) sec.-? cm.-*) 
17 5-14 +=175° 0-00875 0-61 16 3-33 191° 0-0230 1-61 
12 5-22 175 0-00607 0-43 13 4:70 205 0-0537 3-76 
18 151 177 0-00508 0-35 15 11-62 205 0-0462 3-24 
19* 1-83 175 0-00516 0-36 28 9-14 258 0-562 39-4 
7 454 189 0-0210 1-48 29 7-75 258 0-611 42-8 
8 3-26 189 0-0238 1-67 30 8-80 258 0-579 40-6 


* In this run water vapour at a partial pressure of 0-5 mm. was added with the chlorine. 


Table 1. The slices used were about 1 mm. thick; the amount consumed in an actual 
experiment was of the order of 0-1 mm. 

The runs obeyed zero-order kinetics, and showed no evidence of retardation by products 
(Fig. 2), thus indicating full surface coverage. The Arrhenius plot for the reaction (Fig. 3) 
yields an activation energy of 25 + 1 kcal. mole™ and an infinite-temperature intercept 
(~ 10 molecules sec. cm.~*) which is sensibly equal to the product of the surface density 
of germanium atoms for this crystallographic plane with a roughness factor of 1-4 (10% 
cm.~*) and of their vibrational frequency (10% sec."). 

This suggests that the partition functions of the transition state and of the chemisorbed 
complex are approximately equal, a result not unexpected in view of the simple nature of 
the reactants. We can infer that the transition-state structure differs from that of the 
chemisorbed complex only in its electronic configuration and hence affects the reaction 
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rate only through the activation-energy term. For the same reason entropy-controlling 
processes, such as diffusional transport of reactants and end-products, are not rate-limiting. 

The electronic structure of the chemisorbed state has been shown (Part I) to be at 
jeast partially ionic by studies of the influence of oxidizing environments upon the electrical 
properties of the surface. These suggest that charge-transfer can take place, between 
the bulk of the semiconductor and the adsorbate, in the form of delocalized positive holes 
just below the germanium surface and negative charges on the adsorbate. We shall 
now suppose that the localization of a positive hole (@) on a surface atom leads to the 
formation of the transition state. A reaction mechanism of the following kind is consistent 
with the above observations: 

Fe 

or ~Gee—ce_Sy —qee—ce —-> etc. 


(1) (2) (3) 


Each stage involves localization of a hole and adsorption of a chlorine atom; hole localiz- 
ation may be identified with heterolysis, and the rate at which holes can be localized may, 
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in certain circumstances, limit the reaction rate. Successive stages will, however, involve 
a progressively higher energy barrier, on account of electrostatic repulsive forces. A 
calculation of the reaction rate based on availability of holes therefore seems out of the 
question except in cases where the repulsive forces can be minimized by external solvent 
interactions. 

The activation energy for stage (1) can be identified with that attending the supply of 
positive holes to the surface, Eg, and this can be evaluated from solid-state theory. If 
further stages are involved, the energy barrier is increased by SEx,i — Eg where Ep is 


t 
the repulsion energy for each of these stages, and Eg is the solvation energy. In strongly 
solvating media this energy-increase term may be expected to vanish, and the activation 
energy controlling the reaction’ will then be simply Eg. As is shown below, the gaseous 
reaction medium can contribute little solvation energy, and results in an activation energy 
well in excess of Eg. Reactions involving solids, in which electrons and holes may play a 


§ Carasso and Stelzer, J., 1956, 3726. 
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kinetic réle and limit the rate by a kind of concentration polarization, are now becoming 
generally recognized. Our present reaction, utilizing germanium of known crystallo- 
graphic and electrical parameters, lends itself well to a comparison of the measured reaction 
rate with the calculated limiting diffusion current of positive holes from the bulk to the 
surface. For the case when the surface acts as a perfect sink, semiconductor theory 
indicates ® that the maximum diffusion current of holes to the surface, Jp, is given by 


Ips = PoV holes cm.* sec. 


where #, is the equilibrium concentration of holes in the bulk, and the rate constant V, 
dimensionally a velocity, has the value 


V =s-+ \(D,/tp) cm. sec. 


D, is the diffusion constant for positive holes; s (“ surface recombination velocity ’’) and 
1/tp (reciprocal “‘ lifetime of positive holes ’’) are the first-order velocity constants for the 
generation of positive holes at the surface and in the bulk respectively; thus, 


Lsurt = SP holes cm. sec. 
Zouk = p/tp holes cm.* sec. 


Calculation shows that, throughout the temperature range of the chlorine-erosion experi- 
ments, the samples, having a room temperature resistivity of 2 ohm-cm., ”-type, are in 
the range of intrinsic conduction. If the contribution to Jp, due to surface generation is 
neglected in comparison with that due to bulk generation, a lower limit for the rate of 
arrival of holes at the surface of the intrinsic sample is given by 


(Zps)ourx = Pi (Dp/%4) 


in which ; is the equilibrium density of holes, and +; their lifetime, in the intrinsic ger- 
manium. Expressions are available for all three quantities in the right-hand side of the 
above equation: D is related to the mobility, u, by Einstein’s relation D = ukT/q, and 
up is given by up = 8-9 x 108 x T? cm.? volt+ sec.+ in the high-temperature (lattice 
scattering) region.” Therefore 


Dp = 7-7 X 10? x T+ cm.* sec.+ 
The intrinsic carrier density is given by 
pi = 4% = 9-7 X 10% x T? x exp (—4350/T) cm.4 


The hole lifetime in the intrinsic region can be derived from Shockley and Read’s general 
expression ™! which becomes, for the intrinsic case 


4 = }tpo(L + m/Mig) + $tno(l + 2,/Pi) 


Tpg ANd Tag are defined by Shockley and Read and are insensitive functions of temperature; 
n, and #,, the concentrations of electrons and holes for material in which the Fermi level 
passes through the trap level, can be expressed by the classical approximation as an 
exponential function of the difference in energy between the trap level FE; and the Fermi 
level for intrinsic material E;. The expression thus reduces to 


vat ona) fon 


Introducing the empirical values for tpg and t»9 and for (E, — E;) determined by Burton 


® Brattain and Garrett, Bell System Tech. J., 1955, 34, 129; Hauffe, ‘“‘ Semiconductor Surface 
Physics” (Ed. by R. H. Kingston), Univ. Pennsylvania Press, Philadelphia, 1957, p. 259; Schwab, 
op. cit., p. 283. 

1° Conwell, Proc. Inst. Radio Engineers, 1952, 40, 1327. 
1 Shockley and Read, Phys. Rev., 1952, 87, 835. 
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et al.!2 for high-grade germanium crystals, we obtain the following approximate numerical 
expression for the intrinsic lifetime: 


7% = 2-5 x 10°{11 + 10 exp (622/T)] sec. 


Ignoring all but the fastest temperature variation, we can evaluate the limiting diffusion 
current of bulk-generated positive holes, over the experimentally accessible temperature 
range (average 475° kK), as 


Ips = Pi (Dp/ti) = 1-6 x 10” x exp (—8700/RT) holes cm. sec. 


It can be seen from the plot of this expression (curve B, Fig. 3) that the rate of arrival of 
bulk-generated positive holes alone exceeds the rate of reaction of germanium with chlorine 
by several powers of ten over the whole experimental temperature range. There is some 
justification, therefore, despite the uncertainties which attach to the above calculation, 
for the conclusion that the supply of positive holes does not limit the rate of reaction of 
germanium with gaseous chlorine, and that the process of hole localization, summarized 
by the following series of reactions, is fast compared with subsequent electronic rearrange- 
ments leading to the transition state. The symbols Ojong. and ®,,), represent, respectively, 
a conduction-band electron and a valence-band (#.e., delocalized) positive hole. 


COMMENT QUNIAIIE 005 vi cdi cadcéscecscisecideces Thermal energy ——® ©vcona. + Prva. 
POIGAG 0s iseciscisasvoncscceisses Hisedecisa Ge +4Cl, —P Ge—-Cl 

“‘ Electron gas” equilibrium ............... Ge—Cl + Qceona. ——> Ge—Cl© 
RE ee Ge—Cl° + @yai. —— Ge®—CI19 
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358. Substituted Group VI Carbonyls. Part I. Ditertiary 
Arsine Carbonyls of Chromium, Molybdenum, and Tungsten. 


By H. L. Nicam, R. S. NyHoim, and M. H. B. Stipparp. 


Heating the hexacarbonyl of chromium, molybdenum, or tungsten and 
the ditertiary arsine, o-phenylenebisdimethylarsine, in vacuo gives first, the 
products [MDiarsine(CO),]®. Further heating at a higher temperature 
yields the bisdiarsine derivatives [M(Diarsine),(CO),]®. The physical 
properties of the products have been investigated: all these products are 
diamagnetic, monomeric, and non-electrolytes. Infrared spectra indicate 
that the two carbonyl groups in the compounds [M(Diarsine),(CO),]° are 
cis to one another. The dipole moment of [Mo(Diarsine),(CO),]° (6-5 pD) 
supports the assignment of a cis-dicarbonyl octahedral configuration. 
These are the first tetrasubstituted Group VI carbonyls obtained by direct 
replacement of carbonyl groups from the hexacarbonyl. 


Tuls paper is the first of a series dealing with Group VI metal complexes containing as ligands 
carbonyl groups, ditertiary arsines, and their halogen oxidation products. We discuss the 
nature and structure of the products obtained when the ditertiary arsine reacts with 
the metal carbonyls. Part II deals with the action of halogens on the molybdenum 
carbonyl arsines, and Parts III and IV with the corresponding derivatives of tungsten 
and chromium. 





1804 Nigam, Nyholm, and Stiddard: 


It has been shown previously that one molecule of o-phenylenebisdimethylarsine 
readily replaces two carbon monoxide groups from nickel or iron carbonyls, products of 
the type NiDiarsine(CO),,! Ni(Diarsine),,2* FeDiarsine(CO),,2 and Fe(Diarsine),(CO) 2 
having been isolated. A considerable number of monodentate ligands such as tertiary 


TABLE 1. Previously reported substituted derivatives of Group VI carbonyls (obtained 
by direct replacement *). 


No. of CO 
replaced Metal Nature of ligand X 
, Cr -PPh,, AsPh,, SbPh,, P(CH,*CH,°CN) ,* CNR ® 
1, forming 4) Mo -PPh,*CNR*® — Nevins aval 
M(CO),X W  -PPh,*CNR* 
= Cr -C;H,N, o-phen,* PPh, * 
’ M(CO) ‘. Mo -C,H,N, o-phen,* PPh, * 
iia Ww -C;H,N, o-phen, 2,2’-bipy,* PPh, * 
3, formin Cr -RNC, NH;, H,O,°* dien ” 
’ M(CO) &. } Mo -C,;H,N, o-phen-C,H,N,f ¢ triarsine,/ dien,? PPh;, AsPhs, SbPh,, halides ¢ 
sd W_ -C,H,N, o-phen-C,H,N,}{ °¢ triarsine,’ dien ¢ 


* Compounds of the type M(RNC), have been obtained indirectly. They represent examples of 
fully substituted carbonyls but have not been prepared by direct replacement. {| Mixed ligands, 

* Matthews, Magee, and Wotiz, J. Amer. Chem. Soc., 1959, 81, 2273. *® Hieber and von Pigenot, 
Chem. Ber., 1956, 89, 193, 610. ¢ Phenanthroline, Hieber and Muhlbauer, Z. anorg. Chem., 1935, 
221, 349. 4 2,2’-Bipyridyl, Hieber, and Romberg, Z. anorg. Chem., 1935, 221, 321. * Hieber, Abeck, 
and Platzer, Z. anorg. Chem., 1955, 280, 241. Me:As(CH,*CH,*CH,*AsMe,),, Parish, Thesis, Lon- 
don, 1958. #* Ethylenediamine, Abel, Bennett, and Wilkinson, J., 959,1 2323. * Hieber and Peterhans, 
Z. Naturforsch., 1959, 14b, 462. 


TABLE 2. Properties of Complexes. 


Mol. condy. Cc-O 
(10-*m in stretching Molecular weight 
Compound Colour and nitrobenzene) frequency cryoscop. 

(D = Diarsine) m. p. (ohm) (cm.>) in CHCl, in C,H, calc. 

Cx(CO),D ......... Very pale yellow, 0-8 2012, 1922 434 in 0-54% 450 
70° 1898 soln. 

Cr(CO) Dag .....000- Yellow, 226° 0-7 1845, 1771 654 in 0-77% 680 
soln. 

Mo(CO),D ...... White, 158° 1-0 2026,* 1938 478 in 0-52% 494 
1923, 1914 soln. 

Mo(CO),D, ...... Pale yellow, 0-9 1859, 1786 703 in 0-56% 724 
231° soln. 

WCCO) D 240000205 Pale yellow, 0:5 2016, 1923 563 in 0-50% 582 
168° 1905, 1885 soln. 

W(CO),D, «....0--- Bright yellow, 0-7 1850, 1774 823 in 0-69%, 812 
237° soln. 


* In cyclohexane. All bands quoted are strong. All of the above compounds are diamagnetic 
in the solid state at 20°. 


phosphines, tertiary arsines, and isonitriles displace carbon monoxide from nickel or iron 
carbonyl] but replacement of several carbon monoxide groups from the Group VI carbonyls 
is much more difficult.* Indeed, before these investigations a maximum of three carbonyl 
groups per hexacarbonyl molecule had been directly replaced. 

The monodiarsine complexes are prepared by heating together the appropriate hexa- 
carbonyl with excess of the diarsine in a sealed tube at 160—180° for about six hours. A 
pressure of carbon monoxide builds up in the reaction vessel (about 2 atm.) and this 
affects the amount of conversion. Unfortunately, it is not practicable to heat the reactants 
in such a manner as to drive off the carbon monoxide as it is formed (e.g., under reflux with 
an inert gas) because the hexacarbonyl sublimes away as well. These monodiarsine 
derivatives have the properties shown in Table 2; they are clearly octahedral derivatives 


* We refer here to o-bonded complexes only, not to the m-type such as the cyclopentadienyls. 
1 Nyholm, J., 1951, 2906. 

Nigam, Nyholm, and Rao, J., 1959, 1397. 

* Chatt and Hart, Chem. and Ind., 1958, 1474. 
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of the zerovalent metal, being monomeric in benzene and non-electrolytes in nitrobenzene. 
The bisdiarsine derivatives require longer heating at a higher temperature with occasional 
removal of the accumulated carbon monoxide. This procedure is specially important to 
obtain the bisdiarsine chromium compound since the replacement of the second chelate 
group is much more difficult than with the corresponding molybdenum and tungsten 
compounds. 

The infrared spectra of these complexes will be discussed later in greater detail by 
Mr. C. Barraclough and Dr. J. Lewis. However, the C-O stretching frequencies shown 
in Table 2 are in accord with predictions for a simple chelate octahedral structure in the 
case of the MDiarsine(CO), complexes and with a cis-dicarbonyl arrangement in the case 
of the bisdiarsine compounds. The latter has been confirmed by measurement of the 
electric dipole moment, which gave a value of 6-5 p. It is of interest that, if carbonyl is 
assumed to have a greater capacity for double-bonding with the metal than the diarsine has, 
then one would expect a cis-arrangement of the two carbonyl groups for theoretical reasons 
based on the symmetry of the de-orbitals involved in double bonding. 


EXPERIMENTAL 


Mono - 0 - phenylenebisdimethylarsinetetracarbonylchromium(0).—Hexacarbonyl chromium 
(0-6 g.) and the diarsine (1-4 g.) were heated together in an evacuated tube (internal vol. ~100 
ml.) for 6 hr. at 180°. Extraction with benzene and recrystallisation of the complex -from 
ether yielded pale yellow complex, CrDiarsine(CO), (0-8 g.) which, dried in vacuo, had m. p. 
(in vacuo) 170° (Found: C, 37-4; H, 3-7; As, 33-3; Cr, 11-6. C,,H,,0O,As,Cr requires C, 37-4; 
H, 3-6; As, 33-3; Cr, 11-6%). The compound decomposes slowly in air to a green residue; 
it is readily soluble in non-polar organic solvents and moderately soluble in alcohol and 
nitrobenzene. 

Bis-o-phenylenebisdimethylarsinedicarbonylchromium(0).—The monodiarsine complex (0-5 g.) 
was heated with the diarsine (1-5 g.) for 6 hr. at 230°. The liberated carbon monoxide was 
pumped off, and heating continued for a further 3—6 hr. This procedure was repeated five 
times. The tube was then kept for 12 hr. at 20°, yellow crystals separating. The excess of 
diarsine was decanted and the crystals (0-1 g.) were washed several times with light petroleum 
aud dried im vacuo, then having m. p. (i vacuo) 226° (Found: C, 38-7; H, 4-9; Cr, 7:7. 
C..H,,0,As,Cr requires C, 38-9; H, 4-8; Cr, 7-7%). The compound, which decomposes fairly 
rapidly in air, has solubilities similar to, but less than, those of the monodiarsine complex. 

Mono-o-phenylenebisdimethylarsinetetracarbonylmolybdenum(0).—Hexacarbonyl molybdenum 
(0-5 g.) and diarsine (1-0 g.) were treated as above for 6 hr. at 150°. Extraction with benzene 
and recrystallisation of the complex from ether yielded white crystals (0-8 g.) which, dried 
in vacuo, had m. p. (im vacuo) 158° (Found: C, 34:0; H, 3:2; As, 298; Mo, 19-1. 
C,,H,,0,As,Mo requires C, 34-0; H, 3-2; As, 30-3; Mo, 19-4%). The physical properties are 
very similar to those of the corresponding chromium compound. 

Bis-o-phenylenebisdimethylarsinedicarbonylmolybdenum(0).—The preceding product (0-5 g.) 
and the diarsine (0-5 g.) were treated as above for 11 hr. at 200°. Extraction with, and 
recrystallisation from, benzene yielded yellow crystals (0-4 g.) of the bisdiarsine complex which, 
dried in vacuo, had m. p. (in vacuo) 231° (Found: C, 36-5; H, 4-4; Mo, 13-1. C,,.H;,0,As,Mo 
requires C, 36-5; H, 4:4; Mo, 13-2%). The physical properties of the compound are similar 
to those of the chromium analogue. 

Mono-o-phenylenebisdimethylarsinetetracarbonylitungsten(0).—Hexacarbonyltungsten (0-7 g.) 
and the diarsine (1-0 g.) were caused to react as above for 6 hr. at 160°, and the product was 
extracted with benzene. Obtained from ether the pale yellow complex had m. p. (in vacuo) 186° 
(Found: C, 28-8; H, 2-8; As, 26-1; W, 31-3. C,,H,,O,As,W requires C, 28-9; H, 2-8; 
As, 25-8; W, 31-7%). Its properties are very similar to those of the molybdenum analogue. 

Bis-o-phenylenebisdimethylarsinedicarbonyltungsten(0).—The preceding complex (0-6 g.) 
and the diarsine (1-4 g.) were heated at 240° as above for 8 hr. After removal of the liberated 
carbon monoxide, heating was continued for a further 6 hr. and the procedure repeated twice 
more. Extraction with benzene yielded a mixture of mono- and bis-diarsine complex, the 


* Craig, Maccoll, Nyholm, Orgel, and Sutton, J., 1954, 332. 
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latter being obtained pure by fractional crystallization from benzene-light petroleum. The 
yellow bisdiarsine complex melted (in vacuo) at 237° (Found: C, 32-6; H, 3-8; W, 22-3. 
C,,H;,0,As,W requires C, 32-3; H, 4:0; W, 22-5%). The physical properties are very similar 
to those of molybdenum analogue. 

Estimation of Chromium, Molybdenum, and Tungsten—A known amount (0-1—0-2 g.) of 
the complex was carefully digested with a few drops of concentrated sulphuric acid in a weighed 
silica crucible over a low Bunsen flame. After removal of sulphur trioxide, the crucible was 
transferred to a muffle furnace. Complete conversion into the oxides Cr,O,, MoO,, and WO, 
was ensured by ignition at 500°, 520°, and 750° respectively to constant weight. 

Reproducibility was good (+0-2%) except when less than 0-1 g. of the complex was used, 
This ignition method gave very good agreement with a colorimetric determination of 
molybdenum. 

Infrared Spectra.—These were measured on a Grubb-—Parsons double-beam grating instru- 
ment of type GS2A. 


We are indebted to the Dupont Company, U.S.A., for financial support (to H. L. N. and 
M.H.B.S.). Thanks are offered also to the Climax Molybdenum Company and to the Dupont 
Corporation for the supply of raw materials. 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. (Received, September 22nd, 1959.} 





359. Substituted Group VI Carbonyls. Part II.* The Action of 
Halogens on Di(tertiary arsine)molybdenum Carbonyls. 


By H. L. Nicam, R. S. NyHoitm, and M. H. B. Stipparp. 


The action of halogens on Mo(Diarsine)(CO), and Mo(Diarsine),(CO), 
has been investigated. Treatment of one mole of the former with two 
equivalents of iodine or bromine yields a compound Mo(Diarsine)(CO),I, 
(or Br,), one mole of carbon monoxide being liberated. These compounds 
are diamagnetic and the molecular weight and molecular conductivity in 
nitrobenzene show that they are seven-covalent derivatives of bivalent 
molybdenum. The bisdiarsine compound, Mo(Diarsine),(CO),, on treat- 
ment with two equivalents of iodine also yields a seven-covalent bivalent 
molybdenum complex. This is a wuni-univalent electrolyte having the 
formula [Mo(Diarsine),(CO),IjI, no carbon monoxide being evolved in the 
reaction. The use of bromine gives rise to the corresponding monobromide. 
Excess of bromine reacts with Mo(Diarsine),(CO), to yield the tribromide 
[Mo(Diarsine),(CO),Br]Br;. With Mo(Diarsine)(CO),, however, excess of 
bromine gives the quadrivalent molybdenum compound Mo(Diarsine) Bry. 
The existence of the seven-covalent molybdenum(II) compounds, and of 
many other complexes of the transition metals such as K,Mo(CN), and 
[Re(Diarsine),Cl,]C1O,, in which the metal atom is seven- or eight-covalent, 
with ligands like carbon monoxide is explained in terms of a nine-orbital rule. 





It has been shown previously that treatment of di(tertiary arsine)-substituted metal 
carbonyls with halogens provides a valuable method for preparing compounds in which 
the metal atom has an unusual stereochemistry, ¢.g., cis-di-iodonickel in Nil,,Diarsine,! or 
unusual oxidation states, ¢.g., univalent iron in Fe(Diarsine)(CO),I.2 The reaction of 
halogens upon Mo(Diarsine)(CO), and Mo(Diarsine),(CO), also yields unusual new types of 
compound. The reactions were carried out in non-aqueous solvents such as chloroform 
and benzene and it was convenient to study these reactions in the first instance by spectro- 
photometric titration since the more usual conductometric or potentiometric methods of 
titration are not easily applicable in these solvents. Fig. 1 shows the result obtained when 
* Part I, preceding paper. 


1 Nyholm, /J., 1951, 2906. 
* Nigam, Nyholm, and Rao, J., 1959, 1397. 
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Mo(Diarsine) (CO), is titrated with iodine, the optical density being measured at 500 my 
where there occurs a strong absorption peak for molecular iodine in chloroform. ‘It may 
be seen that 2 equiv. of iodine are absorbed during the reaction, excess of iodine accumul- 
ating thereafter. The product of this reaction has an analysis corresponding with the 
formula Mo(Diarsine)(CO),I,, indicating the loss of one mole of carbon monoxide; this 
has been confirmed by using a gas burette to collect the evolved carbon monoxide. A 
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similar reaction occurs with bromine. As may be seen from Table 1, both the iodo- and 
the bromo-compound are non-electrolytes in nitrobenzene, in which solvent they have 
also been found to be monomeric as shown by cryoscopic molecular-weight measurements. 


TABLE 1. Properties of molybdenum ditertiaryarsine carbonyl halide complexes. 


Cc-O 
Mol. condy. _ stretching 
(ohm=) frequency 
(10-*m in (cm.~) in Mol. weight: 
Ph:NO, Nujol, infra- Cryoscop. 
Derivative of Compound ! Colour soln.) red in Ph-NO, Calc. 
Mo!(Diars) (CO),I, Golden- 1-2 2053, 1982, 698 in 720 
yellow 1925 0-53% soln. 
, Mo! (Diars) (CO),Br. Deep 2-2 2023, 1971, 634in 626 
Mo(Diars) (CO), ao orange 1921 | 0-45% soln. 
Mo! (Diars) Br, Orange- 11-6 Nil 682 in 702 
brown 0-24% soln. 
(Mo! (Diars),(CO),I)}I Pale 27-4 1960, 1888 —? 978 
yellow 
(Dj ' caen 
Mo(Diars) (CO), [Mo!(Diars),(CO),Br]Br  eehii 23-5 1959, 1888 884 
[Mo (Diars),(CO),Br]Br, Deep 20-5 1959, 1890 —? 1044 
yellow 


1 All compounds are diamagnetic except Mo(Diars) Br, for which jeg = 1-96 B.M. at 20°c. #* Solu- 
bility too small. 


The complexes thus appear to be seven-covalent derivatives of bivalent molybdenum, 
the electron configuration being as follows: 
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Such a formulation implies the absence of any unpaired electrons, which is in agreement 
with the observed diamagnetism. If it be assumed that the o-bonding orbitals involve 
the use of 4d,4d,75s5p* orbitals, then a pentagonal bipyramidal arrangement of the 
attached groups is expected ; * one possibility is shown in Fig. 2. It must be stressed that 
such an arrangement is purely hypothetical at present. There is no certainty that the 
two halogen atoms would occupy the two axial positions; this seems most probable, 
however, since the two axial bonds are longer than the other five and are expected to be the 
positions where the most electronegative ligands would be attached. However, in any 
case, the pentagonal bipyramidal arrangement would at best be an approximation since 
several factors would tend to cause deviations from this ideal shape. These are: (i) all 
seven atoms are not the same; (ii) double bonding between the molybdenum atoms and 
the carbon monoxide and arsine ligands would undoubtedly lead to electron distributions 
Fic. 3. Conductometric titration of 1-0 x 


10-*m-[Mo(Diars),(CO),Br] Br against 
Hg(ClO,), in nitrobenzene. 





2-0F 
Fic. 2. Proposed pentagonal bipyramidal Br 
structure for Mo(Diars) (CO,),I,. o> 
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which would affect any simple conclusions as to the stereochemistry based upon o-bonding 
alone; (iii) steric effects may well be important, especially in the pentagonal plane. 

On treatment with iodine in chloroform under the same conditions the bisdiarsine 
dicarbonyl also absorbs two equivalents of iodine and again yields a seven-covalent 
derivative, [Mo(Diarsine),(CO),I]I. In this instance gas-burette measurements confirm 
that no carbon monoxide is evolved and, as shown in Table 1, the product has a molecular 
conductivity consistent with its formulation as a uni-univalent electrolyte. Unfortunately, 
its low solubility in nitrobenzene precludes measurement of the molecular weight in this 
solvent. The complex is diamagnetic as in the case of Mo(Diarsine)(CO),I,. The corre- 
sponding bromo-bromide [Mo(Diarsine),(CO),Br]Br has also been prepared and treatment 
of this compound with excess of bromine yields a tribromide of the Mo(11) complex and 
not a derivative of molybdenum of a higher oxidation state. Attempts to prove that one 
of the bromine atoms in the compound [Mo(Diarsine),(CO),Br]Br is ionised by isolating 
a perchlorate have not been successful owing to unsuitable solubility relations, the per- 
chlorate being apparently more soluble than the bromide in the solvents employed. 
However, a novel technique has been used to show that one of the two bromine atoms is 
ionised, as shown in Fig. 3; the compound [Mo(Diarsine),(CO),Br]Br has been titrated 
conductometrically in nitrobenzene solution with a solution of mercuric perchlorate. 
® See Gillespie and Nyholm, Quart. Rev., 1957, 11, 339, for references. 
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The latter, like the molybdenum compound, is a strong electrolyte in this solvent and the 
reaction which occurs is simply Br~ + }Hg** —» 4HgBrg, there being practically no 
change in conductivity until all the free Br~ ions are converted into un-ionised mercuric 
bromide. A sudden increase in conductivity is to be expected after one equivalent of 
mercuric perchlorate has been added—as is observed. It has been found that the use of 
this reagent in conductometric titrations in nitrobenzene is very useful for establishing 
the nature of the free anion when the isolation of a salt to confirm its presence is difficult. 

These derivatives appear to be the first seven-co-ordinate o-bonded compounds of 
bivalent molybdenum to be described. The occurrence of a considerable number of 
seven- and eight-co-ordinate derivatives of the metals of the first half of the transition 
series (see Table 2) can be understood in terms of a tendency of the transition metal atom 
to make use of all nine orbitals [five (m — 1)d, one ns, and three np] for o-bonding pairs, for 
non-bonding pairs, or for single electrons. The co-ordination number of a metal atom is 
limited in the first instance by the number of bonding orbitals available. If it is assumed 
that no “ outer’ d orbitals are employed, then clearly the best chance of obtaining a 
co-ordination number of seven or eight occurs when the number of non-bonding d 
electrons is four or less. 

The “ inert-gas rule ’’ for metal carbonyls is the ideal case of the above principle; the 
metal atoms combine with carbon monoxide, or with one another, so as to place a pair 
of electrons (s-bonding or lone pairs) in each of the nine orbitals, the complexes being 
diamagnetic. Now carbon monoxide is generally regarded as the most “ covalent” 
bonding ligand of all, and as we replace some or all of these by other ligands which are 
fairly similar (e.g., CN~, RNC, tertiary phosphines, tertiary arsines, NO, etc.) all nine 
orbitals are still used but paramagnetism may arise. Thus in [Mn(CO),(Ph,P)]° one of the 
nine orbitals contains a single unpaired electron. In such compounds the co-ordination 
number of the metal atom depends upon the number of orbitals used by the non-bonding 
electrons, indicated in turn by the number of unpaired electrons. Hund’s rules favour 
the maximum number of singly occupied orbitals, ¢.g., K,Cr(CN), has three unpaired 
electrons, but pairing can occur when there is a decrease in the inter-electronic repulsion 
between electrons of opposite spin in the same orbital. As expected, this pairing occurs 


TABLE 2. Co-ordination number and unpaired electrons. 


Number of Number of 
non-bonding unpaired Co-ordination 
d-electrons d-electrons number Examples 
0 0 9 _ 
1 1 8 K,Mo(CN), 
2 7 K,V(CN),(?) 
0 8 K,Re(CN),, K,Mo(CN), 
[Re(Diarsine) ,Cl,)C1O, 
3 3 6 K,Cr(CN),, K,ReCl, 
1 7 K,Mo(CN), 
+ 4 5 {[Mn(Diarsine) Br,H,O)]Br 
2 6 (Cr(Bipyridyl),]** 
{Re(Diarsine),Cl,}* 
0* 7 Mo(Diarsine)(CO),I, 


C,H, V(CO), t 


* Diamagnetism occurs also in [ReCl,]~ but here the “‘ nine-orbital rule ’’ is not obeyed as ligands 
of high electronegativity are present. ¢ C,H, = cyclopentadienyl. 


more readily as we pass down a vertical column in the transition series, ¢.g., from Cr(111) 
to Mo(11). Thus, whereas K,Cr(CN), has three spins, the Mo(111) complex, K,Mo(CN), 
has only one, the metal atom ‘being seven-covalent.* In this case the inter-electronic 
tepulsions in the d, orbitals are now less than the effect due to the ligand field. Table 2 


* Steele, Austral. J. Chem., 1957, 10, 404 and references therein; Smith (personal communication, 
1959) has shown that peg = 1-7 B.M. 
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summarises the cases where seven and eight co-ordination are expected in terms of the 
number of unpaired electrons. 

It must be stressed that the above principles refer to compounds containing mainly 
ligands of the CO type, i.e., those for which some d,-bonding by the metal is believed to 
occur; no attempt is made to discuss complexes with the more electronegative ligands 
such as R-CO-O- or Cl-, where the bonds are more ionic and in which the nine-orbital rule 
is not necessarily obeyed (e.g., TiCl,). To sum up, it is suggested that the occurrence of 
co-ordination numbers seven and eight with transition-metal complexes using ligands like 
carbon monoxide can be understood in terms of an extension of the “ inert-gas rule”’ for metal 
carbonyls. Since paramagnetism can occur in many of these compounds the more general 
term “ nine-orbital rule” is proposed, the “‘inert-gas rule’’ being a special case thereof. 

One can include the x-type complexes in the scheme if one adopts the Fischer ® picture 
of the bond formed in these compounds. Thus in cyclopentadienylvanadium tetra- 
carbonyl, in which the metal is univalent, one assumes that the cyclopentadieny] radical 
supplies three o-bonding pairs of electrons, so far as the metal is concerned, making with 
the four carbon monoxide groups, seven pairs of bonding electrons in all (see Table 2). 

Treatment of Mo(Diarsine)(CO), with a large excess of bromine has yielded the only 
compound of molybdenum with an oxidation state higher than two in this investigation. 
The product has the empirical formula Mo(Diarsine)Br,. Its molecular weight is close to 
that of the formula weight, which is consistent with both a monomeric [Mo(Diarsine)Br,]® 
or a salt-like [Mo(Diarsine),Br,][MoBr,] structure. The molecular conductivity in nitro- 
benzene is only about one-fifth of that required for the salt-like structure if completely 
dissociated. It is suggested, therefore, that the complex is a non-electrolyte which 
undergoes some dissociation in nitrobenzene. The absence of appreciable free bromide 
ion is established by the fact that there is no inflexion on titration with mercuric per- 
chlorate in nitrobenzene solution. The magnetic moment of the compound (1-96 B.M.) 
is less than that expected for two unpaired electrons, but this can be understood readily 
in terms of Kotani’s theory. For a d? octahedral complex the moment varies according 
as the ratio of kT to 2% changes, where d is the spin-orbit coupling constant. As the 
temperature decreases and/or increases (i.e., with the second- and third-row transition 
elements) so u decreases and may be as low as 1-22 B.M. The value of 1-96 B.M. at 20°c 
is of the order expected for quadrivalent molybdenum. 

The infrared spectra are given in Table 1 and these support the structures 
assigned. Apart from their diagnostic value in establishing the absence of CO in 
Mo(Diarsine)Br,, it is possible to draw the following conclusions: (i) the similarity 
of the bands in Mo(Diarsine)(CO),I, and Mo(Diarsine)(CO),Br, indicates that the 
structures are very similar; (ii) the suggestion that [Mo(Diarsine),(CO),Br]Br, is a 
tribromide of an Mo complex and does not involve further oxidation is strongly 
supported by the fact that its infrared spectrum is almost exactly identical with that of 
{Mo(Diarsine),(CO),Br]Br; (iii) the presence of two bands due to C-O stretching in the 
complex [Mo(Diarsine),(CO),Br]Br strongly supports the view that the two CO groups 
are cis and not in the trans-apical positions in which we have arbitrarily placed the halogen 
atoms in Fig. 2. 

Reference should be made to the fact that the triarsine, AsMe,*[CH,],"-AsMe*[CH,],*AsMe,, 
also gives rise to seven-co-ordinate bivalent molybdenum complexes.’ On treatment with 
bromine the compound Mo(Triarsine)(CO),, referred to in Table 1, Part I, p. 1804, forms 
[Mo(Triarsine)(CO),Br,}° with the loss of one mol. of carbon monoxide. This is undoubtedly 
very similar to Mo(Diarsine)(CO),Brg, since it is monomeric and a non-electrolyte. These 
triarsine complexes will be described later in detail. 


5 Fischer, ‘‘ International Conference on Co-ordination Chemistry,” London, 1959 (Chem. Soc. 
Special Publ., 1959, No. 13, p. 73). 
® Kotani, ]. Phys. Soc. Japan, 1949, 4, 293. 
7? Parish, Thesis, London, 1958, 
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The reactions which occur and the new compounds formed in this investigation are 
summarised in the annexed diagram. 





Reactions of molybdenum hexacarbonyl. 








Mo(CO), ——> Mo(Diars) (CO), ————> Mo(Diars) (CO), ——> (Mo!™(Diars),(CO),Br]Br, 
NS 
% Sore, et 
(Mo! (Diars) (CO),Br,]° oe [Mol (Diars) Br,]° [Mo"(Diars),(CO),Br]Br 


EXPERIMENTAL 

Di-iodomono-o-phenylenebisdimethylarsinetricarbonylmolybdenum(t1).—Mo(Diars) (CO), (0-5 g.) 
in chloroform (50 ml.) was treated with iodine (0-25 g.) (i.e., Mo: I = 1-2: 1) in chloroform 
(10 ml.) under nitrogen with vigorous stirring. One mole of carbon monoxide per mole of 
Mo(Diars)(CO), was liberated, the compound Mo(Diars)(CO),I, (0-5 g.) crystallised slowly at 
0° as golden-yellow crystals after addition of light petroleum (10 ml.); it was washed with 
light petroleum and dried in vacuo (Found: C, 21-8; H, 2-6; I, 35-6; Mo, 13-2. 
C,3H,,0,As,I,Mo requires C, 21-7; H, 2-2; I, 35-3; Mo, 133%). When heated in vacuo it 
chars at about 200°. The compound is moderately soluble in non-polar organic solvents and in 
nitrobenzene but is insoluble in light petroleum. It decomposes fairly rapidly in moist air. 

Dibromomono-o-phenylenebisdimethylarsinetricarbonylmolybdenum(11).—Mo(Diars) (CO), (0-5g.) 
in cyclohexane (150 ml.) was treated slowly with bromine (0-16 g.) in carbon tetra- 
chloride (25 ml.) under nitrogen, as above, with efficient stirring to avoid local concentrations 
of the halogen. One mol. of carbon monoxide was liberated. The orange precipitate (0-5 g.) 
was filtered off, washed with light petroleum, and dried in vacuo (Found: C, 25-0; H, 2-7; 
Br, 25-7; Mo, 15-1. (C,3;H,g,0,;As,Br,Mo requires C, 24:9; H, 2-6; Br, 25-5; Mo, 15-3%). 
When heated, this compound charred at about 200°; its physical properties are very similar 
to those of the di-iodide. 

Tetrabromo-o-phenylenebisdimethylarsinemolybdenum(tv).—Mo(Diars) (CO), (0-5 g.) in chloro- 
form (30 ml.) was shaken vigorously with bromine (2 g.; i.e., a large excess) in chloroform 
(20ml.). Four mols. of carbon monoxide were evolved and the orange-brown crystals (0-2 g.) 
of MoBr,(Diars) which separated were washed with light petroleum and dried in vacuo; they had 
m. p. (vac.) 210° (decomp.) (Found: C, 17-0; H, 27; Br, 45-4; Mo, 13-4. C,,H,,As,Br,Mo 
requires C, 17-1; H, 2-3; Br, 45-6; Mo, 13-7%). The compound is very sparingly soluble in 
non-polar organic sclvents and only moderately soluble in alcohol and nitrobenzene. 

Monoiodobis-o-phenylenebisdimethylarsinedicarbonylmolybdenum(u1) Monoiodide.— 
Mo(Diars),(CO), (0-25 g.) in chloroform (25 ml.) was treated with iodine (0-09 g.) in chloroform 
(30 ml.) as above. Pale yellow crystals (0-2 g.), which separated at once without evolution of 
carbon monoxide, were washed with light petroleum and dried im vacuo, then having m. p. (vac.) 
195° (decomp.) (Found: C, 27-0; H, 3-4; I, 25-2; Mo, 9-7. C,,H;,0,As,IMo requires C, 27-0; 
H, 3-3; I, 26-0; Mo, 98%). The compound is sparingly soluble in the usual organic solvents 
and only moderately soluble in nitrobenzene. Other properties are similar to those of preceding 
derivatives. 

Monobromobis-o-phenylenebisdimethylarsinedicarbonylmolybdenum(11) Monobromide.— 
Mo(Diars)(CO), (0-4 g.) in chloroform (25 ml.) was treated slowly with bromine (0-1 g.) in 
carbon tetrachloride (20 ml.) as above. A pale yellow crystalline compound (0-3 g.) appeared 
immediately without evolution of carbon monoxide. It was well washed with light petroleum 
and dried in vacuo; its m. p. (vac.) was 200° (decomp.) (Found: C, 30-2; H, 3-7; Br, 18-5; 
Mo, 10-6. C,,H;,0,As,Br,Mo requires C, 29-9; H, 3-6; Br, 18-2; Mo, 10-9%). Its physical 
properties are similar to those of the corresponding iodo-molybdenum(t1) iodide. 

Monobromobis-o-phenylenebisdimethylarsinedicarbonylmolybdenum(t1) Tribromide.— 
Mo(Diars),(CO), (0-2 g.) in chloroform (20 ml.) was treated with excess of bromine (0-1 g.) in 
carbon tetrachloride (20 ml.) as above. An orange complex (0-2 g.) was precipitated at once, 
without evolution of carbon monoxide. This was washed with light petroleum and dried 
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in vacuo, the m. p. (vac.) being 210° (decomp.) (Found: C, 25-6; H, 3-2; Br, 31-5; Mo, 86, 
C,.H,,0,As,Br,Mo requires C, 25-3; H, 3-1; Br, 30-7; Mo, 9-2%). The physical properties 
are very similar to those of the corresponding monobromide. 

Spectrophotometric Titrations.—A standard solution of iodine or bromine in chloroform or 
carbon tetrachloride was titrated against a solution containing a known weight of substituted 
carbonyl in chloroform or nitromethane. The concentrations of free halogen were followed by 
measuring the optical density of the solution at 500 my, corrections of the measured optical 
densities for change of total volume being made. The resulting plot of corrected optical 
density against concentration of added halogen showed a change of slope at a position corre- 
sponding to the number of equivalents of halogen reacting. 

Measurement of Carbon Monoxide evolved on Reaction with Halogen.—Measurement of the 
volumes of carbon monoxide evolved on reaction of diarsinemolybdenum carbonyls with iodine 
and bromine was carried out with a gas burette of conventional design. Initially, the whole 
apparatus was thoroughly saturated with solvent vapour, and some 30—40 min. allowed for 
equilibration. The reaction was carried out by addition of a solution of the halogen to a 
solution of the diarsinemolybdenum carbonyl or by addition of the latter (in a small glass 
capsule) in the solid state to the halogen solution. 

Abour 0-15 g. of the substituted carbonyl was employed, the volume of carbon monoxide 
evolved being of the order of 6—7 ml. The actual results of addition of bromine and iodine 
to Mo(Diars) (CO), are as follows: 


Moles of CO evolved per mole of Mo(Diars)(CO), on addition of I,: 1:03 0-93 
- ” - a Fr Br,: 0-96 1-20 1-04 


Analysis.—Molybdenum was determined as in Part I, p. 1806. Halogens were estimated 
gravimetrically as the appropriate silver salt after the sample had been heated for some hours 
with silver nitrate and concentrated nitric acid. 


WiLt1aM RAMSAY AND RaLpH ForstER LABORATORIES,’ 
UNIVERSITY COLLEGE, Lonpon, W.C.1. [Received, September 22nd, 1959.]} 





360. Molecular Polarisability. The Molar Kerr Constant of 
Ferrocene. 


By M. Aroney, R. J. W. LE Févre, and K. M. SoMASUNDARAM. 


From the viewpoint of polarisability ferrocene is equivalent to a krypton 
atom sandwiched between two planar regular-pentagonal (CH), rings in 
each of which the carbon-carbon bond ellipsoids have the same semi-axes 
as those of the C,,-C,, bonds in benzene. On this basis the predicted 
molar Kerr constant is 20-1 x 10”, against a measured value of 19-9 x 107?”. 


Tue molar Kerr constants and total dielectric polarisations of ferrocene dissolved in 
carbon tetrachloride have been measured by standard methods 1 at 25°. The observations 
listed below show the two properties mentioned to have values at infinite dilution of 19-8, x 
10° and 52-4, c.c. respectively. Since the molecular refraction (Na-pD line) of ferrocene 
is 50-4 c.c. (so that ,P, is slightly less than 1-05R,) the non-polarity of this molecule is 
confirmed.? 

The molar Kerr constant is therefore controlled * by the terms 0, and 6,; 6, cannot be 
estimated a priori and, being probably small, will be neglected. From ,(mK,) = 
19-87 x 107% we have,‘ therefore, 0, = 4:72; x 10%, whence (with pP/zP = 1-1), 
b, — b, = +0-631 x 10°. It is assumed from the X-ray analyses of ferrocene 5 that 

1 (a) Le Févre and Le Févre, J., 1953, 4041; 1954, 1577; (b) Rev. Pure Appl. Chem., 1955, 5, 261; 
(a) Le Feévre, ‘‘ Dipole Moments,’’ Methuen, London, 3rd edn., 1953, Chap. 2. 

2 Wilkinson, Rosenblum, Whiting, and Woodward, J. Amer. Chem. Soc., 1952, 74, 2125. 

2 Ref. 1(b), pp. 286, 309. 


* Ref. 1(b), p. 270. 
5 Pauson, Quart. Rev., 1955, 9, 391. 
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the appropriate polarisability ellipsoid will be one of rotation, with semi-axes b, = b,, 
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and b,. Taking the electronic polarisation as 0-95Rp gives 2b, + b, = 5-691 x 10%. 
By experiment two alternative solutions thus become available: 





10**(b, — by)? 1073), 10*d, 
SNE cscteoscetecsataciteeces 0-398 2-107 1-476 
SENT hc bn ciesh a ides 0-398 1-687 2-318 


According to A, ferrocene is more polarisable in planes parallel to the pentagonal rings than 
in directions perpendicular to them; according to B, the reverse is true. 

No direct evidence exists to guide a choice between A and B. Previously * it has been 
noted that the dimensions of the “‘ cavity ” created by a solute in its solvent often provide 
data with which to divide (6, + 6, + 0,) into the separate components. Using the 
distances C-C = 1-40 A, C-Fe = 2-044 A (as cited in Pauson’s review 5), and C-H = 1-04 
A, and adopting 108° as the C-C-C angle, together with ‘‘ Wirkungsradien ” from Stuart 7 
(i.e., following the procedures of past studies® of the dielectric polarisation-medium 
effect), gives a model containable within a cylinder of height 6-2 A and diameter 6-3 A. 
Solution A is thus favoured, although the anisotropy forecast is much less than that 
observed. ' 

A more satisfactory approach is to note that the C-C distance is equal to that which 
occurs in benzene, so that—since bond lengths and bond polarisabilities are connected *— 
C4,-C,; ellipsoids may be applied to the C, rings of ferrocene. As the C-H link is iso- 
tropically polarisable,!° an ellipsoid for the (CH—CH) aromatic unit may be used. Benzene ™ 
has o(m/K_) = 7:2, X 10° at 20°; this with gP = 25-0, c.c. gives b,°%s = 5,%Hs — 1-12, x 
10%, and 6,°%. = 0-73, x 10°; byHCH4r therefore is 0-123 x 10°. By Le Févre’s 
equation,® 10%3),(CH-CH)Ar js 0-288; by + by + by for (CH*CH)a, is 1/6 of 2b, + b, for 
benzene; by difference by©#C4r jis therefore 0-085 x 10°. Utilising these semi-axes 
for a regular pentagonal (CH), ring gives 0-932, 0-932, and 0-615 x 10 respectively for 
BBs, b{Ds, and 6,0, As there are two parallel (CH), rings in ferrocene, the 6, for 
this molecule should contain a contribution from these rings of (6, — 63)? = 0-402 x 10; 
this is very close to the quantity (0-398 x 10) observed; the calculated ,,K from this 
factor alone is 20-1 x 1072; the ,K from experiment is 19-9 x 107. 

The implication is that the iron atom is nearly isotropic in its polarisallility. 
Algebraically positive semi-axes for the iron atom can be estimated only from solution A 
(which is therefore preferable to B); they are: 


Across the (CH), planes: 2-107 — 2 x 0-932 = 0-243 x 10° 
At 90° to the (CH), planes: 1-476 — 2 x 0-615 = 0-246 x 10° 


Such values for iron are of interest in regard to suggestions 5 that the iron atom in ferrocene 
has the electronic configuration of krypton, for which gas Watson and Ramaswamy 
(from refractivity-dispersion measurements) recorded an electronic polarisation of 6-26 
c.c; from this, treating krypton as an isotropically polarisable atom, we obtain 0,** = 
b,X* — b,** — 0-248 x 103. To emphasise the significance of these conclusions: had 
we assumed a priori that ferrocene is equivalent to a krypton atom sandwiched between 
two parallel (CH); planes, the b, and b, expected would have been 2-112 x 10° and 
1-478 x 10-3, and the »Keasc. only ca. 0-2 x 107 higher than that in fact found. 


‘en ® Ref. 2, p. 287; Le Févre and Le Févre, J., 1955, 2750; Le Févre, Le Févre, Rao, and Smith, J., 
9, 1188. 
7 Stuart, Z. phys. Chem., 1935,-B, 27, 350. 
8 Ref. l(c), Chap. 3. 
® Le Févre, Proc. Chem. Soc., 1958, 283. 
10 Le Févre and Le Févre, Chem. and Ind., 1955, 1121; cf. ref. 1(b), p. 299. 
1 Ref. 1(a), 1954; cf. ref. 1(b), p. 284. 
12 Watson and Ramaswamy, Proc. Roy. Soc., 1936, A, 156, 144. 
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EXPERIMENTAL 


Ferrocene, m. p. 173—174°, was prepared as described by Wilkinson ™* except that the crude 
product was distilled in steam and recrystallised from aqueous methanol. 

Measurements of the following properties of solutions containing weight fractions w, of 
solute in carbon tetrachloride have been made at 25°: AB, differences between Kerr constants 
of solution and solvent, An, differences between refractive indexes (Na light) of solution and 
solvent, ¢,, and d,,, the dielectric constants and densities respectively. For w,= 0, B = 
0-070 x 107, m, = 14575, « = 2-2270, and d = 1-58454. Details concerning procedures, 
calculations, etc., are given in ref. 1. 


Observations on ferrocene—carbon tetrachloride solutions at 25°. 


1046 1292 1426 1434 1671 1909 1924 
0-014, 0-015, 0-016, 0-019, 0-022, 0-023, 
27 29 30 35 40 41 
2-2335 22349 2-2360 22363 22374 22388 22392 
158124 1-58104  1-58086 1-58030 1-57979 1-57956  1-57902 


whence 107AB = 0-947w, + 12-7w,?; 5 An/Sw, = 0-209; } Ac/Sw, = 0-627; HAd/Sw, = —0-280; 
so that o(mK,) = 19-8, x 107! and ~P, = 52-4, c.c. (= 1-041 Rp c.c. consistently with » = 0). 


This work has been carried out during the tenure by K. M. S. of an H. B. and F. M. Gritton 
Post-graduate Research Fellowship. 

UNIVERSITY OF SYDNEY, N.S.W., AUSTRALIA. (Received, June 29th, 1959.] 

18 Wilkinson, Org. Synth., 1956, 36, 31. 





361. Molecular Polarisability. The Specific Kerr Constants and Polar- 
isations of Vinyl Acetate and Various Polyvinyl Acetates dissolved in 


Carbon Tetrachloride or Benzene. 
By (Mrs.) C. G. Le Févre, R. J. W. Le Févre, and (Miss) G. M. PARKINs. 


Dipole moments, molar Kerr constants, and other measurements are 
reported for vinyl acetate and three polyvinyl acetates in benzene or carbon 
tetrachloride. It is concluded that the mean conformation of the monomer 
is non-planar with the long axes of the C=O and C=C bonds lying in mutually 
perpendicular planes. The polymers behave as near-isotropic solutes, pro- 
bably as easily deformable macromolecular balls. 


A suRVEY of the applicability of polarisation and polarisability measurements to the 
stereochemistry of macromolecular solutes, begun recently for styrene and certain poly- 
styrenes, is here continued for vinyl acetate and three polyvinyl acetates. 


EXPERIMENTAL 


Solutes.—Vinyl acetate (from the Polymer Corporation, Sydney) was redistilled (b. p. 
73°/760 mm.) immediately before solutions were made up. Specimens of its polymers, pre- 
sented by Monsanto Chemicals (Australia), Ltd., were used without further purification; only 
Gelva’s 1-5, 2-5, and 7 were sufficiently soluble in carbon tetrachloride or benzene for our 
purposes. The “ viscosity ’’ (weight average) molecular weights (in benzene) of these samples 
were 10,000, 18,000, and 45,000 respectively. 

Apparatus and Methods.—These have been described previously (see refs. 1—5, cited by 


1 Le Févre, Le Févre, and Parkins, J., 1958, 1468. 

2 Le Févre and Rao, J., 1957, 3644; 1958, 1465. 

* Le Févre, ‘‘ Dipole Moments,”’ Methuen, London, 3rd edn., 1953, Chap. 3. 
4 Sakurada and Lee, Z. phys. Chem., 1939, B, 48, 245. 

5 Debye and Bueche, J. Chem. Phys., 1951, 19, 589. 
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Le Févre, Le Févre, and Parkins;+ symbols now used and procedures for the calculation of 
Sine are explained in the first of these refs.). 

Observations.—Tables 1—4 show, for solutions of weight fractions w,, the difierences (AB 
and An) between the Kerr constants and refractive indexes of the solutions and their solvents 
(carbon tetrachloride or benzene), together with dielectric constants (e) and densities (d). 
Appropriate values for the pure solvents are given at the feet of the Tables. All measurements 
relate to 25°. Specific polarisations and specific Kerr constants at infinite dilution, .p, and 
wl(s,) respectively, computed from data drawn from Tables 1—4, are included in Table 5. 

Table 6 deals with the depolarisation factors for light transversely scattered by solutions 
of vinyl acetate in carbon tetrachloride; here solute concentrations are expressed as molar 
fractions (cf. Le Févre and Rao *), and observations were taken at room temperatures. 


TABLE 1. Kerr effects and refractive indexes for solutions in carbon tetrachloride * 
of vinyl acetate and polyvinyl acetates. 
Vinyl acetate Gelva V. 1-5 
722 1545 2159 3168 3260 105w, ... 192 241 405 542 
0-003 0-007 0-009 0-012 0-013 10°AB ... 0-002, 0-002, 0-005, 0-005, 
3338 5081 6800 10°w, ... 1009 1020 2041 
— 42 — 60 —80 104An ... +2 +3 +3 
whence 10’AB = 0-4767w, — 2-70w,?; whence £10’AB/Zw, = 1-16; 
LAn/dw, = —0-119, LAn/Sw, = 0-019, 


Gelva V. 1-5 
299 377 601 791 
0-004 0-005 0-009 0-012 
738 945 
+2 +3 +4 
whence 10’AB = 1-124w, + 52-7w,*; DAn/XSw, = 0-038, 
* For w, = 0, B, = 0-070 x 107, np% = 1-4575. 


TABLE 2. Dielectric constants and densities for solutions in carbon tetrachloride * 
of vinyl acetate and polyvinyl acetates. 


Vinyl acetate 
424 812 ~ 845 
1-5795 — 1-5746 
2-2530 2-2766 2-2781 
2246 2402 3069 
1-5586 1-5565 1-5490 1-5451 
2-3594 2-3719 2-4098 2-4282 


whence graphically Bd, = —1-188 and ae, = 6-48 


Gelva V. 1-5 

191 217 236 306 361 

- 1-5834 _— cee 1-5827 
2-2393 2-2411 2-2416 2-2464 2-2492 

423 632 637 641 854 
1-5824 1-5813 1-5813 1-5813 1-5802 
2-2541 2-2659 2-2670 -- — 

whence graphically Bd, = —0-494 and ae, = 6-38, 


Gelva V. 2-5 


223 427 508 705 779 805 818 973 1153 
15834 1-5824 1-5820 1-5810 1-5806 1-5805 1-5804 1-5796 41-5788 
2-2363 2-2409 2-2541 2-2593 2-2717 2-2765 2-2779 2-2785 2-2888 2-3004 


whence graphically Bd, = —0-4908 and ae, = 6-341 
Gelva V.7 
195 + 234 309 328 375 508 


1-5836 1-5833 1-5828 1-5829 1-5827 1-5816 
2-2391 2-2392 2-2466 —_ 2-2463 2-2595 


whence graphically Bd, = —0-455 and ae, = 5-65 
* For w, = 0, d, = 1-5845, «, = 2-2270. 
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TABLE 3. Kerr effects and refractive indexes for solutions in benzene * 
of vinyl acetate and polyvinyl acetates. 
Vinyl acetate Gelva V. 2-5 
10°'w, ... 242 2898 3097 4163 6439 8633 10°w, ... 800 1172 1278 1534 2147 3545 
10°AB ... — 0-010 0-013 0-014 0-028 0-033 10°AB... — 0-007 0-008 0-012 0-018 — 
10‘An ... —3 -—33 -—35 -—47 —73 -—77 10fAn... -—2 -3 -3 -4 -7 -ll 
whence 10’AB = 0-379w, + 0-185w,?; whence 10’7AB = 0-422w, + 19-3w,?; 
LAn/Sw, = —0-113 LDAn/Sw, = —0-029 


Gelva V. 1-5 Gelva V. 7 

105w, ... 775 1235 1591 1715 2101 2327 10'w, ... 709 1259 2230 3125 3625 4191 
10°AB ... 0-005 0-008 0-013 0-013 0-018 0-022 10°AB... 0-003 0-008 0-010 0-017 0-020 0-025 
10°w, ... 1664 1818 1885 105w, ... 1267 1420 1708 1824 2434 
10*An ... —6 —7 —T7 10‘An ... —2 -3 -3 -3 -—4 

whence 107AB = 0-415w, + 22-0w,?; whence 10’AB = 0-428w, + 3-7w,?; 

LAn/Sw, = —0-037 LAn/Sw, = —0-017, 
* For w, = 0, B, = 0-410 x 10-7, np® = 1-4973. 


TABLE 4. Dielectric constants and densities for solutions in benzene * 
of vinyl acetate and polyvinyl acetates. 


Vinyl acetate 
940 1160 1210 1400 1522 1687 
0-87402 0-87404 0-87409 0-87406 0-87410 
23075 23157 23172 23242 23293 2-3349 


whence >) Ad/Sw, = 0-0187; SAe/Sw, = 3-710 
Gelva V. 1-5 
1235 1660 1883 2237 


0-87670 0-87768 0-87823 0-87902 - 
2-3166 2-3329 2-3400 2-3525 


whence }Ad/Sw, = 02343; SAc/Aw, = 3-594 
Gelva V. 2-5 
800 953 1172 1476 1534 2027 2147 


0-87568 0-87609 0-87656 —_— _— 0-87857 —_ 
2-2999 — 23136 2-3222 23243 2-3416 2-3444 


whence }Ad/Yw, = 0-2346; SAc/XIw, = 3-415 
Gelva V.7 
1267 1420 1708 1824 2434 


0-87675 0-87721 0-87790 0-87815 0-87965 
2-3148 2-3204 2-3320 2-3351 2-3569 


whence >Ad/>\w, = 0-2385; Ac = 3-246w, + 9-83w,? 
* For w, = 0, d, = 0-87380, ¢, = 2-2725. 





5. Specific polarisations and specific Kerr constants of vinyl 
and polyvinyl acetates at infinite dilution. 


(€;)w,=0 (B)w.= 0 Y (S)ws=0 cos (C-C.) (sy) x 10" 
Solvent: Carbon tetrachloride 
Monomer 6-48, — 0-749, — 0-082 6-81 1-007 0-04, 
Gelva V. 1- 6-38, —0-311, +0-026 16-1 0-917, 0-10, 
Gelva V. 2-5 6-34, — 0-309, +0-013 16-6 0-911, 0-11, 
Gelva V. 7 5-65, — 0-287, -- -- 0-834, _— 


Solvent: Benzene 
Monomer 3-71, 00214 —0-075 0-924 1-031 0-01, 
Gelva V. 1-5 3-59, 0-2681 — 0-025 1-01 0-925, 0-00, 
Gelva V. 2-5 3-41, 0-2685  —0-019 1-03 0-891, 0-01, 
Gelva V. 7 3-24, 0-2729 —0-012 1-04 0-858, 0-02, 
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DISCUSSION 


Apparent Dipole Moments.—These are partly shown in Table 7, in which distortion 
polarisations have been taken as the R,’s deduced from the refractive indexes and densities 
given in Tables 1 and 3. For the pure monomer (n,” 1-3949, d,?° 0-9287) Rp is 22-22 c.c.; 
11 with pP = 1-05 Rp the moment of vinyl acetate would appear as 1-76 D in carbon tetra- 
chloride and as 1-7, D in benzene. (Usually solvent effects * cause yom, to exceed ppenzene 
slightly, but in the present case the conformation of the solute may not be quite the same 
in both media.) Sakurada and Lee * have reported the moment in benzene as 1-75 b. 


45 








‘91 
025 TABLE 6. Molecular anisotropy of vinyl acetate at 
infinite dilution tn carbon tetrachloride. 
EG  -eencescuscechwesenane 3212 5993-5 8255 10,827 13,385 
SOM 1 c2cc6. .calsscld. 17-01 31-04 42-75 56-89 71-46 
whence AA,, = 0-5054/, + 0-20/,* and, with D = 0-6592, ,,8,? = 25-5 x 10-3 
TABLE 7. Polarisations and apparent moments. 
| Monomer V. 1-5 V. 25 Wee 
DO WA, sikcbtiiid ail. hdetii eed hiadindis 86-1 10,000 18,000 45,000 
In carbon tetrachloride ; 
Specific refraction © (C.C.)  .........seceseeceeee 0-2745 0-234 0-230 — 
pt ORMD Cokes nctiksiivils dis bende 63-1 6-83 x 10° 12:3 x 108 _ 
recht A NEES APR Neel 1-7, 18-3 24-5 _ 
In benzene 
Specific refraction * (c.c.) 0-285 0-231 0-234 0-237 
RMOMEE  inrccuitochanses ; 64-3 69x 10? 11-8 x 10% 27-9 x 108 
IN ccc sceuanishiniinicasamiaiiade 1-7, 18-4 24-0 36-9 
* Computed from the f and y values in Table 5. 
The Japanese authors also examined two polyvinyl acetates, of mol. wt. 24,200 and 
45 60,000, finding moments of 28-7 and 44-4 D, respectively. That their results and ours 
“ys are harmonious is shown by the fact that the four apparent moments from Table 7 and those 


from Sakurada and Lee form a smooth curve when plotted against log M. The total 
results can be represented by the equation: ~ = 18 —9-8L + 8-5L? where L = 
log (Mpoiymer/M monomer): A comparison of calculated with observed moments is given in 
Table 8. 


TABLE 8. Moments of polyvinyl acetates calculated as 1-8 — 9-8L + 8-5L?. 


Mok: wt. of pobyater .....cctidiiiecccse 10,000 18,000 24,200* 45,000 60,000 * 
IE) | os shite ccetFlasevcccssdtindibedeceses 17-8 24-8 28-8 38-0 42-6 
PRE) ceccccsrccgnecanecnsseepaboacseasede 18-3—18-4 24-0—24-5 28-7 * 36-9 44-4* . 


* From Sakurada and Lee.‘ 


An a priori approach to the polarities of these polymers may be made following 

10% Debye and Bueche® who considered a flexible chain of carbon atoms from alternate 
members of which a dipole moment uy acts at angles 8 and y respectively to the preceding 

and succeeding C-C bonds. Rotations around valency directions were assumed to be 

“ free ’’ save for restrictions imposed by interatomic distances and angles. With B = 70° 

and y = 110°, 7? = 0-92 my,?, where » is the number of dipoles on the chain. In the present 

cases the repeating units may each be likened to ethyl acetate and uy» accordingly taken ® 

as 1-8D; predicted moments for the polymers listed in Table 8 are then obtained as 18-6, 

25-0, 28-9, 39-5, and 45-6 p. Comparisons with the i’s observed are satisfactory and suggest 


) _ * Wesson, ‘‘ Tables of Electric Dipole Moments,”” Technology Press, Massachusetts Inst. Technology, 
8. 
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that flexibility of the polyvinyl acetates exceeds that of the polystyrenes ' or the poly-p- 
chlorostyrenes,® for both of which series the quantity 72/my,? has been shown by experiment 
to be ca. 0-56, or for the polyvinyl chlorides,’ for which the factor is ca. 0-75. 

Anistropy of the Polyvinyl Acetates—From the ,(.K,)’s in Table 5 a small increase 
in anisotropy with molecular weight may be inferred; however, calculations indicate this 
effect to be extremely slight in terms of molecular semi-axes. Assuming that b, > b, = b,, 
the differences, 103(6, — b,), would only need to be ca. 0-002, 0-004, and 0-006 for Gelva’s 
1-5, 2:5, and 7 respectively to yield specific Kerr constants of the order found. Since 
total polarisabilities appear from the observed refractions to be 275, 501, and 1268 x 10° 
c.c., it is clear that these polyvinyl acetates behave in benzene or carbon tetrachloride 
as near-isotropic solutes. 

Present results can be understood if the dissolved species adopt roughly globular forms 
having easy deformabilities. For a macromolecular ball, isotropy is to be expected; as 
M is increased, solvent impacts and solute-solvent forces should become more effective 
and make the mean conformation less isotropic; the imposition of external distorting 
influences should be detectable. The first two of these predictions are in accord with 
the data of Table 5, the third with observations by Hartmann and Jaenicke ® (who found 
the dielectric constants of polyvinyl acetate solutions under streaming conditions to 
rise from the values at rest, and in a way which was strongly dependent on the flow 
gradient). 

Conformation of Vinyl Acetate Monomer.—The molar Kerr constant of vinyl acetate 
is small (3-6, x 107 in carbon tetrachloride; slightly less in benzene; cf. Table 5). The 
larger value, together with _8,? = 0-0255 (Table 6), gP = = 20-78 c.c. [calc. by totalling 
semi-axes of constituent bonds (cf. Table 9), this uP is 0-935Rp, which is reasonable], 
and Uresuitant = 1-76 D (Table 7) yields: 


103, = 0-823, 1073, = 0-985, 105, = 0-663 


(provided that presuitans acts along the 6, direction). The problem is now to reconcile 
such data with others computed a priori from the longitudinal, transverse, and “ vertical ” 
polarisabilities of the various bonds occurring in vinyl acetate. These are listed, together 
with certain geometrical details, in Table 9. 


TABLE 9. Anisotropic polarisabilities of bonds,* 
and intervalency angles used in calculations. 


C-H Cc-O C=O Cc-C cc 
0-081 0-230 0-099 0-280 
0-039 0-140 0-027 0-073 
0-039 0-046 0-027 0-077 
Ref. 10 Ref. 11 Ref. 10 Ref. 12 


* The suffixes L, T, and V are explained on p. 300 of ref. 9. 


Angle Me-C=0 taken f as 116°, cf. Me-CO,Me Angle O=C-O taken ¢ as 124°, cf. Me-CO,Me 
oe COG ‘ 113° os » Oct “ 121-5 ,, (CH,:CH),O 
+ Details for methyl acetate and divinyl ether, from ref. 13. 


Inspection of models shows, of course, that a large number of conformations are possible 
between certain extremes, six of which are indicated by (I) to (IV) and Figs. A and B. 


? Fuoss, J. Amer. Chem. Soc., 1941, 68, 2410. 

* Hartmann and Jaenicke, Z. phys. Chem., 1956, 6, 220. 

® Le Févre and Le Févre, Revs. Pure Appl. Chem., 1955, 5, 261. 
10 Le Févre and Le Feévre, J., 1956, 3549. 

" Le Févre, Le Févre, and Rao, J., 1959, 2340. 

12 Bramley, Le Févre, Le Févre, and Rao, J., 1959, 1183. 

#8 Allen and Sutton, Acta Cryst., 1950, 3, 46. 
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None of the planar forms gives predictions of molecular semi-axes of ,,K’s which corre- 
spond to those from experiment (see Table 10). The molar Kerr constants calculated for 
them are all too large. 





CH; CH; CH; CH; 
‘c=o ‘cxo ‘c=0 CH ‘c=0 
of of cH-0” SN f 
4 ¢ ‘ CH-O 
on CH=CH, CH, 

CH, (I) (II) (III) (IV) 





Fic. A has C=C bond as full lines, Fic. B as 
broken lines; in both Figs. planes ABCD and 
A’B’C’D’ are orthogonal, the C=O axis is normal 
to A’B’C’D’ which contains the O-CH:CH, tri- 
angles, and b, is taken parallel to by°=° 











‘ 


A 


To produce a }, of the order of that found the longitudinal polarisabilities of C=O 
and C=C need to be more at 90° to one another than they are in types (I)—(IV). Non- 
planar forms are therefore indicated, and of those tried the form A offers most promise. 
This is generated from (I) by twisting the CH,=CH-O triangle about the acetyl-oxygen 


TABLE 10. Semt-axes and molar Kerr constants 
expected for models (I) to (IV) and A and B. 


Structure 10%, 10%, 10%, 10,."*K (calc.) Structure 10%, 10%, 10%, 10'2,,K (calc.) 


I 0-870 0-987 0-612 29-9 IV 0-890, 0-967 0-612 41-8 
II 1-038 0-819 0-612 118 A 0-823 1-004 0-642 4-9 
III 0-947, 0-926 0-612 68-1 B 0-823 0-851 0-795 0-1 


bond, and the CH,=CH group about the vinyl-oxygen bond, until the CH,=CH-O unit 
lies in a plane perpendicular to that containing the O-CO-Me fragment, and normal to the 
C=O long axis. Conformations A or B differ in that the olefinic linkage is disposed either 
trans or cis to a line at 34° to the Ac—-O bond (see diagram); in both the vinyl-oxygen 
bond is at ca. 28° to the direction of by°. 

Table 10 shows that A or B leads to a calc. b, identical with that from experiment, 
but consideration of the 6,’s and },’s strongly favours form A, which we accordingly 
propose as the effective conformation of vinyl acetate under our conditions. 


The authors thank the Polymér Corporation Pty. Ltd. and Monsanto Chemicals (Australia) 
Ltd. 


University oF SyDNEY, N.S.W., AUSTRALIA. (Received, July 13th, 1959.] 
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362. Molecular Polarisability. The Anisotropies of Diphenyl- 
polyenes. 
By R. BRAMLEY and R. J. W. LE FEvre. 


The molar Kerr constants for the four molecules Ph:[CH‘:CH],°Ph with 
nm = 1—4 are reported. Results are discussed on the assumption that 
exaltations of polarisability occur predominantly along the directions of 
bmax.; On such a basis, a priori estimates of ,,K may be made from the semi- 
axes known for isolated (non-conjugated) bonds. Enxaltations of Dymay 
appear as linear with the cube of the length of the “‘ bisector axis ”’ (which 
joins the mid-points of the bonds of the polyene chain); they may also be 
empirically connected with A», of the K-band by the equation: 


10? Abmax. = 9°762 X 1077(Amax. — 206)3. 


THIS paper continues a study of the polarisability ellipsoid of the C=C bond. Bramley, 
Le Févre, Le Févre, and Rao? reported semi-axes as by, °° = 0-280, 6,°° = 0-073, and 
by®° = 0-077 (all 10-3 c.c.). Although these were drawn from the particular case of 
1,1-dichloroethylene, they appeared to be satisfactorily applicable to isolated C=C links in 
other molecular environments. They are not expected to be usable in conjugated systems. 
To explore the effects of conjugation, measurements have now been made on the first four 
members of the «w-diphenylpolyene series, Ph:-[(CH=CH],°Ph, where » = 1—4. Examin- 
ation of homologues higher than these is prevented: by low solubility. 


EXPERIMENTAL 


Solutes.—Stilbene, prepared from benzylmagnesium chloride and benzaldehyde, as in ref. 2, 
had m. p. 124—124-5°. 1,4-Diphenylbutadiene, obtained by a Perkin reaction, with decarboxyl- 
ation, from redistilled cinnamaldehyde and phenylacetic acid, had m. p. 152-5—153-5° after 
four recrystallisations from 3:5 benzene-ethanol. 1,6-Diphenylhexatriene was difficult to 
purify when made from cinnamaldehyde through hydrocinnamoin; * Ismail and Schénberg’s 
directions, however, gave pale-yellow crystals, m. p. 200° (from benzene). 1,8-Diphenyl- 
octatetraene was prepared from litharge, succinic anhydride, and cinnamaldehyde as reported 
by Kuhn and Winterstein.* Instead of cooling the reaction mixture to 40° k as suggested, it 
was allowed to cool to room temperature and the solid filtered off and washed with ethanol. 
The amount of the tetraene thus lost was less than 5% of the total yield (tested by extraction 
and washing processes on the filtrate). Two crystallisations from chloroform then gave golden- 
yellow leaflets, m. p. 232°. 

Solvent—Commercial ‘‘ Benzol cryst.’’ from local sources was shaken with successive 
amounts of concentrated sulphuric acid until the latter no longer acquired colour. It was then 
refluxed over aqueous sodium hydroxide for 8 hr., dried with phosphoric oxide, and distilled 
on to sodium wire, with which the purified solvent was stored until required. 

Solutions were made up and handled as far as possible in a weak light, to reduce any 
likelihood of photo-isomerisation of the otherwise “‘ all-trans ’’ solutes.® 

Apparatus, Procedures, Observations, etc.—Normal routines have been followed; they are 
described in references cited by Bramley et a/.1_ Observations are listed under usual headings 
in Table 1; they lead to quantities listed in Table 2. 


1 Bramley, Le Févre, Le Févre, and Rao, J., 1959, 1183. 

2 “ Organic Syntheses,” 17, p. 90. 

* Kuhn and Winterstein, Helv. Chim. Acta, 1928, 11, 89, 96. 
* Ismail and Schénberg, /J., 1945, 200. 

5 Wyman, Chem. Revs., 1955, 55, 625. 
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TABLE 1. Observations on aw-diphenylpolyenes in benzene * at 25°. 


trans-1,2-Diphenylethylene in benzene. 
529 1397 2282 2526 2713 3050 4540-5 5162 
2-2752 2-2783 2-2814 2-2830 2-2832 2-2846 2-2908 2-2933 
0-87449  0-87573 0-87684  0-87732 0-87764  0-87801 0-88010 0-88107 
7 19 33 36 39 44 66 76 
0-016 0-051 0-076 0-084 0-088 0-103 0-168 0-190 
Whence DAe/dw, = 0-404,, DAd/S iw, = 0-1395, DAn/Yw, = 0-144,, 10° LAB/Sw, = 3-49,. 


1,4-Diphenylbutadiene 
1106 1155 
2-2774 2-2780 2-2784 
0-87470 0-87475 0-87475 
928 1097 1493-5 2274 3081 4057 4223 5846 
19 24 31 48 64 84 90 121 
0-103 0-130 0-213 0-278 0-368 0-392 0-535 
Whence Ae/Yw, = 0-502, SAd/Sw, = 0-0881, YAn/Sw, = 0-209,, 107 AB/Sw, = 9-17. 


1,6-Diphenylhexatriene 
162-2 176-2 229-0 
2-2740 2-2738 2-2743 
0-87400 0-87402 0-87408 


3 5 6-5 
0-024 0-028 0-039 
Whence > Ae/Yw, = 0-78, DAd/Yw, = 0-134, DAn/Yw, = 0-26,, 10° LD AB/Yw, = 16-7. — 
1,8-Diphenyloctatetraene 
69-1 75-7 78-8 79-2 94-5 
2-2742 2-2741 2-2741 2-2741 2-2742 
0-87409 0-87394 0-87407 0-87409 0-87401 0-87427 
37-5 44-8 58-7 65-3 77:3 78-5 100-5 
2 2 3 3 4 4 5 
0-013 0-019 0-027 0-023 0-024 0-029 0-034 


Whence > Aze/Sw, = 2:04, SAd/Yw, = 0-384, YAn/Sw, = 0-49,, 107 AB/Sw, = 36-8. 
* For wy = 0, €4, = 2:2725, dy, = 087378, 4, = 1-4973, B = 0-410. 


TABLE 2. Calculation of polarisations, molar Kerr constants, etc., for Phy[CH=CH],°Ph 
in benzene at 25°. 
aE) B td ooPs (c.c.) 10" .(mKX2) 
0-405 0-159, 0-096 65-3 124 
0-502 0-100, 0-140 22- 82-7 357 
0-777 0-153, 0-177 . 101-0 692 
2-04 0-439, 0-332 of 148-4 1740 


DISCUSSION 


Exaltations of Polarisabilities—The molar Kerr constants for these polyenes increase 
more rapidly with » than would be expected from additivity; for the first three members 
they may be roughly expressed by 10",,K = 41 + 79n?, which corresponds, when » = 0, 
1, 2, or 3, to 41, 120, 357, or 752 respectively. Biphenyl with ,.(nK,) = 40-5 x 10°? 
(ref. 6) can thus be brought into line with the present work, although the case of the 
octatetraene (,,K’s forecast and observed: 1305 x 10° and 1740 x 10°) appears 
unsatisfactory on this basis. 

Qualitatively such facts are attributable to the considerable exaltations of polarisability 
which occur with highly conjugated molecules.? Molecular-refraction data for stilbene,® 
diphenylbutadiene,® and hexatriene® show Ryys — Rete to be ca. +645, +149, and 

* Chau, Le Févre, and Le Févre, J., 1959, 2666. 

St “* Structure and Mechanism in Organic Chemistry,’’ Cornell Univ. Press, New York, 1953, 
p. Lae 


8 Chilesotti, Gazzetta, 1900, 30, I, 149. 
* Smedley, J., 1908, 98, 376. 
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+24-2 c.c. («-line); these indicate exaltations of mean molecular polarisability of about 
0-25, 0-59, and 0-96 x 10° c.c.; for the octatetraene present measurements give an Rp 
near 124 c.c. (low solubility causes some uncertainty) so that, Ra, being 85-5 c.c., an 
exaltation of 1-52 x 10° c.c. follows: this seems reasonable. It is thus probable that to 
some extent the C=C bonds in these molecules have lost their identities, and the x-electrons 
become part of a delocalised system; nevertheless, in attempting an analysis of our results 
we must separate the exaltation of polarisability due to conjugation from the polarisability 
of an “‘ isolated ’”’ C=C bond, although such an approach differs from that of most theoretical 
workers,!*!2 who treat the o- and x-electrons independently. Admittedly the latter is 
the more obvious scheme, but unfortunately it is not experimentally possible. 

For our purposes details of molecular geometry are assumed to be similar to those used 
by Zechmeister and Le Rosen for the stereoisomers of diphenyloctatetraene; some 
recently available data differ slightly from those of Zechmeister ef al., but the 
discussion below is not significantly affected thereby. We take the diphenylpolyenes 
as planar, although in the crystal the aromatic rings may be a few degrees out of the plane 
of the polyene zig-zag.1#5 

To begin a quantitative comparison of the experimental and calculated anisotropies 
it is first necessary to decide on a suitable direction for b,x. Polarisability semiaxes of 
isolated bonds and of the phenyl group are adopted as follows: 


C-H C-C C=C C,H; 
BO, Keanacsicescsenees 0-064 0-098, 0-280 1-05 
ts, Oe 0-064 0-027, 0-073 1-05 
DEP: ciivasevenbacaesnt 0-064 0-027, 0-077 0-669 
DOIG cccscccvcccecsenes Methane *° Cyclohexane 1” Vinylidene dichloride Benzene 


and inter-atomic distances in these polyenes accepted from ref. 13 as: carbon-carbon in 
the [C,H,], chain, 1-33 A and 1-46 A alternately; carbon—phenyl-carbon, 1-44 A, and 
Ca:-C,, in each phenyl ring, 1-39 A; the angles between the links of lengths 1-33 and 1-46 A 
being 124-2° throughout. 

If resonance is ignored and the above b’s for the bonds are used with the geometry 
stated, the ,,K’s to be expected may be calculated for three alternative dispositions of 
bax. (=6,): (a) supposing that ), lies along the 4,4’-axis, (b) supposing 0, to be parallel 
to the C-C bonds, or (c) supposing }, to be directed along a line joining the mid-points of 
the bonds of the polyene chain—the “ bisector axis’ in what follows. An attempt has 
also been made to calculate the position of bmx by expressing it in terms of an angle y 
between its direction and that of the C-C bonds in the molecule. By differentiation we 
obtain tan 2y = 0-1928n/(0-0712 — 0-0041n) from which y emerges as 35-2°, 40-2°, 42-5° 
and 42-8° for = 1—4, and approaches 45-4° for » = o. However, since resonance 
affects both C-C and C=C bonds, such a solution is unrealistic. 

The 10",,K’s calculated for the three cases are given below; for comparison, the four 
m’s from experiment are shown in the right-hand column: 


n a b c ait 

1 43-9 43-4 44-7 124 
2 58-5 57-1 61-5 357 
3 73-8 72-4 81-6 692 
4 97-0 89-6 105-2 1740 


10 Bolton, Trans. Faraday Soc., 1954, 50, 1261, 1265. 

11 Mueller, J. Chem. Phys., 1954, 22, 120. 

12 Davies, Trans. Faraday Soc., 1952, 48, 789. 

18 Zechmeister and Le Rosen, J. Amer. Chem. Soc., 1942 64, 2757. 
4 Dreuth and Wiebenga, Acta Cryst., 1955, 8, 755. 

18 Sutton, Chem. Soc. Special Publ. No. 11, 1958. 

16 Watson and Ramaswamy, Proc. Roy. Soc., 1936, A, 156, 144. 

17 Le Feévre and Le Févre /J., 1956, 3549. 

18 Idem, J., 1954, 1577. 
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In all instances the ,K’s predicted are too small. Because basis (c) leads to the largest 
estimates, we select the “ bisector axis ”’ as the direction for 6,, and note that the calculated 
ellipsoids for (c) are specified as follow: 


n 10%, 10285, 1028, n 10%, 10%, 10%, 
1 2-628 2-433 1-598 3 3-514 3-017 2-063 
2 3-071 2-725 1-830 4 3-957 3-309 2-295 


The ‘‘ bisector axis ’’ seems a reasonable line along which to measure Dngx. since it should 


correspond to the electromeric shifts, formulated as c= F and producing 
the mesomeric state. 

To proceed further requires approximations and assumptions: (i) that the exaltations 
are entirely along b, with no corresponding changes in 8, or bs, (ii) that polarisability data 
for the bonds concerned remain constant throughout the homologous series, and (iii) that 
bond lengths and angles are also the same from molecule to molecule. 

There are two ways of deducing b,x, when b, and 8, are known from calculations. 
From .,(mA,) may be derived ¢ = (b, + 5)? + (b, — 05)? + (6, — 0,)?. Molar refractions 
give A = 6, + 6,+ 63. Thus: 


bums. = [(bz + bs) + (26 + Gdgb, — 3b," — 3bg%)°5)/2 
or buax. = A — (by + dy). 


Results are as listed: 
From ¢ From 0:95Rp 1073(Abmax.) 


for n = 1, 105d... = 3-41 3-38 0-78, 0-75 
en ‘s = 4-70 4-81 1-63, 1-74 

3 = 6-24 6-33 2-73, 2-82 

4 = 8-64 8-34 4-68, 4:39 


Under Abyax, are given the exaltations, computed as Dots. — Dcaic., drawn from ¢ or A 
respectively for each polyene. Values close to these (0-77, 1-77, 2-88, 4:58 x 10°%) are 
also obtained if all the exaltations in R (6-45, 14-9, 24-2, 38-5 c.c.) are regarded as operating 
in the 6, direction only. ; 

Exaltation and Molecular Dimensions.—Davies™® has used the simple molecular- 
orbital method of describing the z-electron behaviour of a conjugated system, the general 
case of a long all-trans-polyene being considered. His calculations for the x-electron 
polarisability of molecules containing from 1 to 20 double bonds, beginning with ethylene, 
lead to asymptotic expressions connecting this polarisability with the cube of the length 
over which the x-electrons are free to move. The zx-polarisability becomes far more 
important than the o-polarisability as the chain length increases, although the contribution 
of the latter is not less than 1% until the chain-length has reached 50 atoms. 

Accordingly for the instances now under study we write: 


a oe >) et 


where b, includes both the o- and the isolated x-polarisabilities, k is a constant, and / is the 
distance between the 4- and the 4’-position projected on to the bisector axis. For the 
aw-diphenylpolyenes, | = (6-25 + 2-47n) A. We thus have four pairs of equations, Abmx. = 
kB, from which k emerges as follows (if / is in cm. and polarisabilities are x 10” c.c.): 


n 1 1 2 2 3 3 4 4 
Abuses, «..... 0-78 0-75 1-63 1-74 2-73 2-82 4-68 4-39 
Be Sikkistisscce 8-72 8-72 11-19 11-19 13-66 13-66 16-13 16-13 
__ 1-18 a 1-16 1-24 1-07 1-ll 1-12 1-05 


The mean & is 1:13 x 10; by using it, exaltations in bmx, are computed as 0-75, 1-58, 
2:88, and 4-74 x 10° c.c. respectively. 


” Davies, Trans. Faraday Soc., 1952, 48, 789. 
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Exaltation and dmx of K-Band.—Braude * noted that the wavelengths of maximum 
absorption for the K-bands of conjugated hydrocarbons show a straight-line relation with 
the “‘ chromophore lengths ” in the molecules concerned; he chose as the axes for these 
lengths those of the dipolar excited states (4,4’-line). However, the use of such lengths in 
the extraction of k from Abysx, produces inconstant values (0-8, 1-2, 1-0, 1-8 « 10°); for 
our purposes the bisector axis lengths appear superior. In conjunction with spectral 
data ** (Amax. = 295, 328, 349, 375 my for diphenylpolyenes with n = 1, 2, 3, 4 respectively) 
and the appropriate bisector axis lengths 7, we find Ams. = 206 + 10-51 (giving calc. 
Amax. = 298, 324, 349,375 my). The exaltation of polarisability may therefore be rewritten 
as: 

10™Abssx, = 9-762 X 107(A4max — 206)® . . . . - (D) 


(when 2 is inserted as mz). Calculated values are: 


for n = 1, 10* Abas. = 0-69 (obsd. 0-78, 0-75) 
” , ” = 1. » 1°63, 1-74 
0 ea = 285 ,, 2-73, 2-82 
» 0 = 471 4-68, 4-39 


Calculation of »K’s from Bond Polarisabilities—On the basis of the assumption that 
exaltation occurs predominantly with b, we now have, through equations (1) or (2), two 
routes by which molecular semi-axes should be predictable from known polarisabilities 
of isolated bonds applied appropriately to the geometry of the structures concerned. The 
following is the situation for the four polyenes of this paper: 


n 1 2 3 4 
oe | eee 2-63 3-07 3-51 3-96 
A ED an aedececbascccavqupenpess’ 3-38 ' 465 6-39 8-70 
_» 2 & eer 3-32 4:84 6-36 8-67 
oe OE SN rarer 243 -- 2-72, 3-02 3°31 
me 4 | I ee: 1-60 1-83 2-06 2-29, 
10'3,,K (No exaltn.) .......-..cs00-----. 45 62 82 105 
gt eS ae : 119 311 775 1777 
PEE TE sccevveseasssscsrcns bes 111 358 764 1759 
10!2,,K (observed) 124 357 692 1740 





Consideration of the last four lines shows the very substantial improvement in the a priori 
computation of ,K’s made possible by the means introduced above: in the two worst 
cases the ,K’s predicted from Amax, and link data are ca. 10% from those measured, while 
in the two best, disagreement is scarcely 1%. 

Conclusion.—Present indications are therefore that the tensorial additivity of bond 
polarisabilities can be usefully retained for conjugated structures, provided it is accepted 
that exaltations of polarisability occur predominantly in those directions along which 
electromeric effects are expected by theory to be most easily transmitted; the polyenes 
thus provide further instances of the phenomena noted in refs. 18 and 22, and by Ingold 
on p. 137 of ref. 7. 


This work was started during the tenure by R. B. of a Research Scholarship provided by 
Beetle-Elliott Pty. Ltd. of Sydney to whom grateful acknowledgment is made. 


UNIVERSITY OF SYDNEY, N.S.W., AUSTRALIA. [Received, August 5th, 1959.) 


#0 Braude and Nachod, “‘ Determination of Organic Structures by Physical Methods,” Academic 
Press Inc., New York, 1955, p. 149. 
21 Braude, Ann. Reports, 1945, 42 105. 
22 Le Févre and Rao, J., 1958, 1465. 
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363. Molecular Polarisability. The Molar Kerr Constants of 
Phenol and its p-Methyl, Chloro-, Bromo-, and Nitro-derivatives. 
By R. J. W. Le Févre and A. J. WIiams. 


The apparent dipole moments, molar Kerr constants, and certain other 
properties of the compounds mentioned in the title have been measured at 
25° in carbon tetrachloride or benzene. Semi-axes of the corresponding 
polarisability ellipsoids are calculated, various bond data being used from 
previous work, and compared with results from experiment. Measurement 
and prediction are reconcilable if (a) in phenol and #-cresol the O-H link 
lies effectively slightly out of the plane of the Ar ring (either vibrating above 
or below this plane, or adopting fixed conformations, thus making the solutes 
mixtures of conformational isomers), and the resultant moments act at 60° 
or more to the C—O directions; and (b) in the other three compounds the 
molecules are effectively flat, and the resultant moments act at angles of ca. 
45°, 37°, and 5° to the C—O direction. 


As a result of recent work on the n-alcohols it became of interest to enquire whether 
conclusions drawn therefrom regarding the polarisation and polarisability of the C-O-H unit 
could be applied satisfactorily to phenols. Accordingly, appropriate measurements were 
instituted on the five solutes named in Tables 1—3, and are here reported and discussed. 


Experimental.—Materials and procedures. The solutes were redistilled or recrystallised 
immediately before use, steps being taken to keep them anhydrous. Benzene and carbon 
tetrachloride, as solvents, were also dry, being stored over sodium wire or calcium chloride 
respectively. Apparatus, procedures, methods of calculation, etc., were those standard among 
the Sydney group.” 

Results—These are recorded under usual headings (see refs. 2—4 for definitions, explanations, 
etc.) in Tables 1—3. 


TABLE 1. Kerr constants, refractivities, dielectric constants, and densities of 
mixtures containing weight fractions w, of solute at 25°.* 
Phenol in carbon tetrachloride 


Pw, ...... 253 448 507 ~ 644 802 887 1118 
re 2-2398 2-2496 2-2524 2-2591 2-2665 2-2710 2-2814 
1-58228 1-58107 1-58045 1-57952 1-57833 1-57780 1-57594 
10*Anp ... 4 6 6 7 10 13 _ 
Pm, «..... 1556 2470 2863 2879 3715 5541 
= 2-3021 2-3469 2-3678 2-3682 2-4124 2-5164 
Te ctiindees 1-57289 1-56632 1-56340 1-56222 1-55718 1-54442 
10*Anp ... 22 -- 41 42 53 76 

whence Ac = (5-15 + 0-02)w, + 24-3w,*; Ad = (—0-82 + 0-02)w, + 5-23w,?; SAn/Xiw, = 0-1394 
10*w, ...... 474 492 757 983 1076 1228 1525 1789 
10AB ... 0-018 0-015 0-027 0-036 0-040 0-051 0-062 0-068 


whence > (AB . w,)/Xw,? = 3-86,; DS AB/Sw, = 3-80, 
p-Cresol in carbon tetrachloride 


es «..... 549 709 786 1075 1277 1286 1567 
* og 2-2508 2-2577 2-2624 2-2745 2-2829 2-2830 2-2964 
ae 1-57981 1-57848 1-57767 1-57523 1-57364 1-57364 1-57107 
10Anyp ... 7 8 — — 18 18 _ 
1734 2133 2210 2391 3022 3112 4041 

_ 2-3040 2-3209 2-3259 2-3323 2-3619 2-3662 2-4118 
ae 1-56992 1-56648 1-56574 1-56446 1-55927 1-55865 1-55109 
10Anp ... 23 28 — 29 39 40 52 


whence Ac = (4-36 + 0-02)w, + 3-38w,?; Ad = (—0-872 + 0-003)w, + 1-24w,2; DAn/Sw, = 0-1294 





1 (a) Le Févre and Williams, J., 1960, 108; (b) ibid, p. 115; (c) Le Févre and Rao, J., 1960, 119; (d) 
Le Févre, Le Févre, Rao, and Williams, J., 1960, 123; (e) Le Févre and Williams, J., 1960, 128. 
* Le Févre and Le Févre, J., 1953, 4041. 
* Le Févre and Le Févre, Rev. Pure Appl. Chem., 1955, 5, 261. 
* Le Févre, Le Févre, and Oh, Austral. J. Chem., 1957, 10, 218. 
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TABLE 1. (Continued.) 


10°w, ...... 923 963 1099 1514 1551 1973 2153 3086 3129 3937 3939 
10°AB ... 0-021 0-025 0-028 0-041 0-038 0-047 0-054 0-075 0-076 0-093 0-095 


whence > (AB . w,)/.w,.? = 2-425; SAB/Sw, = 2-444. 
p-Chlorophenol in carbon tetrachloride 


105w, ...... 522 728 1128 1142 1153 1378 1427 
ee 2-2647 2-2788 2-3079 2-3075 2-3086 2-3257 2-3286 
’. eee 1-58253 1-58167 1-58039 1-58020 1-58025 1-57930 1-57938 
10*Anp ... —- — 15 — 15 — 21 
a ee 1629 1704 2440 2727 2754 3484 4333 
eae 2-3414 2-3472 2-3888 2-4078 2-4089 2-4508 2-4958 
GaP. . sseexe 1-57851 1-57820 1-57535 1-57456 1-57431 1-57188 1-56864 
10*Any ... 22 23 — 39 — 50 _- 
whence Ae = (7:41 + 0-03)w, — 28-2w,*; Ad = (—0-376 + 0-003)w, +- 0-23w,2; SAn/Sw, = 0-1408 
105w, ...... 346 516 780 937 1008 1180 1374 1483 2272 2594 
10°AB. ... 0-057 0-071 0-094 0-120 0-132 0-153 0-173 0-181 0-278 0-305 


whence (AB . w,)/Sw,? = 12:2,; SAB/Xw, = 12-5, 


p-Chlorophenol in benzene 


10°w, ...... 1637 2074 3131 3863 
pe 2-3466 2-3681 2-4188 2-4570 
Be  ccese 0-87839 0-87963 0-88267 0-88477 


whence Ae = (4-37 + 0-04)w, + 10-4w,2; Ad = (0-2795 + 0-004)w, + 0-13w,? 


p-Bromophenol in carbon tetrachloride 





a rer 468 960 1064 1216 1316 1573 1972 
 , pee 2-2516 2-2764 2-2822 2-2906 2-2940 2-3081 2-3289 
Mt. weees 1-58485 1-58527 1-58530 1-58541 1-58552 1-58574 1-58600 
10*Anyp ... 3 13 15 — -- 29 
10°w, ...... 2278 2311 2635 3026 4030 5504 
—  _—— 2-3438 2-3442 2-3580 2-3768 ° 2-4222 2-4869 

| 1-58638 1-58616 1-58652 1-58683 1-58757 1-58887 

10*Anp ... 33 -- ~— — .« —- —- 

whence Ac = (5-31 + 0-02)w, — 10-79w,?; Ad = (0-071 + 0-001)w, + 0-12,w,2; LAn/Sw, = 0-1330 
IPrws 20:2. 312 691 713 966 981 1194 1274 1553 
10°AB. ... 0-040 0-082 0-085 0-115 0-118 0-138 0-155 0-193 
104Anp ... ~- ~- 9 11 11 17 18 20 

whence }(AB . w.)/Sw,? = 12:0,; SAB/YSw, = 12-0, 

gs Se 575 589 625 708 922 1108 1446 
gilt ees 2-2926 2-2922 2-2936 2-2970 2-3053 2-3099 2-3238 
. Qo 0-87624 0-87622 0-87638 0-87649 0-87731 0-87841 0-87982 
10¢Anp ... 4 2 4 5 8 8 9 
4g Ee 1504 1527 1636 2142 2542 2742 4420 
tee 2-3249 2-3254 2-3279 2-3491 2-3648 2-3683 2-4272 
eer eee 0-88012 0-88015 0-88070 0-88241 0-88414 0-88530 0-89269 
10*Anp ... 7 9 8 12 14 17 22 


whence Ae = (3-50 + 0-03)w, + 0-61w,*; Ad = (0-403 + 0-004)w, + 0-53w,?; SAn/Sw, = 0-0574 


p-Nitrophenol in benzene 


10°w, ...... 347 424 517 532 643 701 712 748 759 
OT nian 2-3390 2-3563 2-3716 2-3759 2-4000 2-4085 2-4112 2-4228 2-4202 
ae 0-87496 0-87497 0-87550 0-87527 0-87599 0-87611 0-87611 0-87598 0-87620 
10*Anyp ... 4 --- _- — 6 7 — -- — 
IP wy, ...... 908 943 979 1073 1077 1113 1118 1151 
OF cman 2-4537 2-4532 2-4707 2-4877 2-4883 2-4984 2-4964 2-5102 
ee 0-87682 0-87672 0-87707 0-87730 0-87728 0-87745 0-87732 0-87766 
10*Anyp ... 7 — 8 9 10 10 — — 

whence Ac = (18-6 + 0-6)w, + 144-9w,?; Ad = (0-305 + 0-001)w, + 2-01lw,?; SAn/Sw, = 0-0617 
10°w, ...... 58 106 125 136 213 336 348 373 
10°AB. ... 0-050 0-109 0-120 0-130 0-209 0-347 0-380 0-376 
10*Any ... — oe _- — — —_— 3 — 


whence }(AB . w,)/w,? = 102-9; SAB/Sw, = 101-5. 


* Values at 25° when w, = 0 are (a) for carbon tetrachloride, « = 2-2270, d = 1-58454, mp = 
1-4575, B = 0-070 x 10-7; (b) for benzene, ¢ = 2-2725, d = 0-87378, np = 1-4973, B = 0-410 x 107. 
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TABLE 2. Total polarisations at infinite dilution, molecular 
refractions, and dipole moments calculated from Table 1. 


Solute Solvent (£3) = 0 (B)ws=0 awl. (c.c.) Rp (c.c.) p(p)* p (dD) t¢ 
C,H,-OH CCl, 5-15 —0-527 77-5 28-0 1-5, 1-5, 
Me-C,H,-OH cc, 4-36 —0-550 80-6, 33-4 1-5, 1-4, 
ClC,H,-OH CCl, 7-41 — 0-237 130-1 33-3 2-1, 2-1, 
# C,H, 4-37 0-320 135-5 32-7 2-2, 2-2, 
BrC,H,OH cc, 5-31 0-045 127-6 36-0 2-1, 2-055 
% C,H, 3-50 0-461 145-7 37-5 2-3, 2-2, 
NO,C,H,OH C,H, 18-6 0-349 517-5 37-7, 4-8, 4-8, 
* The distortion polarisation being taken as Rp, or ¢ as 1-05Rp. 
8 TABLE 3. Molar Kerr constants at infinite 
dilution calculated from Tables 1 and 2. 
Solute Solvent y 3* 5 ** eo(mK) * X 10 3(nK,) ** x 10 
C,H,-OH cCcl, 0-095 55-14 54-4, 38-1 37-6 
Me-C,H,-OH 0-088 34-6, 34-9, 27-6 27-7 
Cl-C,H,-OH % 0-096 175-2 178-9 166-4 170-0 
BrC,H,OH ne 0-091 172-4 172-2 221-3 221-0 
NO,*C,H,-OH C,H, 0-062 250-9, 247-7 2559 2524 
* (1/B,)D(AB . w,)/Xw,*; ** (1/B,)CAB/Sw,; corresponding values of .(mK;,) are similarly : 
asterisked. 
DISCUSSION 
Dipole Moments.—Earlier reported values for the present five solutes are not numerous 
and differ among themselves. They mostly refer to solutions in benzene, none to carbon , 
tetrachloride as solvent. The M.I.T. Tables 5 list ranges as follows: “ 
B (D) # (D) 
30 TNL. . . icicentomavannaniouiemnarssbeye 1-4—1-7 p-Chlorophenol .................004. 2-1—2-68 
SL. spsuvintsecdscnscnasberdecnous 1-57—1-64 p-Bromophenol .............seeee0 2-12,—2-86 
p-Nitrophenol .............cssscscees 5-01,—5-05 


In particular, our results may be compared with those of Donle and Gehrekens * who 
quote 1-57, 1-57, 2-22, 2-12;, and 5-02 D, respectively, for the above molecules. Anzillotti 
and Curran’? give » = 2-25 p for p-bromophenol. Both Fogelberg and Williams *® and 
Donle and Gehrckens ® record the moment of #-nitrophenol as slightly over 5 p. 

Molar Kerr Constants.—An analysis of the observed values of ,,K is difficult because 
the conformation of the hydroxyl group and the direction of action of the molecular 
resultant moment (vis-a-vis the principal semi-axes of polarisability) are not known with 
certainty. The following approach to the problem leads to conclusions which roughly 
" fit the data from experiment. 

Le Févre and Rao ® listed semi-axes for benzene, toluene, chloro- and bromo-benzene, 
and nitrobenzene. Since b,°-# = by°-2 = by°-# = 0-064 x 10° c.c., the corresponding 
) semi-axes for “‘ phenyl” or “ #-X-phenyl” are known. Le Févre, Le Févre, Rao, and 
0 Williams determined the semi-axes of methanol! as 0-315, 0-363, and 0-278 x 10°; 
subtraction of 3),°-% gives for the C-O-H fragment b, = 0-123, b, = 0-171, and b, = 
0-086 x 10°°3. If it is assumed that the respective semi-axes of the aryl group and the 
C-O-H unit are parallel, then estimates for the phenols emerge as in Table 4. 
: The totals, 4; (calc.) = b, + 6, + bs, computed on this basis, show satisfactory agree- } 
ment in the first four cases with }}, (obs.) drawn from electronic polarisations taken as 





si 5 Wesson, “ Tables of Electric Dipole Moments,”’ Technology Press, Massachusetts Inst. Technology, 
48. 
* Donle and Gehrckens, Z. phys. Chem., 1932, B, 18, 316. 
* Anzillotti and Curran, J. Amer. Chem. Soc., 1943, 65, 607. 
® Fogelberg and Williams, J. Amer. Chem. Soc., 1930, 52, 1356. 
* Le Févre and Rao, J., 1958, 1465. 


*. 
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TABLE 4. Predicted polarisability semi-axes. 
10735, 10755, 1073), 107) b; (calc.) 10°; (obs.) 


__ tf Fae 1-18 1-23 0-76 3-17 3-16 
Me-C,HyOH — .......ceesseeees 1-33 1-51 0-90 3-74 3-78 
2 PRS 1-54 1-36 0-84 3-74 3-76 
ae 1-74 1-41 0-91 4-06 4-07 
NO,°C,H,OH .......00cccceees 1-68 1-31 0-88 3-87 4:26 
PEO virscscseesdocttnne (2-07) 1-31 0-88 4-26 4-26 


0-95Rp, the values of Rp being those in Table 2. For #-nitrophenol do (obs.) — do (calc.) 
= 0-39 x 10% c.c. If, as previous work *™ suggests, such exaltation of polarisability 
occurs predominantly along the 1,4 direction, then the semi-axes in the last line of Table 4 
are probably more appropriate. The data of Table 4 correspond to values of 10°50, (the 
“anisotropy ” term in the molar Kerr constant) as follow: 


Fer 24 ClC,H,OH......... 47 Br-C,H,OH ...... 62 NO,C,HyOH ... 57 
Fp 3-5 NO,C,H,OH ... 129 


The problem now is the estimation of the 6,’s (the “‘ dipole ” terms in the ,K’s). When 
the resultant moment py, acts in the plane containing b, and b,, and makes an angle «° 
with the 5, direction, 0, is given by 


6, = (1/45k®7?)[(b, — 0,)(ux? cos® « — yu,” sin? «) + 
(by — Bg) (ve? sin® a) — (by — b,)(v-2 cos? «)] 


At the outset we thought « in phenol and #-cresol might be ca. 60° as in alcohols; * how- 
ever, this led to values of 8, which were too large (the sums, 0, + 6,, from experiment 
being ca. 9 x 10° for phenol and 7 x 105 for p-cresol). Angles less than 60° diminished 
the disagreement: 


« 60° 50° 40° 30° 0° 
a 10°59, (calc.) 15 14 13-3 12-5 11-4 
PS  (pecnnenas a 19 16-5 13-8 ll 7:3 


The nearest approach to the observed values of 6, is given when « = 0°, but from the 
natures of the two molecules concerned this cannot be a correct result. With the more 
polar para-substituted derivatives the dependence of 8, on « is marked, 0, increasing as 
« is diminished. Values of « in harmony with our measurements are as follows: 


a? 10°50, (calc.) 1095(6, + 8.) (calc.) 10°5(@, + @,) (expt.) * 
f 37 42 40—41 
GNI isciics.ccictavene 37 46 52 53 
NOC, HOH. ........000000 5 592 605 600—609 


* T.e., (9/20N) X oo(mK3)- 


That « might have such magnitudes in these three molecules seems credible; they are 
notably acidic, so that their X-C,H,-O portions are predisposed to become anions; two 
effects of this are predictable: the C-O-H angle may be increased (presumably in 
C-O-}H* the three atoms are collinear) and resonance of the kind X°C,H,O- <» 


X-C,H,=O will be favoured. Both effects will tend to move pes towards the 1,4 line; 
the presence in the 4-positions of groups having —M character will also assist the reson- 
ance mentioned. 

With all five solutes we have initially assumed that contributions from forms such 


as -C,H,=-OH cause the O-H bond to be coplanar with the Ar ring. Were this not so, 
however, for phenol and /-cresol an explanation of the foregoing unsuccessful calculations 
of 0, for these substances would be forthcoming. As an illustration, suppose the C-O-H 


10 Le Févre and Le Févre, J., 1954, 1577. 
1 Ref. 3, p. 301. 
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(1960) Williams. 1829 
ynit to be in a plane normal to the Ar ring in phenol and #-cresol, then with y, at 60° to 
b,, 10%, becomes —17-7 and —20-9 respectively; it is clear therefore that, as the O-H 
link is rotated about the C-O bond, out of the Ar plane, 6, will become less and less positive, 
and ultimately negative. There is of course no firm evidence that in these two molecules 
Uns is acting at 60° to 6,. A simple vector calculation shows that the moment of phenol 
1-53 p) needs to interact at 77° with the moment of toluene (0-34 D) to produce the resultant 
observed (1-49 p) for p-cresol. Use of 77° instead of 60° increases the negativities of the 
0,'s quoted. The observation of values of 6, lower than those calculated can thus be 
easily understood. Parallel considerations for the p-halogeno- and #-nitro-phenols are 
unnecessary because the quantities from experiment agree well enough with those from 
prediction and in no way suggest any need to reduce the latter. 


UNIVERSITY OF SYDNEY, N.S.W., AUSTRALIA. [Received, August 25th, 1959.] 


364. The Structure of Certain Polyazaindenes. Part VI4 The Struc- 
ture of Some Products obtained from 3-Amino-1,2,4-triazoles with 
Acetylacetone and Ethyl Acetoacetate. 


By L. A. WILLIAMs. 


It is shown that the reaction of acetylacetone with 3-amino-1,2,4-triazole 
and its 5-substituted derivatives in glacial acetic acid always involves reaction 
at position 2, giving 1,3,3a,7-tetra-azaindene derivatives. Evidence is pro- 
duced that under these conditions ethyl acetoacetate behaves similarly with 
3-amino-5-methylthio-1,2,4-triazole. 


Bitow and Haas® showed that 3-amino-1,2,4-triazole (I; R= H) condenses with 
acetylacetone in glacial acetic acid, to give a compound, m. p. 133° (136°), containing a 
condensed triazole system, to which they assigned structure (II; R = H), although the 
product could have had the isomeric structure (III). Bower and Doyle * found that, when 
formic acid is used to cyclise 2-hydrazino-4,6-dimethylpyrimidine * (IV), the product 
is identical with that of Biilow and Haas, and so concluded that it must be (III; R = H). 


Me-CO N NUN NO UN. 
32 + sg Sa a ah is 4 Ge’ 
‘Co SN WN 
Me (l) Me an Me al) 
In contrast to this they observed that 3-amino-5-phenyl-1,2,4-triazole (I; R = Ph) with 
acetylacetone in acetic acid gave a product, m. p. 174°, different from the compound, m. p. 
260°, obtained by dehydrogenation of benzaldehyde 4,6-dimethyl-2-pyrimidylhydrazone 
(V; R= Ph) with lead tetra-acetate in benzene. Since there is no ambiguity in the 
position of the nitrogen atoms of the hydrazone they assigned structure (III; R = Ph) to 
its dehydrogenation product, and structure (II; R = Ph) to the product from acetyl- 
acetone and the triazole. 

Our attempts to cyclise the hydrazine (IV) in refluxing formic acid, following Bower 
and Doyle’s method, were not successful, the only product obtained in any yield being 
diformylhydrazine. However, when ethyl orthoformate under neutral conditions was 
used to provide Cy) of the triazole ring, cyclisation resulted: it gave a dimethyltetra- 
azaindene, m. p. 168—169°, to which we assign structure (III; R =H). Similarly ethyl 

1 Part V, Allen, Reynolds, Tinker, and Williams, J. Org. Chem., in the press. 

2 Biilow and Haas, Ber., 1909, 42, 4638. 

* Bower and Doyle, J., 1957, 727. 

‘ — McOmie, and Timms, /J., 1952, 4691. 

00 
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orthoacetate gave a trimethyltetra-azaindene (III; R = Me), m. p. 207°, while carbon 
disulphide in pyridine gave a mercaptodimethyltetra-azaindene. These products are 
isomeric with those obtained by condensation of acetylacetone with 3-amino- (I; R = H), 
3-amino-5-methyl- (I; R = Me), and 3-amino-5-mercapto-1,2,4-triazole (I; R = SH) in 


M * NH-NH Z Nw M Ns NH-N:CHR 
~s . ad “™N. 
«i hag pee cmeye MS ig 9 
Z Y Z 
Me CS, Me Me 
(IV) (111) (V) 


acetic acid: these products, m. p. 136° (lit., m. p. 133°), 140°, and 236°, respectively, are 
considered to be the 1,3,3a,7-tetra-azaindene isomers (II). 

Allen et al.5 showed that 4,7-dihydro-6-methyl-4-oxo-1,2,3a,7-tetra-azaindene (VI) can be 
isomerised to the 1,3,3a,7-tetra-azaindene (VII) in refluxing formic acid. This re-arrange- 
ment under acidic conditions has been confirmed here for the simpler 4,6-dimethyl 
derivatives (III); when the products of the orthoester synthesis were heated in 100% 
formic acid, they isomerised to substances (II; R = H and R = Me) obtained from the 
acetylacetone condensation. 

It must be concluded, therefore, that in the reaction of formic acid with the hydrazine 
(IV) the 1,2,3a,7-tetra-azaindene, the primary product of cyclisation, is isomerised to the 
1,3,3a,7-tetra-azaindene as a result of the acidic conditions of the reaction. 

The two thiols (II and III; R = SH), with methyl iodide in aqueous-alcoholic sodium 
hydroxide at 45°, gave the same alkylthio-derivative, and this was identical with the 
compound (III; R = SMe) obtained by condensing acetylacetone with 3-amino-5-methyl- 
thio-1,2,4-triazole ® (I; R = SMe). Evidence that reactions of the methylthio-compound 
(I; R = SMe) in glacial acetic acid with 6-keto-compounds involve Nig) is obtained from 


H H H 
N N. N. JN N N 
Me - Me “a Me 7 “SMe 
) 


(V1) ° (vil) ° wit 


its reaction with ethyl acetoacetate.? Condensation might occur at Nig) or Nig, but a further 
pair of isomers is possible depending on whether the amino-group condenses with the 
ketonic or with the ester group; Fry,’ by analogy with Biilow and Haas who obtained a 
similar compound (VII) from the triazole (I; R = H), assigned structure (VIII) to this 
compound.* The correctness of structure (VIII) has now been established by the removal 
of methanethiol with Raney nickel, affording Biilow and Haas’s compound ? which Allen 
et al.1 proved to be correctly represented by (VII). It is impossible for compound (VIII) 
to have had a 1,2,3a,7-structure which rearranged during desulphurisation, since both the 
1,2,3a,7-compounds are known and are different. 

Thus when aminotriazoles (I) react with acetylacetone in glacial acetic acid, cyclisation 
always involves Ni) as assumed by Biilow and Haas, and not Ny) as stated by Bower 
and Doyle.” 

EXPERIMENTAL 
Microanalyses by Mr. C. B. Dennis. 


2,4,6-Trimethyl-1,3,3a,7-tetra-azaindene (Il; R = Me).—3-Amino-5-methyl-1,2,4-triazole 
(0-1 mole) and acetylacetone (0-1 mole) were refluxed together in acetic acid (50 c.c.) for 4 hr. 


* Fry assumed a hydroxyl group, but the infrared absorption indicates a carbonyl group. 
5 Allen, Beilfuss, Burness, Reynolds, Tinker, and VanAllen, J. Org. Chem., 1959, 24, 787. 
* Arndt and Milde, Ber., 1921, 54, 2089. 

7 Fry, B.P. 648, 185. 
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After removal of the solvent under reduced pressure, the product recrystallised from benzene— 
light petroleum (b. p. 80—100°) as needles, m. p. 140° (90%) (Found: C, 59-3; H, 6-8; N, 35-0. 
CyHyN, requires C, 59-3; H, 6-2; N, 346%). 

2-Mercapto-4,6-dimethyl-1,3,3a,7-tetra-azaindene (II; R = SH).—3-Amino-5-mercapto- 
1,2,4-triazole * (11-6 g.) and acetylacetone (10-0 g.) were refluxed together in acetic acid (50 c.c.) 
for 6 hr., during which the suspended matter appeared to crystallise. After chilling, the 
product was collected and recrystallised from water as needles, m. p. 260° (13 g.) (Found: 
C, 46-4; H, 5-2; N, 30-9; S, 18-3. C,H,N,S requires C, 46-6; H, 4-4; N, 31-1; S, 17-8%), 
Amax. 245 (log ¢ 4°233), 341 my (log ¢ 3-979). 

4,6-Dimethyl-2-methylthio-1,3,3a,7-tetra-azaindene (Il; R = SMe).—Acetylacetone (0-1 mole) 
and 3-amino-5-methylthio-1,2,4-triazole * (0-1 mole) were refluxed in acetic acid (50 c.c.) for 
6hr. After cooling, the product was precipitated by the addition of ether. It recrystallised 
from water as needles, m. p. 156° (70%) (Found: C, 49-2; H, 5-7; N, 29-2; S, 16-8. C,H, N,S 
requires C, 49-5; H, 5-2; N, 28-9; S, 16-5%). 

4,6-Dimethyl-1,2,3a,7-tetra-azaindene (III; R = H).—2-Hydrazino-4,6-dimethylpyrimidine 
(3 g.) was gently heated over a flame with ethyl orthoformate (15 c.c.) until distillation of 
alcohol ceased. After chilling, the product (2 g.) was collected. It formed colourless crystals, 
m. p. 168—169°, from benzene (Found: C, 56-2; H, 5-9; N, 37-6. C,H,N, requires C, 56-7; 
H, 5-4; N, 37-8%). 

3,4,6-Tvimethyl-1,2,3a,7-tetva-azaindene (III; R = Me).—This compound, obtained as in 
the previous case but with ethyl orthoacetate (5 c.c./g.) instead of ethyl orthoformate, formed 
needles (54%), m. p. 207°, from light petroleum (b. p.120—140°) (Found: C, 58-6; H, 6-5; N, 
34:3. C,H, N, requires C, 59-3; H, 6-2; N, 34-6%). 

3-Mercapto-4,6-dimethyl-1,2,3a,7-tetra-azaindene _ (III; R = SH).—2-Hydrazino-4,6-di- 
methylpyrimidine (3 g.) and carbon disulphide (3 c.c.) in pyridine (36 c.c.) were shaken for 10 
min., then heated on the steam-bath until the evolution of hydrogen sulphide ceased (ca. 2 hr.), 
poured into water (equal volume), and concentrated under reduced pressure until crystallisation 
commenced. The product was collected after chilling, washed with water, and obtained as 
yellow needles, m. p. 236°, from water in 77% yield (Found: C, 46-7; H, 5-2; N, 31-0; S, 18-0. 
C,H,N,S requires C, 46-7; H, 4-4; N, 31-1; S, 17-8%), with Amax 250 (log ¢ 4-204), 292 (log « 
3799), 347 my. (log e 3-787). 

Methylation of the Thiols (II and II1l; R = SH).—The compound (18 g.) in 10% sodium 
hydroxide solution (40 c.c.) and alcohol (40 c.c.) was shaken with methyl iodide (14-2 g.) for a 
few min., then heated at 45° for 1 hr. The solvent was removed in a vacuum and the product 
collected and recrystallised from water, to give needles, m. p. 156° alone or mixed with the 
sulphide prepared by the acetylacetone method [Found, for product from (II; R = SH): 
C, 49-2; H, 5-7; N, 29-2; S, 16-8; for product from (III; R = SH): C, 49-1; H, 5-2; N, 28-3; 
S, 16-7. CgHy N,S requires C, 49-5; H, 5-2; N, 28-9; S, 16-5%), Amax, 232 (log ¢ 4-293) and 
301 my (log ¢ 3-889)]. 

Action of Formic Acid on Compounds (III; R = H and R = Me).—The 1,2,3a,7-tetra-aza- 
indene (III; R = H) (1 g.) and 100% formic acid (5 c.c.) were refluxed together for 6 hr. and, 
after cooling, ether (ca. 10 c.c.) was added. Some solid which separated was filtered off and 
discarded. The filtrate was evaporated to dryness, the resulting oil, which soon solidified, was 
dissolved in benzene, and light petroleum (b. p. 80—100°) was added until a small quantity of 
oil separated. This was removed by filtration through “ Celite.”” The filtrate was chilled 
to give the product as needles (0-5 g.), m. p. 136° alone or mixed with the 1,3,3a,7-tetra-azaindene 
(1; R =H). 

The trimethyl derivative (III; R = Me) (1 g.) was refluxed in 100% formic acid (5 c.c.) for 
16 hr. after which the solvent was removed in a vacuum. The residue, after recrystallisation 
from benzene-light petroleum (b. p. 80—100°), formed needles (0-4 g.), m. p. 140° alone or mixed 
with the authentic isomer (II; R = Me). 

Desulphurisation of 4,7-Dihydro-6-methyl-2-methylthio-4-ox0-7H-1,3,3a,7-tetra-azaindene 
(VIII). —The following method is a modification of one suggested by Dr. C. F. H. Allen, Eastman 
Kodak Company, Rochester 4, New York. The compound (VIII) (4 g.) was heated in water 
(250 c.c.) containing potassium carbonate (2-8 g.) and Raney nickel (ca. 40 g.), at first gently 
(20 min., during which much hydrogen was evolved), then vigorously for 4 hr. The nickel was 
filtered off and the filtrate cooled and acidified with concentrated hydrochloric acid. The 
resulting solid which was collected was starting material. The filtrate was evaporated to 
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20—25 c.c. and chilled. A further quantity of starting material was removed. The filtrate was 
finally evaporated to dryness and the residue extracted with boiling alcohol. The extract 
deposited a solid which, recrystallised from water, gave needles (0-25 g.), m. p. 278° alone or 
mixed with authentic 4,7-dihydro-6-methyl-4-oxo-1,3,3a,7-tetra-azaindene (VII). 


The author thanks Mr. B. S. Goode for the absorption measurement, and Dr. E. B. Knott for 
helpful criticisms. 


RESEARCH LABORATORIES, KODAK LIMITED, 
WEALDSTONE, MIDDx. (Received, October 13th, 1959. 


365. Simple Derivatives of Cyclopentadiene. Part II.* 
By DAviIpD PETERS. 


The dimer of cyclopentadienecarboxylic acid has been converted into 
its diacid chloride, diamide, bisdimethylamide, and dinitrile. Depoly- 
merisation of these dimers, redimerisation of the resulting monomers, 
reaction of the monomers with maleic anhydride, and ultraviolet spectra 
of all these compounds are reported. The chloride and the nitrile behave like 
the ester, the dimers depolymerising to the 1l-substituted cyclopentadienes 
which revert largely to the starting dimer. The dimethylamide monomer, 
however, gives mainly a new dimer and a maleic anhydride adduct which 
is derived from the 2-substituted cyclopentadiene. Michael addition of 
dimethylamine to the bicycloheptene double bond occurs readily with the 
dimeric ester and nitrile, but not with the dimethylamide. 


INVESTIGATION of the structures and interconversion of the monomer (Ia) and the dimer 
(IIb)t of methyl cyclopentadiene-l-carboxylate (Ia) has recently proved the structures 
illustrated, though some uncertainty remains concerning the structure of the dimer. Our 
next objective was the preparation of cyclopentadienes carrying a range of the common 


3 
(I) a: X =CO,Me (Il) a: Y = CO,H 
: coci b: CcO,Me 
CO-NMe, ° cocli 
CN 


c: 

d: CO-NH, 
e: 

f 


x 


(VI) a: X= CO,Me 
b: CN 


substituents. Of such monosubstituted cyclopentadienes, only those with the alkyl} 
phenyl,? carboxyl,’ nitro-,f and various positively charged substituents ® have hitherto 


* Part I, J., 1959, 1761. 
+ Location of the substituent Y at position 4 rather than position 3, and the endo- rather than the 
exo-configuration of the right-hand ring in formule (II)—(VI), are probable but not finally proved. 


1 Alder and Holtzrichter, Annalen, 1936, 524, 145; Zelinski and Levina, Ber., 1933, 66, 477; Edson, 
Powell, and Fischer, Ind. Eng. Chem., 1948, 40, 1526; Analyt. Chem., 1948, 20, 213, 510; Craven, Diss. 
Abs., 1955, 15, 2408. 

* Pauson, J. Amer. Chem. Soc., 1954, 76, 2187. 

* Thiele, Ber., 1901, 34, 68. 

* Thiele, Ber., 1900, 33, 666. 

5 Lloyd and Sneezum, Chem. and Ind., 1955, 1221; Ramirez and Levy, J. Org. Chem., 1956, 21, 
488, 1333; J. Amer. Chem. Soc., 1957, 79, 67, 6167; Spooncer, Diss. Abs., 1956, 16, 458. 
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been identified with certainty. The simplest routes would be reaction of the cyclo- 
pentadienyl anion with suitable reagents, but some preliminary experiments were not 
encouraging. Another possibility lay in reactions of a carboxyl group derived from the 
monomeric ester, but this ester is fairly strongly acidic, donating a proton to many 
nts. The chosen method, therefore, was modification of the carboxyl groups of the 
dimeric acid (IIa), followed by depolymerisation, and it proved successful in several cases. 
Thiele’s dimeric acid (IIa), which is readily available in quantity,* was converted into 


Fic. 1. Ultraviolet absorption of the dimers Fic. 2. Ultraviolet absorption of the monomers (I) in 
(II) in EtOH, but hexane for the acid EtOH, but hexane for the acid chloride (b) [the ester 
chloride (c) [the ester (b) has Amax. 218 mp (a) in hexane has Apex. 269 my (log ¢ 3-78)}. 

(log ¢ 4:17) in hexane). 40 
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Fic. 3. Ultraviolet absorption of (A) sorboyl chloride 
(in hexane), (B) NN-dimethylsorbamide, (C) 
methyl sorbate, (D) sorbamide, and (E) sorbonitrile Fic. 4. Ultraviolet absorption of the di- 
(B-E in EtOH). methylamides (Ile) and (III), and the 
45 adducts (Via and b). 
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the acid chloride (IIc) with thionyl chloride and pyridine, and thence into the amide (IId) 
and the dimethylamide (IIe). The amide was dehydrated to the nitrile (IIf) with benzene- 
sulphonyl chloride and pyridine.? The yields were good in all cases. This acid chloride 
was prepared by Day,® and the impure nitrile was probably obtained by Courtot.® The 
structures of these compounds are established by their manner of preparation, reconversion 
into the parent acid (IIa) or ester (IIb), ultraviolet spectra, and other reactions described 
below. The ultraviolet spectra (Fig. 1) of these dimers (Ila—f) show intense maxima in 

* Ziegler, Kiihlhorn, and Hafner, Chem. Ber., 1956, 89, 434. 

* Stephens, Bianco, and Pilgrim, J. Amer. Chem. Soc., 1955, '77, 1701. 


* Day, Diss. Abs., 1958, 19, 39. 
* Courtot, Ann. Chim. (France), 1915, 4, 75. 
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the 210—235 mu region (Fig. 1). The curves of the dimeric acid chloride (IIc), the amide 
(IId) and the nitrile (IIf) are superimposable on that of the dimeric ester (IIb), showing 
the point of inflection on the long-wave side of the band which indicates the presence of 
the two conjugated systems. The order of decreasing Amax. is COC] > COMe > CO-NH, > 
CN. The dimeric dimethylamide (IIe) has Amax. close to that of the unsubstituted amide 
(IId), but there is some distortion of the general shape of the band. 

All but one of the new dimers (IIc—f) are easily depolymerised, and in good yield, 
to the monomeric cyclopentadienes (I) by distillation at reduced pressure. The exception 
is the unsubstituted amide (IId) which, because of its high melting point (202°), decomposes 
before depolymerising: the free acid (IIa) behaves in the same way. There is a difference 
in the ease of depolymerisation between the dimethylamide (IIe) and the other dimers 
(IIb, c, f). These three depolymerise rapidly at ~150°, but the dimethylamide requires a 
temperature of 200°. Unsubstituted cyclopentadiene dimer depolymerises at 200°, so 
the carboxyl, chlorocarbonyl, and nitrile groups increase the ease of depolymerisation 
considerably,* but the reason for this awaits unravelling of the reaction path.’ 

The probable structures of the resulting monomeric substituted cyclopentadienes (I) 
follow from their ultraviolet spectra (Fig. 2). The monomers absorb intensely in the 
250—280 my region and the curves of the acid chloride (Ib) and the nitrile (Id) are super- 
imposable on that of the ester (Ia). From the size of the bathochromic shift from un- 
substituted cyclopentadiene, these compounds are the l-substituted cyclopentadienes, 
as discussed in Part I. The curve for the monomeric dimethylamide (Ic), like that of the 
dimer (Ile), is considerably distorted from that of the other monomers (Fig. 2). This may 
be due to the bulk of the dimethylamido-group or to the presence of some 2-substituted 
isomer. To ensure that no product with a different carbon skeleton had been formed, 
the monomeric dimethylamide (Ic) was hydrogenated to NN-dimethylcyclopentane- 
carboxamide in good yield. The order of decreasing Amax, for the monomers is almost 
identical with that of the dimers, i.e., COC] > CO,Me > CO-NMe, CN. No systematic 
investigation of the effect of these substituents on the ultraviolet spectrum of the butadienyl 
system could be found in the literature, so the sorbyl derivatives were examined. The order 
of decreasing max, in this series of compounds (Fig. 3) was COC] > CO*-NMe, > CO,Me > 
CO-NH,~CN. Apart from the dimethylamide, which again behaves abnormally, the 
sequence is as for the dimeric and monomeric cyclopentadienes. 

The monomeric substituted cyclopentadienes (Ia—d) redimerise in a few hours at room 
temperature. The monomeric acid chloride (Ib) and the monomeric nitrile (Id) resemble 
the monomeric ester (Ia) in returning largely, but not completely, to the starting dimer. 
The monomeric dimethylamide (Ic) again behaves differently, dimerising largely to a new 
dimer. In the ultraviolet spectrum, this new dimer shows the bicycloheptene chromophore, 
but the point of inflection on the long-wavelength side of the band (the cyclopentene 
chromophore) is missing (Fig. 4). This new dimer, then, is conjugated in the bicyclo- 
heptene system, but not in the cyclopentene ring and so is a compound such as (III). From 
the ultraviolet spectrum of the original dimerised mixture, it appears that some 70% of the 
new isomer is formed together with 30% of the original dimer (IIe). The free acid corre- 
sponding to (III) could not be obtained, decomposition occurring during attempted 
hydrolysis with acid or base. 

In the Diels—Alder reaction with maleic anhydride, there are substantial differences in 
the behaviour of the monomeric cyclopentadienes (Ila—d). The ester (Ia) gives com- 
pound (IV), as discussed in Part I. The acid chloride (Ib) gives no adduct with the 
dienophile, perhaps because of interaction between the functional groups of the diene and 
the dienophile. An ethereal solution of the monomeric acid chloride, however, when 
treated with methanol, gave the adduct (IV) of the monomeric ester. The monomeric 

* These comparisons were made during simple distillations. The temperatures are those of the 
heating bath at which distillation proceeds steadily. 

1° Woodward and Katz, Tetrahedron, 1959, 5, 70. 





ee ae ei le he 


a, et on ot at a (ak 


amide 
Owing 
nce of 
H, > 
amide 


yield, 
eption 
1poses 
erence 
limers 
lires a 
0°, so 
sation 


1s (I) 
in the 
super- 
mM un- 
dienes, 
of the 
is May 
tituted 
ormed, 
ntane- 
almost 
ematic 
dienyl 
e order 
Me > 
ly, the 


t room 
semble 
dimer. 
a new 
»phore, 
entene 
icyclo- 

From 
> of the 
| corre- 
empted 


neces in 
Ss COM- 
ith the 
ne and 
, when 
1omeric 


e of the 


[1960] Peters: Simple Derivatives of Cyclopentadiene. Part II. 1835 


nitrile (Id) gives a complex mixture of adducts with maleic anhydride. The monomeric 
dimethylamide (Ic) gives an adduct which has strong ultraviolet absorption in the 210 mu 
region and so is presumably the conjugated isomer (V). 

The bicycloheptene double bond (8, 9 in II) which carries a carbonyl group is known 
to be very reactive in the Michael addition of amines and other nucleophiles. This is also 
true when the substituent is carboxyl or cyano, since dimethylamine adds to this double 
bond of the dimeric ester (IIb) and nitrile (IIf) under mild conditions to give compounds 
(VIa and b respectively). The structures of these compounds are established by the 
absence of the short-wavelength bicycloheptene chromophore and the presence of the 
cyclopentene one (Fig. 4). There is no indication of addition to the other (cyclopentene) 
double bond. The dimeric dimethylamide (IIe) does not add dimethylamine under the 
same conditions; steric or electronic factors may prevent the addition in this case and one 
could distinguish between them with the unsubstituted amide (IId) which has comparable 
electronic but no greater steric effect than the ester (IIb); unfortunately, this comparison 
is frustrated by the fact that the unsubstituted amide (IId) is insoluble in dimethylamine 
and the common solvents, and its reactivity towards dimethylamine cannot be deter- 
mined under the conditions which were used for the other compounds. 


EXPERIMENTAL 


Ultraviolet spectra were recorded on a Hilger Uvispek, the solvent, unless otherwise 
specified, being absolute ethanol. 

Preparation and Reactions of the Dimeric Acid Chloride (IIc).—Pyridine (14 ml.) in dry ether 
(25 ml.) was added dropwise to a stirred suspension of Thiele’s acid (IIa) (26 g.) and thionyl 
chloride (24 ml.; freshly purified) in dry ether at 0°. The appearance of the precipitate 
changed, but no heat was evolved. The mixture was stirred for 1 hr., filtered, and left in a 
vacuum until free from solvent. This gave the dimeric acid chloride, which, on crystallisation 
from light petroleum (b. p. 60—80°; 200 ml.; charcoal), was white (24-5 g., 81%) and had m. p. 
60—61°. Two further crystallisations gave a sample of m. p. 62° (Found: C, 56-4; H, 4-3; 
Cl, 26-0. C,,H,,O,Cl, requires C, 56-0; H, 3-9; Cl, 27-6%), Amax, 235 my (log e 4-24) in hexane. 
The acid chloride (0-5 g.) with sodium hydroxide solution gave the dimeric acid (0-4 g.), m. p. 
and mixed m. p. 208—210°. With methanol the acid chloride (0-3 g.) gave the dimeric ester, 
(0-2 g.), m. p. and mixed m. p. 85°. 

Preparation and Reactions of the Monomeric Acid Chloride (Ib).—The dimeric acid chloride 
(2:7 g.) was distilled (vapour-temp. 80—94°) at 0-5 mm. (bath-temp. 140—160°) into a receiver 
at —70°, to give the monomeric acid chloride (2-0 g.) as a glass, Amax, in hexane 286 my (log 
¢ 3-94); there was no long-wavelength fulvene-type band. In ethanol, it had the ultraviolet 
spectrum of the monomeric ester (Ia) reported in Part I. From ether at —70° the oil (2-0 g.) gave 
the dimeric acid chloride (0-8 g.), m. p. and mixed m. p. 60—61°, ina few hr. A solution of the 
monomeric acid chloride (2-1 g.) in ether (25 ml.) containing methanol (2 ml.) was stirred with 
calcium carbonate (2 g.) for 30 min.; maleic anhydride (2 g.) was then added and the mixture 
stirred for 24 hr.; filtration gave a residue (3-5 g.) from which chloroform extracted the adduct 
(0-75 g.), m. p. and mixed m. p. 148—150° (Part I), of the monomeric ester. 

Preparation and Reactions of the Dimeric Amide (IId).—The dimeric acid chloride (14 g.) was 
added in portions to aqueous ammonia (d 0-88) (25 ml.). The mixture boiled, either spon- 
taneously or on gentle warming. The dimeric amide (tricyclo[5,2,1,0%*]deca-3,8-diene-4,9- 
dicarboxyamide) (IId) (8 g., 67%), precipitated at 0° overnight, was twice crystallised from water, 
then having m. p. 202° (Found: C, 66-4; H, 6-7; N, 12-9. C,,H,,O,N, requires C, 66-0; 
H, 6-5; N, 12-85%), Amex, 215 my (log ¢ 4:25). This compound is insoluble in all the common 
solvents. Attempted distillation at 10 mm. resulted in decomposition after melting. Refluxing 
the dimeric amide (1-0 g.) with sulphuric acid (1-0 ml.) and water (10 ml.) for 3 hr. gave the 
dimeric acid (0-77 g.), m. p. 205—207°, elevated to 208—210° with an authentic sample. 

Preparation and Reactions of the Dimeric Dimethylamide (Ile).—Dimethylamine (30 ml.) in 
dry benzene (20 ml.) was added dropwise to a stirred solution of the dimeric chloride (15 g.) in 
dry benzene (50 ml.) at 0°. The mixture was stirred for 3 hr., filtered, and freed in a vacuum 


9 ‘ Petrov and Sopov, J. Gen. Chem. (U.S.S.R.), 1953, 28, 1085; Kochetov and Yhorlin, ibid., 1957, 
, 3217. 
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from solvent, to give a white solid. Crystallisation from light petroleum (b. p. 80—100°) gave 
the dimeric dimethylamide (14 g., 88%), m. p. 103—104° (Found: C, 69-9; H, 8-3; N, 9-1, 8-3, 
C,,H,,0,N, requires C, 70-1; H, 8-0; N, 102%), Amax 212 my (log ¢ 4-14). This compound is 
readily soluble in water. Refluxing the dimethylamide (0-5 g.) with sulphuric acid (2 g.) in 
water (20 ml.) for 16 hr. and crystallisation of the precipitate from butyl acetate gave the 
dimeric acid (0-2 g.), m. p. and mixed m. p. 212°. There was no addition of dimethylamine 
to the dimethylamide after the latter had been kept in a large excess of dimethylamine for a 
week at 0°. 

Preparation and Reactions of the Monomeric Dimethylamide (Ic).—The dimeric dimethyl- 
amide (2 g.) was distilled (vapour-temp. 120—140°) at 10 mm. (bath-temp. 200—210°) into a 
receiver at —70° to give the monomeric dimethylamide (1-4 g.) as a yellow glass, Amax, 265 my 
(log ¢ 3-76) (no fulvene-type band). Hydrogenation of this monomer (3-2 g.) over platinum in 
ethanol at room temperature and atmospheric pressure led to the uptake of 860 ml. of hydrogen 
(2H, = 1050 ml.). Distillation of the product (2-95 g.) gave NN-dimethylcyclopentane- 
carboxyamide (2-1 g.), b. p. 124—125°/20 mm. (lit.,12 115°/20 mm.), and a non-volatile residue 
(0-7 g.). Redistillation gave an analytical sample (Found: C, 67-0; H, 10-5; N, 10-4. Cale. 
for C,H,,ON: C, 68-0; H, 10-7; N, 9-9%). Hydrolysis of this amide (1-4 g.) with refluxing 
20% sulphuric acid gave cyclopentanecarboxylic acid (0-62 g.), b. p. 122°/22 mm. (lit. 
126°/20 mm.) whose 4-bromophenacy] ester had m. p. and mixed m. p. 76° (cf. Part I). In 24 
hr. at room temperature, the monomeric dimethylamide (1-41 g.) partly solidified. Several 
recrystallisations from light petroleum (b. p. 80—100°) gave an isomeric dimer (NNN’N’-tetra- 
methyltricyclo[5,2,1,0*% °|deca-3,8-diene-2,9-dicarboxyamide) (0-43 g.), m. p. 115—116° (Found: 
C, 70-4; H, 7-9; N, 100%; M, 260. C,,H,.O,N, requires C, 70-1; H, 8-0; N, 10-2%; M, 274), 
Amax, 211 my (log ¢ 4:13). This isomer is readily soluble in water. Attempted hydrolysis with 
acid or base under a variety of conditions gave no identifiable material. Chromatography of 
the mother-liquors from the dimerisation gave oils. The monomeric dimethylamide (3-3 g.) 
was treated with maleic anhydride (2-7 g.) in benzene (30 ml.). After 8 hr. at room temperature, 
precipitation was complete and filtration removed the adduct (1-8 g.), m. p. 180—185°. Two 
crystallisations from butyl acetate gave a sample (1-2 g.) of m. p. 186—187° (Found: C, 61:6; 
H, 5-8; N, 5:8%; M, 239. C,,H,,0,N requires C, 61-3; H, 5-6; N, 6-0%; M, 235), Amy 
210 my (log ¢ 3-79). 

Preparation and Reactions of the Dimeric Nitrile (IIf).—A slurry of the dimeric amide (5 g.), 
dry pyridine (10 ml.) and benzenesulphony] chloride (redistilled; 9 g.) was stirred at 100° for 
1 hr. The mixture was then cooled, diluted with water, and extracted with ether. The 
ethereal extract was washed with aqueous acid, base, and water, dried, and evaporated, to give 
the nitrile (3-4 g.) as a pink solid. One crystallisation from methylcyclohexane (250 ml; 
charcoal) gave a solid (3-0 g.), m. p. 60—62° (this compound is apparently dimorphic since a 
pure sample melting at 67° was obtained on one occasion). Several further such crystallisations 
gave a sample of m. p. 62° (Found: C, 78-5; H, 5-7; N, 15-4%; M, 189. C,,H,9N, requires 
C, 79-1; H, 5-5; N, 15-6%; M, 182), Amax 212 my (log ¢ 4-12). This compound appears first 
as an oil during recrystallisation. Attempted hydrolysis with acid or base led to decomposition. 
The Michael addition product was prepared by keeping the dimeric nitrile (0-34 g.) in dimethyl- 
amine (5 ml.) at 0° for 16 hr. The excess of amine was then removed and the residue recrystal- 
lised from methylcyclohexane, to give 4,9-dicyano-8-dimethylaminotricyclo[5,2,1,0%*]dec-3-ene 
(VIb) (0-32 g.), m. p. 93° (Found: C, 73-6; H, 7-1; N, 184%; M, 226. C,,H,,N, requires 
C, 74:0; H, 7-5; N, 18-56%; M, 227), Amax 218 my (log ¢ 3-70). 

Preparation and Reactions of the Monomeric Nitrile (Id).—The dimeric nitrile (2-0 g.) was 
distilled (vapour-temp. 80—96°) at 10 mm. (bath-temp. 150—160°) into a receiver at —70°. 
The monomeric nitrile (1-7 g.) is a white solid at this temperature, and has Ag,x, 266 my (log ¢ 
3-81). After 24 hr. at room temperature, the oily monomer (0-78 g.) became more viscous and 
three crystallisations from methylcyclohexane gave a semisolid material (0-49 g.). The ultra- 
violet and infrared spectra of this were essentially identical with those of the starting dimer. 
The monomeric nitrile with maleic anhydride in benzene solution gave no precipitate: in ether, 
only an oil was obtained. 

Preparation of the Michael Addition Product of the Dimeric Ester and Dimethylamine (VIa).— 
The dimeric ester (5 g.) was kept in dimethylamine (50 ml.) at 0° for 16 hr. The excess of amine 
was then removed, and the residue crystallised twice from light petroleum (b. p. 60—80°; 


12 Mousseron, Jullien, and Jolchine, Bull. Soc. chim. France, 1952, 19, 765. 
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charcoal) to give dimethyl 8-dimethylaminotricyclo[5,2,1,0* ®|dec-3-ene-4,9-dicarboxylate (4-8 g.), 
m..p. 110—111° (Found: C, 65-3; H, 8-0; N, 49%; M, 256. C,gH,s0,N requires €, 65-5; 
H, 7°8; N, 48%; M, 293), Amex. 228 my (log ¢ 3-88). This compound evolved dimethylamine 
in boiling water, but the product was a mixture. 

Ultraviolet Spectra of Sorbamide, NN-Dimethylsorbamide, Methyl Sorbate, Sorboyl Chloride, 
and Sorbonitrile——These compounds were obtained by conventional methods. All are well- 
known, except NN-dimethylsorbamide which decomposed before analytical figures could be 
obtained. The ultraviolet absorption maxima were, respectively, at 254 (log « 4-43), 262 
(log ¢ 4-41), 258 (log ¢ 4-39), 273 (log ¢ 4-48), and 254 my (log ¢ 4-43) (cf. Fig. 3). 


The author is indebted to Imperial Chemical Industries Limited for financial assistance. 
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366. Naphthimidazoles. Part III Some 6,7,8,9-Tetrahydro- 
naphth{1,2 imidazoles. 


By D. J. Brown and R. J. HARRISSON. 


The first members of the angular 6,7,8,9-tetrahydronaphthimidazole 
series are reported. They include the unsubstituted parent compound, its 
3-methyl and some 2-substituted derivatives. In ionization and ultraviolet 
spectra they all closely resemble the linear isomers described in Part II.* 


ALtHouGH the angular naphthimidazoles are fairly well known,? no members of the 
corresponding tetrahydro-series have been described. The parent compound (I; R = H) 
and a selection of 2-substituted derivatives have therefore been prepared for comparison 
with a similar series of linear tetrahydronaphthimidazoles recently reported.1 

Angular tetrahydronaphthimidazole and its 2-methyl derivative were best prepared 
by the action of formic (or acetic) acid on 5,6,7,8-tetrahydronaphthalene-1,2-diamine 
in aqueous hydrochloric acid. 5,6,7,8-Tetrahydro-N?-methylnaphthalene-1,2-diamine, 
made by methylation of the 2-amino-1-nitro-compound 3 followed by reduction, similarly 
condensed with formic acid to give the 3-methyl derivative of the imidazole (I). Methyl- 
ation of the parent compound with dimethyl sulphate gave a mixture which was separated 


H 


N 
*Ss. CH,*CO,~ 
N 

(I) H H (II) 


by paper chromatography. One constituent was identical with the 3-methyl derivative 
above (paper chromatography in two solvents, and comparative ultraviolet spectrum 
in alcohol), but the other was unidentified. Fusion of 5,6,7,8-tetrahydronaphthalene-1,2- 
diamine with urea gave the 2-hydroxy-, and with thiourea, the 2-mercapto-derivative of 
the imidazole. Methylation of the latter produced tetrahydro-2-methylthionaphthimid- 
azole (I; R = SMe), and sodium chloroacetate gave the 2-carboxymethylthio-analogue (II). 
Phosphoryl chloride converted the tetrahydrohydroxynaphthimidazole into the corre- 
sponding chloro-compound, which showed remarkable stability in withstanding boiling 
concentrated hydrochloric acid. The anilino- and the 2-dimethylamino-derivative were 
made from it with, respectively, aniline and aqueous dimethylamine, but with methylamine 


1 Part II, J., 1959, 3332. 


- * Bibliography by Brown in “ Current Trends in Heterocyclic Chemistry,” Butterworths, London, 
58, p. 75. 


§ Schroeter, Annalen, 1922, 426, 17. 
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no reaction occurred. As in the linear series, the 2-amino-compound was best prepared 
from the tetrahydronaphthalenediamine with cyanogen bromide.* 

The pK, values of the angular tetrahydronaphthimidazoles closely resemble those of 
their linear analogues.!_ As in that series, the parent compound is distinctly more basic 
(pK, 6) than is the fully aromatic naphth{1,2]imidazole® (5-3), and approximates to 
dimethylbenzimidazole ! (6-1). In the carboxymethylthio-derivative, the strongly acidic 
grouping must increase the basic strength of the nucleus,® so that the molecule is best 
represented as the zwitterion (II). This, moreover, should be stabilised by resonance with 
the form carrying a positive charge at position 3. The pK, values are therefore recorded 
as loss of a first and a second proton from (II). No figure for gain of a proton could be 
obtained, because low solubility precluded potentiometry, and little spectral change 
occurred on lowering of the pH. 

The ultraviolet spectra (see Table) of the parent compound (I; R = H) are similar 
to those of the linear analogue! but the peaks have been displaced some 5—10 muy to 
shorter wavelengths, and the absorption is noticeably lower, except for the peak at <250 
mu, which is higher. These changes are almost exactly repeated in comparing all the 
angular and linear derivatives. 


Brown and Harrisson: 





R in compound (I) pK, (20°) ¢ pH Amax. (Mm) ° log € 
EE cddccbitnscodssridaccescécvecsede 8-5 281, 273, 248 3-55, 3-55, 3-77 
i cit tik tecschinbbaten 5-99 + 0-04 2-9 280, 272 3-64, 371 
iw citihehbaubantentniciiie ca. 12-8° 
PEE + teivsnaiinnesstoubeseenenes 10-0 293, 250 3-99, 3-90 
WUE de nneccudenescvcctenabes 7-58 + 0-04 4-5 288 4- 
CE Sade kndcnsuikobieieransaede 8-8 285 3-72 
anion ca. 13° 
Ee sredehabtihevebenddecnucabndubhic 6-7 283, 276, 247 3-76, 3-74, 3°83 
NEL Sa .tembnmaetewssanaiid 2-58 + 0-02 —0-7 . 284, 277, 224 3-90, 3-93, 4-23 
SD Ganetainatecdcanstaanpesssese 8-0 293, 285 4-13, 4-11 
I eainade tas Cacitestunccts ca. 4-7° 10 _ 294, 286 4-24, 4-20 
S-CH,°CO,H 
first proton lost ............ 5-13 + 0-06 8-0 294, 286 4-10, 4-09 
second proton lost ...... 11-87 + 0-07 14-1 298 4:10 


Spectrometrically determined. ° The Ana, values of the species are too close for accurate pK, 
determination. ‘* In H,O. 


EXPERIMENTAL 

5,6,7,8 - Tetrahydro - N* - methylnaphthalene - 1,2 - diamine. — 5,6,7,8 - Tetrahydro - 1 - nitro - 2- 
naphthylamine was prepared as described by Schroeter.2 (N.B.: during vacuum-distil- 
lation of a 500 g. batch of crude mononitrotetralins a devastating explosion occurred.) 
The amine (2-46 g.) and dimethyl sulphate (1-78 g.) were heated on a steam-bath for lhr. The 
resulting oil was diluted with water and extracted with ether. After evaporation the residue 
was hydrogenated (3 atm.) over Raney nickel in ethanol. Distillation of the filtered solution 
gave the unstable oily amine, b. p. 140°/0-3 mm. (Found: C, 75-1; H, 9-2; N, 15-85. C,,H,,N, 
requires C, 74-95; H, 9-15; N, 15-9%). 

6,7,8,9-Tetrahydronaphth{1,2)imidazole.—5,6,7,8-Tetrahydronaphthalene-1,2-diamine (1-0 g.) 
was refluxed with 90% formic acid (3 ml.) and 4n-hydrochloric acid (10 ml.). After 2 hr., the 
solvent was removed in vacuo, and the cooled solution poured on ice and adjusted to pH 8—9 
with ammonia. Recrystallisation of the solid (1-2 g.) from 50% ethanol (30 parts) gave the 
tetrahydronaphthimidazole, m. p. 204—205° (Found: C, 76-75; H, 7-0; N, 16-3. C,,H )N, 
requires C, 76-7; H, 7-0; N, 16-3%). 

6,7,8,9 - Tetrahydro-3-methylnaphth(1,2]}imidazole.—5,6,7,8-Tetrahydro - N?-methylnaphthal- 
ene-1,2-diamine (1 g.) was treated with formic acid as above. The oil was removed with ether 
and distilled, giving the N-methyl compound, b. p. 114°/0-1 mm. (Found: C, 77-2; H, 7:9; 
N, 14-7. C,,.H,,N, requires C, 77-4; H, 7-6; N, 15-0%). With anhydrous oxalic acid in ether, 
it gave an oxalate (from alcohol-ether), m. p. 172—173° (Found: C, 60-9; H, 5-85; N, 10-1. 
C,4HygN.O, requires C, 60-85; H, 5-85; N, 10-15%). 

* Grippa and Maffei, Gazzetta, 1941, 71, 418. 
5 Brown, J., 1958, 1974. 
* Albert, ‘‘ Heterocyclic Chemistry,” Athlone Press, London, 1959, p. 341. 
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6,7,8,9-Tetrahydro-2-methylnaphth[1,2}imidazole.—Prepared similarly to the parent com- 
pound, the methyl homologue (from 33% ethanol; 30 parts) had m. p. 188° (Found: C, 77-4; 
H, 7:7; N, 14-95. C,,H,,N, requires C, 77-4; H, 7-6; N, 15-0%). 

6,7,8,9-T etrahydro-2-hydroxynaphth{1,2]imidazole-—The diamine (1 g.) and urea (1 g.) were 
heated under nitrogen at 190°. After 5 min. the mass solidified and after a further 5 min. it was 
cooled and water (10 ml.) was added. The solid (1-2 g.) was recrystallised from 2-methoxy- 
ethanol (30 parts), to give the hydroxy-derivative, m. p. 307—308° (Found: C, 70-25; H, 6-3; 
N, 14:9. C,,H,,N,O requires C, 70-2; H, 6-4; N, 14-9%). 

6,7,8,9-T etrvahydro-2-mercaptonaphth[1,2]imidazole—Fusion of the diamine and thiourea as 
above, and recrystallisation from 2-methoxyethanol (70 parts) gave the mercapto-derivative 
(1 g.), m. p. 375° (Found: C, 64-5; H, 5-95; N, 13-5. C,,H,,N,S requires C, 64-7; H, 5-9; 
N, 13-7%). 

6,7,8,9-Tetrahydro-2-methylthionaphth{1,2]imidazole—The mercapto-derivative (0:5 g.), 
dissolved in hot N-sodium hydroxide (8 ml.), was diluted with water and cooled to 20°. Methyl 
iodide (0-38 g.) was added, and the mixture shaken for 1 hr., left overnight, and adjusted to pH 4. 
Recrystallisation from ethyl acetate gave the methylthio-derivative as prisms, m. p. 196—198° 
(Found: C, 65-9; H, 6-45; N, 12-85. C,,H,,N,S requires C, 66-0; H, 6-45; N, 12-85%). 

2 - Carboxymethylthio - 6,7,8,9 - tetrahydronaphth{1,2)}imidazole. — Tetrahydro - 2 - mercapto - 
naphthimidazole (0-75 g.), chloroacetic acid (0-35 g.), and N-sodium hydroxide (7-0 ml.) were 
heated at 100° for 2 hours. The cooled solution was diluted with water (3 ml.) and acidified 
to pH 3, and the solid dissolved in 5N-sodium carbonate and filtered from mercapto-compound. 
The product, liberated at pH 3, was recrystallised from 2-methoxyethanol (25 parts) to give the 
carboxylic acid (0-47 g.), m. p. 219° (Found: C, 59-3; H, 5-5; N, 10-55. C,,;H,,N,O,S requires 
C, 59-5; H, 5-4; N, 10-7%). 

2 - Chloro-6,7,8,9 - tetrahydronaphth{1,2)}imidazole. — Tetrahydro -2-hydroxynaphthimidazole 
(3-35 g.) was refluxed in phosphory! chloride (50 ml.) for 6 hr. Volatile material was partially 
removed in vacuo, and the residue poured on ice (100 g.) and adjusted with dilute ammonia to 
pH 6. The precipitate was boiled for 5 min. with 10N-hydrochloric acid, and the residue 
re-extracted with fresh acid. The filtrates were adjusted to pH 6, and the solid (2-8 g.) was 
sublimed at 140°/0-1 mm., giving the chloro-compound, m. p. 175—178° (Found: C, 63-8; 
H, 5-4; N, 13-55; Cl, 17-25. C,,H,,N,Cl requires C, 63-9; H, 5-4; N, 13-55; Cl, 17-15%). 

2-A nilino-6,7,8,9-tetrahydronaphth{1,2)}imidazole.—The chloro-derivative (0-4 g.) and aniline 
(2 ml.) were refluxed under nitrogen for 2 hr. Steam-distillation removed residual aniline, and 
the solid (0-45 g.) was sublimed at 140°/0-1 mm. and recrystallised from 50% ethanol (25 parts). 
The anilino-compound had m. p. 198—199° (Found: C, 77-45; H, 6-45; N, 15-9. C,,H,,N, 
requires C, 77-5; H, 6-5; N, 15-95%). 

2-Dimethylamino-6,7,8,9-tetrahydronaphth{1,2]imidazole-—The chloro-derivative (0-5 g.) and 
30% aqueous dimethylamine (10 ml.) were heated at 175° for 5 hr. in the presence of copper 
powder. Volatile material was removed in vacuo, the residue dissolved in 2-5Nn-hydrochloric 
acid, and the filtrate adjusted to pH 8. Sublimation at 140°/0-1 mm. of the product (0-32 g.), 
and recrystallisation from 70% methanol (35 parts) gave the dimethylamino-derivative, m. p. 
154—155° (Found: C, 72-5; H, 7-95; N, 19-5. C,,;H,,N, requires C, 72-5; H, 7-95; N, 19-5%). 

2-A mino-6,7,8,9-tetrahydronaphth[1,2}imidazole——Cyanogen bromide* [from potassium 
cyanide (0-34 g.) in water (5 ml.) and bromine (0-73 g.)] in cold water (10 ml.) was added to a 
stirred suspension of the diamine (0-67 g.). Next day, the mixture was diluted with water and 
made alkaline with ammonia, and the solid was filtered off. Sublimation at 140°/0-1 mm. gave 
the amine as a very hygroscopic glass which sintered at 170° and decomposed at 178° (Found: 
C, 69-6; H, 7-2; N, 21-8. Calc. for C,,H,,;N,: C, 70-5; H, 7-0; N, 22.4%). The analysis 
quoted corresponds to a } hydrate; other specimens were more hydrated, but all gave reasonable 
C:N ratios. 


We thank Professor Adrien Albert for helpful discussion, Mr. F. Robinson for physical 
measurements, and Dr. J. E. Fildes and her staff for analyses. 
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367. The Desorption of Alcohols from Metal Oxides. Part II.* The 
Desorption of t-Butanol and n-Butanol, and the Displacement of Ethanol 
from Anatase by Propan-2-ol. 


By D. J. WHEELER and C. KEMBALL. 


In Part I,* the products formed when ethanol and propan-2-ol were 
desorbed from a number of oxides were determined. Similar studies have 
now been made on the desorption of t-butanol from cupric, nickel, zinc, 
aluminium, and titanium oxides and also on the desorption of n-butanol 
from zinc oxide and anatase. 

The decomposition of t-butanol on each of the oxides occurs at a similar 
temperature and to about the same extent as does the decomposition of 
propan-2-ol but the main type of breakdown is dehydration. Some oxidation 
of t-butanol occurs over cupric oxide. 

A variety of products is formed when n-butanol is desorbed from zinc 
oxide but less extensive decomposition occurs over anatase. As similar 
results were obtained with ethanol, it appears that there is no substantial 
influence of chain-length on the manner or the extent of the breakdown 
which occurs when primary alcohols are desorbed from the oxides. 

Measurements of the rate of desorption of ethanol from anatase show 
that the heat of adsorption varies substantially with coverage of the surface. 
The displacement of adsorbed ethanol by propan-2-ol occurs much more 
readily than the desorption of ethanol. 


THE first object of the present work was to compare the behaviour of a tertiary alcohol on 
desorption from a number of oxides with the behaviour already observed in Part I * for 
primary and secondary alcohols. It was expected that a simpler pattern of decomposition 
products would be formed from adsorbed t-butanol than from adsorbed ethanol or 
propan-2-ol because the structure of the tertiary alcohol does not permit any easy type of 
dehydrogenation to occur. Propan-2-ol was shown to decompose at lower temperatures 
and to a greater extent than ethanol on most of the oxides used in Part I, and part of the 
purpose of this work was to see whether this trend continued with the tertiary alcohol. 
The object of studying the desorption of n-butanol from zinc oxide and anatase was to 
examine the influence of the chain-length of the alcohol on the extent and the nature of 
the breakdown of the adsorbed alcohol by comparison with the results obtained previously 
for ethanol adsorbed on these two oxides. 

As the apparatus was suitable for the determination of rates of desorption from an 
oxide and also of rates of displacement of one alcohol by a second alcohol, it was con- 
sidered important to carry out some further work on the desorption and the displacement 
by propan-2-ol of ethanol adsorbed on anatase. Weber and Laidler! have reported an 
interesting example of displacement or “ induced desorption.” They showed that the 
presence of light ammonia increased the velocity of desorption of deuteroammonias from 
an iron catalyst by a factor of about 300. Molinari * has suggested that the enhanced rate 
of desorption results from the transfer of energy from a molecule undergoing adsorption 
to a neighbouring adsorbed molecule which is then desorbed. He pointed out that his 
hypothesis would explain some of the relations which have been found between activation 
energies and frequency factors for a catalytic reaction carried out on a series of different 
catalysts. Much more experimental evidence is necessary before Molinari’s hypothesis 
can be accepted, because a variation of heat of adsorption with coverage of the surface 
may be an important factor in determining rates of desorption. The “ induced de- 
sorption ’’ caused by the presence of a second substance may be a result of keeping the 


* Part I, J., 1960, 332. 


1 Weber and Laidler, J. Chem. Phys., 1951, 19, 1089, 
* Molinari, Z. phys. Chem., Frankfurt, 1956, 6, 1. 
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surface well covered and not of an energy-transfer process. Anatase was chosen as a 
suitable oxide on which to study rates of desorption of ethanol because no decomposition 
of the alcohol had been found on this oxide below 100°. 


EXPERIMENTAL 


Samples of n-butanol (‘‘ AnalaR ’’) and t-butanol (B.D.H.) were dried by distillation over 
anhydrous potassium carbonate. The oxides were prepared as in Part I. 

The apparatus for studying the adsorption and the products formed on desorption has been 
described in Part I. The columns used for the gas-chromatographic analysis of the products 
were similar to those used previously, with one exception. The sensitivity of the response for 
n-butanol was inadequate when the 4-ft. column of “‘ dinonyl phthalate’ on “ Celite '’ was 
operated at 33°. Consequently, this column was operated at 82°, a flow rate of hydrogen of 
64 ml./min. being used with a pressure difference of 706 mm. across the column. It was 
necessary to limit the pressures of samples when analysing mixtures containing n-butanol 
because the vapour pressure of this compound was only about 4 mm. at room temperature. 

The apparatus was modified for the experiments on the rate of desorption and the rate of 
displacement by propan-2-ol of adsorbed ethanol. A second tube to the adsorption vessel was 
added so that propan-2-ol vapour could be passed over the adsorbent in the displacement 
experiments. A constant rate of flow of propan-2-ol vapour was obtained by keeping liquid 
propan-2-ol at 0° and allowing the vapour to flow through a capillary tube, of internal diameter 
0-6 mm. and length 40 cm., in the tube into the adsorption vessel. 

Samples (100 g.) of anatase (British Titan Products, Anatase H.R.) were used for measuring 
the rate of desorption of ethanol at 0°, 19-2°, and 37-2°. The oxide was evacuated at 400° and 
after it had cooled to the required temperature, doses of ethanol vapour were admitted until 
a small pressure remained above the surface. The total amount of ethanol adsorbed was 
calculated. Desorption was started by opening a stopcock leading to a U-tube surrounded 
by liquid nitrogen. The samples collected were removed at intervals and estimated by 
expanding them into a known volume and measuring the pressure. After the desorption had 
been studied for about 24 hr., the surface was re-saturated with ethanol, and the rate of 


TABLE 1. Approximate surface areas of the oxides (m.*/g.). 
: TiO, TiO, 
Adsorbate ZnO CuO NiO a-Al,O; (anatase) (rutile) 
9-9 0-5 0-5 3-6 3-3 
i eit ee: 3-4 nae 


TABLE 2. Recovery of t-butanol from the oxides. 


Alcohol recovered Lowest Temp. to 
at room temp. for which alcohol Total recovery (%) 
temp. (%) total (%) decomp. persists Cc H O 
49-6 69-0 155° 99 235 
19-2 29-4 104 83 103 
7-4 8-5 55 92 74 
41-3 71-4 223 G4 93 
23-8 83-0 146 96 95 
25-4 89-8 195 93 96 


TABLE 3. Recovery of n-butanol from the oxides. 


Alcohol recovered Lowest Temp. to 
at room temp. for whichalcohol Total recovery (°% %e) 
temp. (% total (% decomp. persists H 
5-0 14-9 52° 52° 108 117 A 
27°8 92-9 17 305 lll lll 167 
desorption measured with propan-2-ol vapour passing through the adsorption vessel. The 
total amount of each sample collected was estimated as before and the amounts of the two 
alcohols were obtained by gas chromatography with a 4 ft. column of “ dinonyl phthalate ”’ 
on “ Celite ’’ operated at 43° with hydrogen as carrier gas at a flow rate of 57 ml./min. 
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Results—Approximate surface areas of the oxides are shown in Table 1. These were 
calculated by assuming that the amount adsorbed at room temperature corresponded to a 
a on the surface and that the cross-sectional area for the molecules of both alcohols 
is 20 A?. ( 

Tables 2 and 3 show the percentages of the amounts of alcohol adsorbed which were 
recovered at room temperature and throughout the range of temperature over which desorption { 
was studied. The lowest temperatures at which other products were observed, and the highest ( 

{ 


Fic. 1. The formation of decom- 
position products from t-butanol 


adsorbed on the oxides. Fic. 2. The formation of decom- 
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temperatures at which alcohol was recovered unchanged, are also shown in these Tables, 
together with the percentage recoveries in terms of carbon, hydrogen, and oxygen of all 
products. Two of these percentages differ significantly from the expected value of 100%— 
the value of 235% for oxygen recovered from cupric oxide showing that reduction of the oxide 
has occurred, and the low value of 74% for zinc oxide indicating that some oxygen has been 
retained by the oxide. Tables 4 and 5 show the relative amounts of the various decomposition 


TABLE 4. Decomposition products formed from adsorbed t-butanol (molecules/100 





molecules of alcohol adsorbed). 

Oxide iso-C,H, H,O co, Other products 
Se isads ncacstesnasenbes 10-6 81-0 41-2 (t-C,H,),0, 2-9; (iso-C,H,), 0-4; H,, 2-0; 
SED ctndehabindinmvanser 51-6 40-2 14:0 COEtMe, 3-1; COMe,, 2-4 
DEED pidcamisectordaraiens 87-8 64-3 0-4 
EN DT 24-6 16-3 2-9 
ae 12-5 12-2 0-05 
RRR SES EES 2-7 4-4 0-8 


TABLE 5. Decomposition products formed from adsorbed n-butanol (molecules/100 
molecules of alcohol adsorbed). 
Oxide 1-C,H, 2-C,H, H,O n-C,H, H, CO CH, CO, C,H, C,- n-C,H,CHO 


Zn0 ...... 13-6 8-9 11-1 23-0 139-2 140 28-0 46-2 2-4 32-0 _ 
Anatase —_— _ 31-5 4-4 26 — — 162 — — 10-3 














products formed from each alcohol—oxide system. The variations in the extent of the decom- 
position with temperature for each alcohol on the various oxides are shown in Figs. 1 and 2, 
the extent of the decomposition being given in terms of the carbon atoms in the products 
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expressed as a percentage of the total of carbon in the amount of alcohol decomposed over the 
whole range of temperature. . 

The results for the rate of desorption of ethanol are shown in Fig. 3. The amounts of 
ethanol adsorbed on 100 g. of anatase were 90-0, 91-7; and 93-0 units at 0°, 19-2°, and 37-2° 
respectively, where each unit corresponds to a pressure of 1 cm. of vapour in a volume of 100 ml., 
iz., approximately 1-23 ml. at N.T.P. The amount taken up by each sample after the 
desorption of ethanol corresponded to the amount which had been desorbed. When the 
displacement of ethanol by propan-2-ol was examined there was always a time-lag before 
propan-2-ol appeared in the samples collected for analysis. The arrows in Fig. 3 indicate the 


Fic. 3. The desorption (open symbols) 
and the displacement by propan-2-ol 
(filled symbols) of ethanol adsorbed on 


anatase. 
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times by which 1 ml. (N.T.P.) of propan-2-of had been collected. The amounts of propan-2-ol 
flowing through the capillary tube at the three temperatures were about 17-7, 17-8, and 18-1 
ml./hr., respectively, and hence any variations in the rates of displacement were attributable 
solely to the influence of temperature and not to fluctuations in the flow-rate. 

The results in Fig. 3 lead to the following conclusions: (i) Desorption and displacement are 
substantially slower at 0° than at 19-2°, but both processes are slightly slower at 37-2° than at 
19-2°. (ii) The displacement of ethanol occurs slightly more slowly than desorption for the 
first 20 or 30 min. at each temperature, but at later stages the displacement is much faster than 
desorption. If it is assumed that no substantial change has occurred in the nature of the 
adsorbed alcohol between 0° and 19-2°, it is possible to calculate rough values for the activation 
energies of both desorption and displacement from the rates of the processes at the same 
coverage at the two temperatures. Activation energies obtained in this way are shown in 
Fig.4. The values at high coverages are only approximate because of the difficulty of measuring 
rates accurately. Likewise, the values at low coverages are subject to error because of the 
cumulative experimental error in the measurements of the coverages. 


DISCUSSION 


The approximate surface areas given in Table 1 are similar to the areas found in Part I 
by the adsorption of ethanol and propan-2-ol (for all the oxides except anatase). Lower 
areas were obtained for anatase, and this suggests that the larger molecule occupies a 
greater area than 20 A? or that the structure of this adsorbent has pores which can 
accommodate ethanol and propan-2-ol more readily than the C, alcohols. 

As with ethanol and propan-2-ol, the degree of reversibility of the adsorption of t- 
butanol and n-butanol varied considerably from oxide to oxide. The results provide 
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further evidence for the existence of two types of chemisorption (cf. Garner *). Alcohol 
recovered as such at high temperatures is likely to have been reversibly chemisorbed 
rather than physically adsorbed, but the proportions of the alcohols which were recovered 
only as decomposition products must have been irreversibly chemisorbed. The degree 
of reversibility of the adsorption of t-butanol on each oxide and the temperature range 
required to desorb the alcohol are similar to the corresponding quantities, observed 
previously, for the adsorption of propan-2-ol on the same oxides. There is also a general 
similarity between the results found with n-butanol and the earlier results for ethanol 
adsorbed on zinc oxide and anatase. 

Decomposition Products from t-Butanol.—The main mode of decomposition of t-butanol 
on all the oxides except cupric oxide was by dehydration to form isobutene and water, 
The chief factor determining the manner by which this alcohol broke down on the 
adsorbents was the structure of the molecule and not the nature of the oxide on which it 
was adsorbed. The structure of the molecule permits dehydration to occur readily but 
dehydrogenation is only possible if rearrangement of the molecule takes place. Conse- 
quently, the range of products formed from the tertiary alcohol was less extensive than 
the ranges of products formed during the desorption of primary and secondary alcohols. 
Apart from the formation of small amounts of carbon dioxide at higher temperatures, the 
only decomposition products observed over the zinc oxide, «-alumina, anatase, and rutile 
were isobutene and water resulting from the dehydration of the alcohol. The curves, 
shown in Fig. 1, for the recovery of carbon atoms from the first three of these oxides are 
well-defined curves because their shape is determined almost entirely by the effect of 
temperature on the dehydration of the t-butanol. The curve for rutile shows a plateau 
between 200° and 300° because some of the isobutene was retained up to a high tem- 
perature on this oxide and also because a relatively high amount of carbon dioxide was 
formed on this oxide although the total amount of decomposition was small. 

The products obtained from t-butanol adsorbed 6n cupric oxide differed substantially 
from the products from the other oxides. The large amounts of water and carbon dioxide 
formed and the high value for the recovery of oxygen atoms (Table 2) indicate that 
oxidation of t-butanol occurred over this oxide. A similar behaviour was found with 
ethanol and propan-2-ol in Part I and, consequently, in the case of cupric oxide, the oxide 
rather than the alcohol governs the manner in which decomposition occurs. The excess 
of oxygen recovered corresponded to some 3% reduction of the cupric oxide to cuprous 
oxide. Some dehydration also occurred on cupric oxide. The small quantity of di-iso- 
butene observed was formed between 18° and 53°, but at higher temperatures only the 
monomeric isobutene was recovered. The identity of the other compound which was 
formed at low temperatures was not established with certainty. It was not possible to 
obtain a sample of di-t-butyl ether in order to measure its retention time in the chromato- 
graphic apparatus, but the desorption product gave a retention time closely similar to 
that for di-isopropyl ether, which would be expected to behave in much the same way as 
di-t-butyl ether. Two processes governed the shape of the curve in Fig. 1 for the recovery 
of carbon from cupric oxide—dehydration followed by the more extensive combustion 
process. 

Although the chief mode of decomposition on nickel oxide was by dehydration, there 
was evidence of some side reactions involving substantial rearrangement of the molecules. 
The ethyl methyl ketone was formed at room temperature, and the acetone between 55° 
and 104°. Martineau and Prévost * have reported the formation of ethyl methyl ketone 
from t-butanol over a copper-thorium catalyst. The extent of the decomposition of 
t-butanol was greater than that of propan-2-ol on nickel oxide, but this was the only case 
where there was any substantial difference in the reactivity of the two alcohols. 

Decomposition Products from n-Butanol.—The experimental error involved in estimating 


* Garner, J., 1947, 1239. 
* Martineau and Prévost, Compt. rend., 1937, 205, 154. 
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the numerous samples collected during the desorption of n-butanol from zinc oxide and 
anatase was substantial and, consequently, no significance can be attached to the value of 
132% for the recovery of oxygen from zinc oxide. However, the higher figure of 167% 
for the recovery of oxygen from anatase suggests that some oxygen was obtained from the 
adsorbent. The reduction of the oxide combined with combustion of the alcohol would 
not be expected to occur to any appreciable extent even at 400°. The standard free- 
energy change for the reaction: 


C4HyoO(g) + 36TIO,(s) —w 12Ti,O,(s) + 4COg(g) + 5H,O(g) 


can be evaluated from the data given by Randall ef al.5 and Natta et al.6 The values of 
AG at 298° k and 673° K are 494 and 285 kcal./mole respectively. As the reaction involves 
an increase of eight in the number of gaseous molecules, somewhat lower free-energy 
changes of 430 and 140 kcal./mole would be involved for pressures of 10 mm. of the 
reactants instead of the normal standard pressures of 1 atm. As hydrogen was formed, 
an alternative method of reduction of the oxide may be considered. The free energy 
change for the reaction 


3TIO4(s) + Hy(g) —B TigQs(s) + H,O(g) 


was evaluated in Part I and found to be 29-6 and 27-8 kcal./mole at 298° k and 673° k, 
respectively. However, all these calculations refer to the reaction of bulk solids, and no 
information is available about the thermodynamic likelihood of surface reactions involving 
some reduction of the oxide surface. 

The behaviour of n-butanol over anatase was similar to that observed in Part I for 
ethanol. In both cases, the decomposition was slight but some dehydration occurred as 
well as dehydrogenation. The latter gave aldehyde as one of the products on this oxide 
whereas aldehyde was always decomposed on oxides other than anatase or rutile. The 
n-butanal was liberated chiefly between 105° and 140°, and it is significant that a corre- 
sponding amount of water was formed simultaneously but no hydrogen. This suggests 
that some reduction of the surface with oxidation of hydrogen to water was in fact 
occurring even although the thermodynamic calculations indicate that a bulk reaction 
of this type would not be expected. The dehydration occurred chiefly between 190° and 
305°, and water, carbon dioxide, and hydrogen were desorbed together with n-butane in 
this temperature range, indicating that the olefin formed by dehydration was being 
hydrogenated on the surface. The two inflections in the curve in Fig. 2 for the recovery 
of carbon from n-butanol adsorbed on anatase correspond to dehydrogenation and 
dehydration respectively. 

As with the other primary and secondary alcohols, a complicated pattern of products 
was obtained from n-butanol on zinc oxide. Dehydration which occurred mainly between 
98° and 190° led to the formation of but-l-ene, some of which was isomerized to but-2-ene 
and some hydrogenated to n-butane. The ratio of the amounts of but-l-ene and but-2-ene 
was 1-9 in the temperature range 140—190° and it is clear that, although isomerization 
took place, equilibrium was not established because greater amounts of but-2-ene would 
have been expected. The amount of water recovered was much less than the total 
amounts of C, hydrocarbons but large quantities of hydrogen were formed. This provides 
further evidence that the adsorbent can convert water into hydrogen (cf. Part I). Water 
was only recovered at high temperatures because it was strongly adsorbed, in agreement 
with the observations of Taylor and Sickman.’? The large amount of hydrogen recovered 
showed that dehydrogenation was also occurring but no aldehyde was desorbed. It was 
retained by the oxide and broken down into smaller molecules above 300°. The complex 


5 Randall, Nielson, and West, Ind. Eng. Chem., 1931, 28, 388. 
* Natta, Colombo, and Pasquon, “ Catalysis,” ed. Emmett, Reinhold, New York, 1957, p. 137. 
* Taylor and Sickman, J. Amer. Chem. Soc., 1932, 54, 602. 





1846 Wheeler and Kemball: The Desorption of 


shape of the curve for the recovery of carbon from n-butanol on zinc oxide shows that at 
least two modes of decomposition were operating. The first rise corresponds to the 
release of the C, hydrocarbons, and the second to the desorption of smaller molecules, 
Our results on the desorption of n-butanol from zinc oxide differ from those obtained by 
Rivkin et al.8 for the catalytic decomposition of n-butanol over zinc oxide because they 
observed n-butanal as a product. The range of products in the present work is similar 
to the range of compounds obtained by Komarewsky and Stringer ® when they decomposed 
n-butanol over an alumina-—chromia catalyst. 

General Conclusions about the Desorption of Alcohols from Oxides.—It is possible to 
summarise briefly the main points established in this work and in Part I. The conclusions 
refer to the four alcohols ethanol, propan-2-ol, t-butanol, and n-butanol and to the oxides 
cupric, nickel, zinc, «-alumina, y-alumina, anatase, and rutile. 

(a) Some decomposition of the alcohol is always found on desorption. The extent 
of this depends mainly on the oxide—zinc oxide gives the most extensive decomposition, 
anatase and rutile produce the least. (b) The secondary and tertiary alcohols are slightly 
more reactive than the primary alcohols, but chain-length does not influence decomposition 
appreciably. (c) Cupric oxide always causes oxidation of the alcohol with simultaneous 
reduction of the oxide. (d) The predominant type of decomposition of the tertiary alcohol 
is dehydration. (e) The types of decomposition with the other alcohols depend mainly 
on the oxide and generally include both dehydration and dehydrogenation, and with 
nickel oxide and, in particular, zinc oxide, further reactions occur. (f) The oxides behave 
as reactants to varying extents—cupric oxide, nickel oxide, and, to a lesser extent, anatase, 
act as oxidising agents, and zinc oxide shows reducing properties and converts water 
into hydrogen. 

There seems to be a reasonably consistent pattern of behaviour for the desorption of 
the alcohols from the various oxides and, although more evidence is required before the 
mechanism of many of the processes can be understood, investigations of this type may help 
in the understanding of the catalytic action of the oxides at higher temperatures. It is 
particularly interesting that a number of reactions which normally occur on catalysts only 
at reasonably high temperature can be brought about under conditions which permit the 
oxides to function as reactants and not merely as catalysts. 

Rates of Desorption and Displacement of Ethanol from Anatase.—One of the most 
striking results from the rate measurements is the evidence that two types of adsorption of 
ethanol are occurring on anatase. The rates found at 37-2° for both desorption and 
displacement are slower than the corresponding rates at 19-2°. This must result from a 
change in the nature of the adsorption between the two temperatures. The first type 
of adsorption which occurs at room temperature must include physical adsorption and 
may also include chemisorption. The second type which occurs at 37° and leads to a more 
strongly adsorbed alcohol must be chemisorption of an activated kind. The slight increase 
in the amount adsorbed as the temperature is raised is further evidence that activated 
adsorption is taking place. 

It is possible that the nature of the adsorbed alcohol at 19-2° is not the same as the 
nature of that adsorbed at 0° because of the existence of an activated process. Conse- 
quently, the absolute values of the activation energies shown in Fig. 4 may be in error if 
the rates at the two temperatures do not correspond to similar states of the adsorbed 
material. However, the values given in Fig. 4 are useful as a means of comparing the two 
processes of desorption and displacement and for illustrating the changes resulting from a 
reduction of surface coverage. 

The activation energies for the rate of desorption indicate that the heat of desorption, 
and likewise the heat of adsorption, must rise steeply as the surface coverage is reduced. 


® Rivkin, Nikitina, Paul, and Kulbasova, Sintet. Kauchuk (U.S.S.R.), 1936, 7-8, 20. 
® Komarewsky and Stringer, J. Amer. Chem. Soc., 1941, 68, 921. 
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The rise in the activation energy as alcohol is desorbed is the chief factor causing the rate 
of desorption to decrease with time. 

The results during the early part of the displacement experiments must be disregarded. 
As the flow rate of propan-2-ol vapour was about 17 or 18 ml./hr., 1 ml. (N.T.P.) should 
have been collected after a few minutes if no propan-2-ol was being taken up by the oxide. 
The positions of the arrows in Fig. 3 indicate clearly that substantial amounts of 
propan-2-ol were adsorbed at the beginning of the displacement experiments and, 
consequently, very little propan-2-ol vapour was passing over the adsorbent at this stage. 
The relative position of the arrows at 19-2° and 37-2° is further evidence of activated 
adsorption. The rates of displacement at high coverages relate to a mixture of displace- 
ment and desorption perhaps even hindered by the diffusion of ethanol through propan-2-ol. 
Data obtained after the time indicated by the arrows in Fig. 3 correspond to genuine 
displacement. Similar considerations apply to the activation energies for displacement 
in Fig. 4. Only the values relating to a coverage of 60 or less units of adsorbed ethanol 
were obtained under conditions where a substantial pressure of propan-2-ol was passing 
over the adsorbent. 

Displacement by propan-2-ol occurs more rapidly than the desorption of ethanol alone 
at all three temperatures. The chief reason for this must be the effect of surface coverage 
on the heat of desorption. When the surface is maintained highly covered by the incoming 
propan-2-ol, it is clearly easier to desorb ethanol. This suggests that a substantial part of 
the variation in the heat of adsorption is due to interaction between the adsorbed mole- 
cules, and that the whole of the variation cannot be caused by heterogeneity of the surface. 
The values for the activation energies for the displacement shown in Fig. 4 are interesting 
in relation to this point. Little activation is required for displacement for coverages 
from 60 down to 30 units of adsorbed ethanol but increasing activation is necessary as 
the coverage is reduced further. It is probable that the rise in activation energy as the 
last third of the ethanol is displaced is caused by heterogeneity of the surface. The results 
show clearly that displacement or “ induced desorption”’ is an important method of 
desorbing a substance from a surface but they do not provide much evidence in favour of 
Molinari’s hypothesis of energy transfer because of the effects of the variation of heat of 
adsorption or desorption with coverage. The main piece of evidence which may support 
Molinari’s ideas is the negligible activation energy for displacement when 50 units of 
alcohol are adsorbed compared with the values of over 5 kcal./mole required even at the 
beginning of the desorption process. However, the negligible activation energy may also 
be explained by supposing that the differential heat of adsorption of ethanol is reduced to 
a very small value by the presence of the adsorbed propan-2-ol. It appears that a 
complete test of Molinari’s hypothesis will not be possible until a full-scale investigation 
is undertaken of both the kinetics and the thermodynamics for the simultaneous adsorption 
of two substances on the same adsorbent. 


THE QUEEN’s UNIVERSITY OF BELFAST. [Received, November 19th, 1959.] 
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368. Alkaloids of Calabash-curare and Strychnos Species. 
Part II,.* Isolation of New Alkaloids. 


By A. R. Battersby, R. Binks, H. F. Hopson, and D. A. YEOWELL. 


The bark of Strychnos toxifera Schomb. has been found to contain mainly 
quaternary alkaloids, together with a small amount of non-quaternary bases. 
Fractionation of the quaternary material by adsorption and partition 
chromatography has yielded three new alkaloids named hemitoxiferine-I, 
macusine-A, and macusine-B, together with the known xanthocurine. The 
properties of the new alkaloids are described. 

The series of toxiferines isolated by King * from Strychnos toxifera bark 
has been re-examined and several of the alkaloids have been identified. 


THE powerful physiological effect of the various types of plant extract known as “ curare ” 
has stimulated much interest in their chemical investigation. The studies described here 
and in other Parts of this series are concerned mainly with the alkaloids of calabash-curare 
and of Strychnos species. 

The first important chemical investigations of the alkaloids of calabash-curare were 
made by Wieland and his collaborators.-* The total quaternary alkaloid mixture 
obtained as the reineckate complex was subjected to a preliminary separation by repeated 
precipitation with water from acetone solution. The sparingly soluble reineckate fraction, 
which accounted for nearly all the curare-activity of the total quaternary bases, was 
further fractionated by chromatography on acid-washed alumina. C-Curarine chloride 
was the first crystalline calabash-curare alkaloid thus to be isolated. 

The barks of Strychnos toxifera and other Sirychnos species have long been known to 
be important constituents of many South American calabash-curares and in 1947 Wieland, 
Bahr, and Witkop ‘ described an investigation, essentially by the above method, of the 
quaternary bases of S. toxifera bark from British Guiana. They isolated in addition to 
toxiferine-II,f also obtained * from calabash-curare, a new crystalline alkaloid, toxiferine-I 
chloride with physiological activity surpassing that of any alkaloid then known. Sub- 
sequently toxiferine-I chloride, also designated C-toxiferine-I chloride, was isolated by 
Karrer and Schmid ® from a calabash-curare of Venezuelan origin. 

In 1949, King ® reported an examination of the quaternary alkaloids of the bark of 
S. toxifera obtained from British Guiana; this is almost certainly the plant examined by 
Wieland. By chromatography of the quaternary reineckates, he isolated toxiferine-I 
chloride and toxiferine-II, together with a series of alkaloids designated toxiferines III— 
XII. 

Partition chromatography on powdered cellulose ** has proved the most successful 
method for fractionation of the complex quaternary alkaloid mixtures obtained from 
calabash-curare and Strychnos species; more than 60 alkaloids have been isolated so far 
in this way. The Zurich group obtained ®!° mavacurine, fluorocurine, fedamazine, and 
the tertiary bases caracurines I—IX and nordihydrotoxiferine from S. toxifera of 
Venezuelan origin. 


* Part I, J., 1960, 736. 
t The nomenclature in this series is very confused. Toxiferine-II is not the same alkaloid as C-toxi- 
ferine-II; the latter is identical with C-calebassine. 


Wieland, Konz, and Sonderhoff, Annalen, 1937, 527, 160. 

Wieland and Pistor, Annalen, 1938, 536, 68. 

Wieland, Pistor, and Bahr, Annalen, 1941, 547, 140. 

Wieland, Bahr, and Witkop, Annalen, 1941, 547, 156. 

Schmid and Karrer, Helv. Chim. Acta, 1947, 30, 1162. 

King, J., 1949, 3263. 

Schmid, Kebrle, and Karrer, Helv. Chim. Acta, 1952, 35, 1864. 
Wieland and Merz, Chem. Ber., 1952, 85, 731. 

.* Asmis, Schmid, and Karrer, Helv. Chim, Acta, 1954, $7, 1983. 

10 Asmis, Waser, Schmid, and Karrer, Helv. Chim. Acta, 1955, 38, 1661. 
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We now report an investigation of the quaternary alkaloids from the bark of S. toxifera 
Schomb. obtained from British Guiana. The alkaloid content of the bark was almost 
identical with that of the S. toxtfera bark examined by King,® as shown by two-dimensional 
paper-chromatographic comparison of the total quaternary alkaloids from the two 
materials. King’s examination of the bark included Wieland’s separation into “ easily 
soluble” and “sparingly soluble” reineckate fractions, of which only the latter was 
further fractionated: the present study was of the total alkaloid content of the bark. 

The finely ground bark was exhaustively percolated with 1:4 aqueous methanol to 
give a solution from which the tertiary bases were extracted. This revealed a sharp 
difference in alkaloid content between the S. toxifera bark from British Guiana and the 
bark of the same species from Venezuela.® None of the alkaloids described later in this 
paper, or toxiferine-I obtained by Wieland and by King, was isolated from the Venezuelan 
material. Most of the crystalline alkaloids isolated from the latter bark are tertiary bases, 
whereas the tertiary base fraction from our material represents only about 1% of the total 
alkaloid content. These tertiary bases have as yet been examined only by paper chromato- 
graphy which indicates that caracurine-VII is the major component. 
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Apart from the step to remove tertiary bases, our fractionation followed closely that used 
by earlier workers.*%11 The quaternary bases were precipitated by aqueous ammonium 
reineckate at pH 2 and the acetone-soluble part of the reineckate complex was converted 
into quaternary chloride by Kapfhammer and Bischoff’s method." The chloride mixture 
in ethanol was adsorbed on to a column of acid-washed alumina from which three fractions, 
A, B, and C, were obtained by elution successively with ethanol, methanol, and 50% 
aqueous methanol; fractions B and C have so far not been examined. 

A preliminary study by partition chromatography on powdered cellulose of fraction 


1 Bachli, Vamvacas, Schmid, and Karrer, Helv. Chim. Acta, 1957, 40, 1167. 
 Kapfhammer and Bischoff, Z. physiol. Chem., 1930, 191, 182. 
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A showed that about two-thirds of the chloride mixture was rapidly eluted from the 
column and consisted of a mixture of alkaloids with Ro values greater than 1-5 [Ro gives 
movement-rate on chromatograms relative to C-curarine I (taken as 1-0)]._ The components 
of this fast-running fraction, which almost certainly corresponds to the uninvestigated 
“ easily-soluble ” reineckate fraction of King, had ultraviolet spectra characteristic of 
2,3-disubstituted indoles (e.g., yohimbine types). Therefore a large quantity of fraction A 
chloride was examined by partition chromatography with a large alkaloid : cellulose ratio, 
to isolate the fast-running fraction and subsequently to separate the components of this 
fraction by chromatography with a much lower alkaloid : cellulose ratio. The diagram 
shows this approach together with an indication of the further columns which were necessary 
to obtain crystalline alkaloids. Many fractions have yet to be fully examined, but the 
work so far has yielded three new quaternary alkaloids. The isolation of one, hemi- 
toxiferine-I, has been briefly recorded earlier, and its structure and chemistry are dis- 
cussed in Part I of this series.* The other two alkaloids are named macusine-A and 
macusine-B after the Macusi tribe of Indians who carried out the first investigations on 
Strychnos toxifera;®* we intend to continue this system of nomenclature for other new 
alkaloids from S. toxifera. 

Macusine-A, C,.H 7 9,0,N.*, has been characterised as the crystalline chloride, iodide, 
and picrate; macusine-B, C,)H,,_,,ON,*, as the chloride, iodide, and perchlorate. Both 
alkaloids have ultraviolet spectra characteristic of 2,3-disubstituted indoles and almost 
identical with that of yohimbine methochloride. The infrared spectrum of macusine-A 
has bands at 3320 (OH), 3120 ([NH), and 1729 cm. (CO,R), whereas that of macusine-B 
shows bands at 3310 (OH) and 3210 cm. (>NH) and no ester band. 

In addition to the new alkaloids, a small quantity of a yellow quaternary alkaloid was 
isolated. This was shown with very high probability to be xanthocurine, an alkaloid of 
unknown structure, previously obtained ** from a Columbian calabash. Our alkaloid 
corresponded closely with authentic xanthocurine in chromatographic behaviour in three 
solvent systems, in ultraviolet absorption including the marked bathochromic shift in 
alkaline solution, in rotation, and in colour reaction; the infrared spectrum of our material 
was very similar to that of the authentic sample, but a completely satisfactory spectral 
comparison was not possible owing to lack of material. 

During preliminary work, a small quantity of a sparingly soluble alkaloid was isolated 
from the material which moved most rapidly down the partition column. This has 
proved to be macusine-B thiocyanate; undoubtedly the anion is derived from the ammonium 
reineckate used to precipitate the alkaloids. The properties of this thiocyanate called to 
mind those of a so-called “‘ neutral product ” isolated first by Wieland, Bahr, and Witkop * 
from Venezuelan calabash-curare and later by King ® from S. toxifera. The infrared and 
ultraviolet spectra of King’s sample of this material show conclusively that it is the thio- 
cyanate of a quaternary 2,3-disubstituted indole. The analyses which King and the 
German workers gave in support of formula C,,H,,0,N, for this substance also fit 
Cy9H,,;ON,*CNS~ and cannot exclude C,,H,,ON,*CNS~. Indeed, it is probable from the 
infrared spectrum of King’s sample that it is identical with macusine-B thiocyanate; 
however, the minute amount of his material available to us prevented our getting a spec- 
trum of the usual quality. 

It is convenient at this stage to summarise the results of investigations made on the 
other alkaloid samples obtained by the late Dr. H. King in his isolation work on S. toxifera 
bark. Until now the relationship of toxiferines III—XII to the other sixty or so calabash- 
curare and Sérychnos alkaloids isolated since 1949 was unknown. Toxiferine-I and 
toxiferine-III had been stored as quaternary chlorides; the remaining alkaloids were as 


8 Battersby and Hodson, Proc. Chem. Soc., 1958, 287. 
™ Battersby and Hodson, /., 1960, 736. 
“s #8 McIntyre, ‘‘ Curare, Its Natural History and Clinical Use,”” University of Chicago Press, Chicago, 
47. 
1® Giesbrecht, Meyer, Bachli, Schmid, and Karrer, Helv. Chim. Acta, 1954, $7, 1974. 
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the quaternary picrates and for the work described below were converted into chlorides 
by ion-exchange. There was insufficient toxiferine-VI for examination eveh by the 
micromethods useful in this field; no sample of toxiferine-VII was available. 

Toxiferine-I chloride had decomposed considerably; the picrate was homogeneous and 
apparently is quite stable. 

Toxiferine-III chloride had decomposed completely to red material which gave many 
coloured and fluorescent spots on paper chromatography. 

Toxiferine-IV was shown by colour reactions, ultraviolet spectrum and paper chromato- 
graphy to be largely C-alkaloid A;” it contains two impurities with similar colour reactions 
and ultraviolet spectrum but with different Ro values. 

Toxiferine-V shows colour reactions, ultraviolet spectrum, and R,, values identical with 
those of toxiferine-I. It behaves exactly as does the latter alkaloid on treatment with 
dilute sulphuric acid; 144 this reaction was investigated by paper chromatography. 
King records toxiferine-V picrate, m. p. 270°, and toxiferine-I picrate, m. p. 278°, but 
our results leave no doubt that toxiferine-V is identical with toxiferine-I although King ® 
reports its physiological activity to be considerably lower than that of toxiferine-I. Since 
the physiological activity reported for toxiferine-VI corresponds exactly with the un- 
usually high activity of toxiferine-I, it may well be that in some way the test samples of 
toxiferine-V and toxiferine-VI were interchanged. 

Toxiferine-VIII is homogeneous, with Rg 0-63 in solvent system “‘ C’’; its ultraviolet 
spectrum is identical with that of curacurine-IX methochloride (Rg 1-1), but thie two 
alkaloids differ so much in Rg values that they cannot be identical. 

Toxiferine-IX has been shown to be identical with caracurine-II methochloride * by 
colour reactions, ultraviolet spectrum, and Rog value in solvent system “C”’; the picrates 
of both alkaloids are unmelted at 300° and they have identical infrared spectra. 

Toxiferine-X and -XII both have colour reactions and ultraviolet spectra characteristic 
of the toxiferine group of alkaloids, 7.e., they are methylene indolines. Toxiferine-XII 
has Ry 2-3 in solvent system “‘C’’; toxiferine-X is inhomogeneous. 

Toxiferine-XI is identical with toxiferine-I in all its properties, including infrared 
spectrum (Nujol and KBr disc) and degradation with dilute mineral acid.1>-™4 

Early in our work a re-investigatiori was made of the separation of the quaternary 
alkaloids by adsorption chromatography of the alkaloid reineckates on alumina. A 
chromatographically homogeneous fraction, after conversion into the chloride, was shown 
by paper chromatography to consist of five major components. This result and the re- 
markable fact that in King’s original separation it is now established that toxiferine-I was 
isolated from three widely spaced positions on the adsorption column show clearly that 
this method of fractionation is inferior to partition chromatography. 


EXPERIMENTAL 

Cellulose columns were packed dry and were washed and eluted with solvent which had 
been freed from peroxide by passage through ‘“‘ Amberlite ’’ IR-120 resin in the ferrous phase !” 
before entering the cellulose column. Solvent system ‘‘C”’ is water-saturated ethyl methyl 
ketone 7? containing stated amounts of methanol. Alumina was washed with 2n-hydrochloric 
acid, then with water until neutral, and dried at 110°. Solutions were evaporated at +50° 
under a reduced pressure of nitrogen. Samples for analysis, determination of rotation, and 
ultraviolet and infrared absorption were dried at 100° over phosphoric oxide in vacuo unless other- 
wise stated. 

Isolation of Alkaloids as Reineckate Complex.—Finely ground S. toxifera bark (15 kg.) was 
percolated with 80% aqueous methanol until the percolate gave only a weak colour with the 
ceric sulphate reagent; ? the hark was then exhaustively percolated with 2% aqueous acetic 
acid. The total aqueous-methanolic percolate, in five portions (i)—(v), was evaporated as 
far as possible to dryness. The resinous residues (303 g., 221 g., 385 g., 393 g., and 307 g.) 
were treated separately with methanol (600—700 ml. per 100 g. of solid) at 35° with vigorous 
17 Ziircher, Ceder, and Boekelheide, J. Amer. Chem. Soc., 1958, 80, 1500. 








1852 Battersby, Binks, Hodson, and Yeowell: Alkaloids of 


swirling until they were broken down into solutions containing flocculent insoluble material. 
Each mixture was filtered through “ Filtercel,’’ and the filter-pad washed exhaustively with 
methanol. When kept overnight the filtrate deposited some resin; the solution was decanted 
and is here described as the ‘‘ methanol-soluble fraction.” The filter-pad and deposited resin 
were extracted exhaustively with water, and this solution is described as the “‘ water-soluble 
fraction.” 

The ‘‘ methanol-soluble fraction ” from portions (i) and (ii) was reduced to ca. 1-5 1. and 
treated with water (2 1.). Concentrated hydrochloric acid (30 ml.) was added to the aqueous- 
methanolic solution until acid to Congo Red, and the methanol was then removed. The 
clear aqueous solution was extracted with 4:1 ether-chloroform (4 x 550 ml.) to remove 
neutral material, adjusted to pH 9 with an excess of ammonia, and again extracted with 4:1 
ether-chloroform (4 x 550 ml.). Much material which was precipitated on basification was 
insoluble in ether—chloroform and, after the first extraction, the whole mixture was filtered 
through a sintered-glass funnel; the solid so removed is described as ‘‘ solid D.”” Evaporation 
of the combined organic extracts left the non-quaternary bases as a dark resin (2 g.). 

The aqueous, alkaline solution was adjusted to pH 2 with concentrated hydrochloric acid 
and stirred while an excess of ammonium reineckate solution (125 g. of ammonium reineckate 
in 2-5 1. of 2: 1 water—acetic acid) was added. ‘The precipitated complex was collected after 
18 hr. at room temperature, washed thoroughly with water, then with ether, and dried at 35° 
in vacuo to give the quaternary reineckate complex (101 g.). Portions (iii), (iv), and (v), 
treated in the same manner, gave a further amount (180 g.) of reineckate complex. 

The water-soluble fractions from portions (i)—(v) were combined, adjusted to pH 2 with 
concentrated hydrochloric acid, and treated with ammonium reineckate as above to give 
reineckate complex (20 g.). 

The 2% acetic acid bark extract was separated as above into a “ methanol-soluble fraction,” 
a ‘‘ water-soluble fraction,” and “solid D.” The “‘ methanol-soluble fraction’’ gave some 
reineckate complex (70 g.) whereas the “‘ water-soluble fraction ” yielded a negligible amount. 

“‘ Solid D ” from both aqueous-methanol and aqueous-acetic acid bark extracts was treated 
with 0-1n-hydrochloric acid, and the resulting solution decanted from insoluble matter and 
treated in the usual way with ammonium reineckate solution. The residue insoluble in hydro- 
chloric acid was dissolved in 5% aqueous acetic acid, and then also treated with ammonium 
reineckate solution. The combined precipitates were collected and dried to give the reineckate 
complex (70 g.). 

Fractionation of Alkaloids.—(a) Isolation of hemitoxiferine-I. The reineckate (200 g.) from 
the ‘‘ methanol-soluble fraction ’’ and the “ water-soluble fraction "’ from the original 80% 
aqueous methanol bark extract were dissolved in acetone, the insoluble portion (21 g.) was 
rejected, and the soluble fraction converted into the chloride by Kapfhammer and Bischoff’s 
method ! as described by Asmis, Schmid, and Karrer.® The total chloride (133 g.) was treated 
with ethanol (3 1.) and after removal of an insoluble residue (27 g.) was adsorbed on a column 
of acid-washed alumina (900 g.). Continued elution with ethanol (5-9 1.) gave fraction A (58 g.), 
and elution successively with methanol (2-8 1.) and 50% aqueous methanol (2-4 1.) gave fractions 
B (22-7 g.) and C (18-3 g.), all as brown resins. 

Fraction A was dissolved in the minimum amount of absolute ethanol, and the solution 
filtered to remove ammonium chloride (6 g.). The filtrate was evaporated to dryness and a 
solution of the residue (52 g.) in solvent system ‘‘ C ”’ containing 6% of methanol (2-3 1.) was 
divided into two portions each of which was run on to a column of cellulose powder (600 g.; 
66 x 5-5cm.). Elution was continued with solvent system ‘‘ C ” containing 3% of methanol. 
Based on the results from a trial experiment seven fractions C.I—C.VII were collected from 
each column. The corresponding fractions from each column were combined, the total volumes 
and alkaloid contents of the various fractions being as follows: 


C.I C.II C.III C.IV C.V C.VI C.VII 
Hh MD 1 tnattnindbuenennentestqoaseaipuinte 5 2-9 1-2 1-2 1-6 1 0-8 
Alkaloid content (g.) ..........seeeeees 1-7 28-2 5-5 3:8 1-8 0-7 1-7 


A final fraction C.VIII (10-2 g.) was obtained by washing the column with methanol (6 1.). 
Fraction C.IV as a syrup in methanol readily gave crystals which were collected and re- 
crystallised from ethanol (to give 0-8 g.) and from ethanol-ether to give pure hemitoxiferine-I 
chloride (alkaloid A8) (0-55 g.), m. p. >300°, [a],2* —41-0° (c 10 in H,O). This alkaloid has 
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Ro 1-5 in solvent system ‘‘ C” (for Rg values see p. 1850); it gives a persistent orange colour 
with the ceric sulphate reagent and a lemon-yellow colour with cinnamaldehyde and: hydrogen 
chloride. The chloride is hygroscopic and satisfactory analyses could not be obtained; partially 
synthetic ™ hemitoxiferine-I chloride gave similar analytical results. The ultraviolet absorption 
of the natural alkaloid in water was: Amax 241, 293, Amin, 225, 269 my (log ¢ 3-74, 3-33, 3-53, 
2-86 respectively). 

Hemitoxiferine-I picrate crystallised from aqueous acetone as yellow needles or elongated 
prisms, m. p. 234—236° (Found: C, 56-4; H, 5-1. CyoH,,;0,N,,C,H,O,N, requires C, 56-5; 
H, 49%). 

(b) Isolation of macusine-A. Fraction C.II was combined with fraction C.I and further 
examined by partition chromatography on a second cellulose column (3 kg.; 160 x 7-6 cm.) 
with ethyl methyl ketone saturated with water as the developing solvent; 23 fractions C.Ila— 
C.IIlw were obtained, the cuts being made on the basis of examination of the column in ultra- 
violet light. Fraction C.IIi (1-9 g.) readily crystallised from an ethanol syrup, to give macusine-A 
chloride (450 mg.); evaporation of the mother-liquor to dryness and crystallisation of the 
residue from water yielded a further crop (450 mg.) of the same material. Two recrystallisations 
from ethanol-ether gave the pure alkaloid as colourless prisms, m. p. 252° after previous darken- 
ing at 240° and sintering at 248°, {a],2° —57-5° + 1-5° (c 1-455 in H,O). The colour reactions 
of macusine-A are: ceric sulphate, pale grey; concentrated nitric acid, bright green rapidly 
changing to yellow; concentrated sulphuric acid plus one crystal of anhydrous ferric chloride, 
deep blue changing to green; cinnamaldehyde-hydrogen chloride, slow development of yellow. 
This chloride had Rog 3-6 in solvent system “CC.” A completely anhydrous sample was not 
obtained (Found: C, 64-4; H, 7-0; N, 6-6. Calc. for C.,H,,O,N,Cl: C, 65-25; H, 7-2; N,;6-9%. 
Found, in material dried at 100° and then kept in contact with the atmosphere for 3 days: 
C, 60-4; H, 7-15; N, 7-05. C,.,H,.O,N,Cl,2H,O requires C, 59-9; H, 7-5; N, 635%). 

A solution of the above chloride (22 mg:) in water (1 ml.) was treated with an excess of 
concentrated aqueous potassium iodide. The precipitate was collected and recrystallised from 
aqueous methanol, to give macusine-A iodide (25 mg.), m. p. 274° (decomp.) after previous 
darkening and sintering at 263° (Found: C, 53-5; H, 5-6; N, 5-6. C,,H,,O,N,I requires 
C, 53-2; H, 5-9; N, 5-65. C,,H,,O,N,I requires C, 53-45; H, 5-5; N, 565%), Amex 222, 273, 
277, 288, Amin, 251, 275, 286 my (log ¢ 4-73, 3-84, 3-84, 3-71, 3-58, 3-83, 3-70 respectively) in 
water. 

Macusine-A picrate was prepared by precipitation in aqueous solution as usual with picric 
acid. Recrystallisation from dichloromethane-ether yielded the pure salt, m. p. 255° (decomp.) 
after extensive sintering and charring at 242° [Found: C, 56-2, 56-1, 56-3; H, 4-9, 4-8, 5-35; 
N, 11-9, 11:9%; equiv. (ultraviolet absorption 4%), 581, 574. C,,H,.O,N,,C,H,O,N, requires 
C, 56-3; H, 5-2; N, 11-7%; equiv., 597-5. C,,H,,O,N,,CgH,O,N,; requires C, 56-5; H, 4:9; 
N, 118%; equiv., 595-5]. 

(c) Isolation of macusine-B. The mother-liquor from crystallisation of macusine-A above 
and fractions C.IIj, C.IIk, and C.III all contained the same mixture of alkaloids as shown by 
paper chromatography. They were combined (9-9 g.) and fractionated on a column of cellulose 
(2-5 kg., 190 x 8 cm.) with water-saturated butan-l-ol as the eluting solvent. The many 
fractions obtained were suitably combined on the basis of paper chromatographic checks to 
give seven major fractions (0-11 g., 1-2 g., 2-0 g., 1-8 g., 2-5 g., 1-8 g., 0-5 g.) which all failed 
to crystallise. Each fraction in ethanol was therefore percolated separately through separate 
columns of acid-washed alumina (45 x 0-8 cm.); much coloured material was removed and 
the second, third, fourth, and fifth fractions then yielded crystals from ethanol. They were 
collected, combined, and recrystallised from ethanol-ether to give macusine-B chloride (1-3 g.) 
as prisms, m. p. 248—249° (decomp.) after darkening from 230° (Found: C, 69-2; H, 7-5; 
N, 8:2. C,9H,,ON,Cl requires C, 69-25; H, 7-9; N, 8-1. Cy9H,;ON,Cl requires C, 69-65; H, 
7:3; N, 8-1%) [a second preparation, although dried under the same conditions, contained 
water of crystallisation and is probably a different crystalline form (Found: C, 65-8, 65-7; 
H, 7:4, 7-5. Cy9H,,ON,Cl,H,O requires C, 65-7; H, 7-45%)], [aJ,%* +15-6° + 1-7° (c 1-21 in 
H,O), Amax. 222, 273, 280, 291,.Amin, 241, 278, 287 my (log ¢ 4-61, 3-84, 3-82, 3-74, 3-22, 3-81, 
3-60 respectively) in water. The colour reactions of macusine-B duplicate those of macusine-A, 
save that with concentrated nitric acid a green-yellow colour is the final one. The chloride 
had Ro 3-0 in solvent system “ C.” 

#8 Cunningham, Dawson, and Spring, J., 1951, 2305. 
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Macusine-B iodide was precipitated from an aqueous solution of the alkaloid chloride by 
potassium iodide and recrystallised from methanol-ether as prisms, m. p. 280—281° (decomp.) 
after darkening from 250° (Found: C, 55-3, 55-05; H, 5-9, 5-9; N, 6-2. CC, .H,,ON,I requires 
C, 54:9; H, 6-2; N, 6-4. C.oH,;0,;N,I requires C, 55-05; H, 5-8; N, 6-4%). 

Addition of perchloric acid to an aqueous solution of macusine-B chloride precipitated a 
solid which recrystallised from aqueous acetone to give macusine-B perchlorate as plates, m. p. 
272—273° after darkening at ca. 250° (Found: C, 58-2; H, 6-3. C,9H,,O;N,Cl requires C, 58-5; 
H, 6-6. Cy9H,,;0;N,Cl requires C, 58-75; N, 6-2%). 

Macusine-B thiocyanate was precipitated from an aqueous solution of the chloride by the 
addition of ammonium thiocyanate and, recrystallised from water or aqueous acetone, had 
m. p. 302° after sintering and darkening at 286°. The infrared spectrum of this material was 
identical with that of the quaternary thiocyanate obtained from trial fractionations of the 
total alkaloids from S. toxifera (see p. 1850). 

(d) Isolation of xanthocurine. Fraction C.V above was deep yellow and was further 
fractionated on a cellulose column (600 g., 66 x 5-5 cm.) with solvent system ‘‘ C ’”’ containing 
15% of methanol. The eluate was divided into seventeen fractions (C.Va to C.Vq) and a 
further fraction (C.Vr) was obtained by washing the column with solvent system ‘‘ C”’ con- 
taining 10% of methanol. A solution of fraction C.Vh in water deposited yellow needles (132 
mg.) which were inhomogeneous and it was necessary to use a combination of recrystallisation 
from methanol and hand-picking to obtain xanthocurine chloride (6 mg.), m. p. >300°. The 
sample for determination of rotation was prepared as described by Giesbrecht e¢ a/.¥® and 
had [aJ,,2* + 757° + 30° (c 0-0934 in MeOH). The authentic sample had [a],2* +717° + 20° 
(c 0-181 in MeOH), [{aJ,,2* +706° + 15° (c 0-260 in MeOH). Giesbrecht e¢ a/.’* record [a], 
+ 813° + 4° (c 0-566 in MeOH). The two samples of xanthocurine were indistinguishable in 
solvent system ‘‘ C,’’ solvent system “‘ D,”’ and water-saturated butanol, and showed the same 
blue-green colour with ceric sulphate. 

A portion of our alkaloid was converted into the quaternary nitrate; this salt darkened at 
280° and gradually decomposed. Giesbrecht e¢ al.!* report decomposition above 275° for 
xanthocurine nitrate. . 


We thank the Curator of Forests, British Guiana, Dr. R. A. E. Galley, and Dr. P. C. Spensley 
for supplies of Strychnos toxifera bark, Dr. James Walker for providing us with Dr. H. King’s 
collection of alkaloids, Professor P. Karrer and Professor H. Schmid for a valuable gift of 
xanthocurine, and the Medical Research Council and Colonial Products Council for their 
financial support. 
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369. The Effect of Substituents on the Reduction of Azo- 
compounds. 
By M. KHALIFA. 


The course of reduction of a number of azo-compounds is correlated with 
the electron density on the azo-group. 


For the synthesis of 3,5-dioxopyrazolidines! some 4-substituted hydrazo-compounds 
were required. When preparing these from the azo-derivatives, 4-R-C,H,-N°N°C,H,R’, 
it was found that the product (hydrazo-compound or amine) depended on the nature of 
R and R’. 

The azo-compounds were prepared by recorded methods. An attempt to prepare 
4’-hydroxyazobenzene-4-carboxylic acid ® from azobenzene-4-carboxylic acid by oxidation 
with peracetic acid followed by Wallach rearrangement of the azoxy-compound gave 
unsatisfactory results. However, this azo-compound was obtained in 17% yield by a 


? Linnell and Khalifa, J., 1959, 1315. 
* Angeli and Valori, A##ti R. Accad. Lincei, 1913, 22, 132. 
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procedure * reported for preparation of the 4-hydroxy-4’-nitroazobenzene (which was 
obtained in 90% yield). Potassium azobenzene-4,4’-disulphonate was prepared from 
potassium sulphanilate by oxidation with potassium permanganate.‘ The ready solubility 
of the starting material and its oxidation product in water is largely responsible for 
the good yield (60%) in this oxidation, since from #-nitroaniline the yield was only 15%, 
and about 35% of unchanged /-nitroaniline was recovered.! 

Reduction of the azo-compounds was by (1) zinc dust and acetic acid according 
to Khalifa and Linnell’s modification ® of Jacobson and Steinbrenk’s method,® or (2) 
alcoholic ammonium sulphide according to Werner and Stiasny’s method.’ 

By method (1), monosubstituted azo-compounds containing electron-attracting 
substituents, e.g., CO,H, CO,Me, which produce a —M effect, lowering the electron- 
density on the azo-group, were reduced to hydrazo-compounds. On the other hand, 
azo-compounds containing one or two electron-repelling para-substituents, e.g., OH, OEt, 
inducing a +M effect and thus increasing the electron-density on the azo-group, gave the 
amines. Jacobson® found that 3-hydroxyazobenzene was reduced to the hydrazo- 
compound while the 2- and the 4-isomer yielded aniline and the aminophenol. In these 
compounds, mesomeric electron-release occurs only when the unshared electrons on the 
hydroxyl group are conjugated with the azo-group. Such conjugation is absent in 3- 
hydroxyazobenzene, where only the —J, effect is operative, lowering the electron-density 
on the azo-group. In the 2- and the 4-isomers, conjugation is present and the + effect 
operates, rendering the azo-group a centre of high electron-density. 4,4’-Diacetoxy- and 
4,4’-dibenzoyloxy-azobenzerie are reduced to the hydrazo-derivatives because, although 
conjugation is present, yet electron-release to the para-position (t.e., to the azo-group) is 
largely diminished by the acyl residues attached to the oxygen atoms.® For the same 
reason acetylguaiacol is nitrated exclusively para to the methoxy-group.!® 

When R = H or R’ a single effect—either electron-attraction or electron-repulsion— 
is exerted. With unsymmetrical 4,4’-substituted compounds the situation is different. 
4'-Hydroxyazobenzene-4-carboxylic acid contains an electron-attracting carboxyl group 
and a powerful electron-repelling hydroxyl group, the effect of the latter predominating. 
The result is an increase in the electron-density of the azo-group and accordingly on 
reduction the compound is cleaved. Moderating the effect by alkylating or acylating the 
hydroxyl group leads to the hydrazo-derivatives. 

With the second method of reduction the work was extended to include nitro- and 
sulphonate groups. On the whole, the results were consistent with those obtained with 
method (1). When R’ =H and R and is electron-attracting, the products were the 
hydrazo-derivatives. Azo-compounds containing two electron-repelling substituents 
behaved in a heterogeneous manner. While 4,4’-dihydroxyazobenzene yielded /- 
aminophenol, its diethyl ether was unaffected. Both were cleaved by method (1). 
Now, alkylation of the hydroxyl group diminishes its electron-repellency, and it may be 
that fission by method (2) requires a very high electron-density on the azo-group, so that 
the free hydroxy-compound was cleaved while the other was not. Similarly, 4,4’- 
diacetoxyazobenzene yielded the hydrazo-compound by method (1) but did not respond 
to method (2). A plausible explanation is that for reduction to the hydrazo-stage by 
method (2) a low electron-density on the azo-group is necessary, and this is not the case 
with 4,4’-diacetoxyazobenzene. 4’-Ethoxy- and 4’-acetoxy-azobenzene-4-carboxylic acid 


3 Bamberger, Ber., 1892, 25, 846. 
‘ Laar, Ber., 1881, 14, 1928. 
5 Khalifa and Linnell, J. Org. Chem., 1959, 24, 853. 
6 Jacobson and Steinbrenk, Annalen, 1898, 308, 384. 
7 Werner and Stiasny, Ber., 1899, 32, 3272. 
8 Jacobson and Hénigsberger, Ber., 1903, 36, 4093. 
* Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,”’ G. Bell and Sons Ltd., London, 1953, 
p. 240. 
10 Reverdin and Crépieux, Ber., 1903, 36, 2257. 
" Khalifa and Abo-Ouf, J., 1958, 3740. 
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responded equally to the two methods of reduction. Compounds where R 4H and 
R’ = NO, behavedinaunique manner. 4’-Hydroxy-,4’-ethoxy-, and 4’-acetoxy-4-nitroazo- 
benzene all afforded the corresponding amino-azo-compounds. That the nitro- rather 
than the azo-group is attacked is due to the fact that the electron-donor substituents are 
in conjugation with the electron-sink nitro-group and it is the latter whose electron-density 
is increased and hence it is this group which is reduced (in agreement with Meldola’s 
findings 12:15), 


EXPERIMENTAL 


Microanalyses are by Messrs. Ciba, Switzerland, and Alfred Bernhardt, Germany. 

4’-Hydroxyazobenzene-4-carboxylic Acid.—p-Aminobenzoic acid (14 g.) was heated with 
70% nitric acid (27 ml.) and water (175 ml.) until a clear solution was obtained, which was then 
cooled to 0—5° with stirring. 10% Aqueous sodium nitrite (80 ml.) was added and stirring 
continued for a further } hr. The excess of nitrite was decomposed with urea, and the 
diazonium salt solution was diluted with ice-cold water to 1} 1. and coupled with phenol (9 g.) 
in alcohol (50 ml.). Stirring and cooling were maintained for several hours, then the mixture 
was kept at 15—20° for 48 hr. The crude product (4-5 g.) formed red crystals (from aqueous 
ethanol), m. p. 270° (decomp.) [lit.,2 266° (decomp.)]. 

4’-Ethoxyazobenzene-4-carboxylic acid, prepared in 80% yield from the sodio-derivative of 
the hydroxy-compound and ethyl iodide, formed orange crystals, m. p. 254° (from ethanol) 
(Found: C, 66-8; H, 5-35; N, 10-6. C,,;H,,O,N, requires C, 66-65; H, 5-2; N, 10-4%). 

Acetyl chloride in presence of acetic acid gave the 4’-acetoxy-acid, orange needles (from 
ethanol), m. p. 258—260° (Found: C, 63-4; H, 4:3; N, 9-9. C,,;H,,O,N, requires C, 63-4; 
H, 4:3; N, 98%). 

4-Hydroxy-4'-nitroazobenzene.—Prepared by Bamberger’s method,* this had m. p. 212— 
213° as reported by Bamberger (Meldola gives m. p. 183—184°). As above, it gave the red 
4-ethoxy-, m. p. 160—161° (from ethanol) (Found: C, 62-0; H, 4:9; N, 15-6. C,,H,,0,N, 
requires C, 62-0; H, 4:8; N, 15-5%), and 4-acetoxy-compound, red needles (from ethanol), m. p. 
150—151° (Found: C, 59-1; H, 4-0; N, 14-7. C,,H,,0O,N; requires C, 58-9; H, 3-9; N, 14-7%). 

4,4’-Dihydroxyazobenzene.—This was obtained in 46% yield by fusing p-nitrophenol with 
potassium hydroxide according to Willstatter and Benz’s method.* Attempts to raise the 
yield to 60—70% as claimed by Bigiavi and Carrara} were abortive. The diethyl ether, 
diacetate, and dibenzoate were prepared by recorded methods.'1¢ 

Potassium Azobenzene-4,4’-disulphonate.—This was prepared by oxidation of potassium 
sulphanilate according to Laar’s procedure; * also by electrolytic reduction !? of potassium 
p-nitrobenzenesulphonate 1* which was obtained from p-chloronitrobenzene by treatment with 
sodium disulphide, and the di-p-nitrophenyl disulphide being oxidised by fuming nitric acid 
and the sulphonic acid thus obtained converted into the potassium salt. 

4,4’-Dinitroazobenzene.—This was obtained in 60% yield by Cook and Jones’s procedure.!® 

Azobenzene-4-carboxylic Acid.—The acid was prepared by Anspon’s method ®® which is 
essentially that described by Angeli.2 Fischer’s method of esterification afforded the ester in 
only 15% yield: the silver salt and an excess of methyl iodide gave a 40% yield. 

Reduction of the Azo-compounds.—(1) To the azo-compound in boiling alcohol, zinc dust 
(30—35 times the theoretical amount for reduction to the hydrazo-stage) was added, then acetic 
acid with stirring, dropwise, until the solution became colourless. The filtrate was concen- 
trated under diminished pressure and diluted with cold water. 

(2) The azo-compound, suspended in alcohol, was treated at the b. p. with a saturated 
solution of ammonium sulphide (12 times the theoretical amount for reduction to the hydrazo- 
stage) prepared just before use by saturating a mixture of equal parts of concentrated aqueous 


12 Meldola, J., 1885, 47, 659. 

13 Meldola, J., 1884, 45, 106. 

14 Willstatter and Benz, Ber., 1906, 39, 3495. 

'S Bigiavi and Carrara, Gazzetta, 1923, 58, 285. 

16 Willstatter and Benz, Ber., 1907, 40, 1582. 

17 Elbs and Wohlfahrt, Z. Elektrochem., 1902, 8, 790. 
18 Bell, J., 1928, 2776. 

1 Cook and Jones, J., 1939, 1310. 

# Anspon, Org. Synth., 1945, 20, 86. 











and 
4ZO- 
ther 


sity 


la’s 


with 
then 
ring 

the 
) g.) 
ture 
20us 


ated 
azo- 
cous 





[1960] Lamchen and Wicken. 1857 


ammonia and water with hydrogen sulphide. The mixture was boiled for 2—7 min. then 
diluted with an equal volume of water. R 
The principal results are recorded in the Tables. 


H oa * 
Method ydrazo compound 





Azo- of Solvent Found (%) Required (%) 
compound (I) __redn. M. p. crystn. Cc = 6 OR Formula Cc wo N 
R’ R 
H CO,H § 1,2 194—195°${ Aq. EtOH —- —- — - - — 
H CO,Me § 1,2 114—115 EtOH - —- — - —- — 
NO, NO, 2 248250 COMe, ji! ile! ee a ee 
SO,K SO,K 4 2 H,O Se a rae in 
OAc OAc 1 138—140 C,H,-Pett 63:3 52 93 CyH,O,N, 640 53 93 
OBz OBz 1 188—190 EtOH 74:1 465 6-6 C,.H,.O,N, 736 47 66 
OEt CO,H§ 1,2 256—258 Aq. EtOH 663 5:3 10-9 C,,H,,O,N, 662 59 10-3 
OAc CO,H§ 1,2 202—204 Aq. MeOH 63:0 49 96 C,,H,O,N, 62:9 49 98 


* Yields between 75 and 85%. f Pet = light petroleum (b. p. 80—100°). { Ref. 6, m. p. 
192—193°. § In method (2), the mixture is acidified with acetic acid for liberating the hydrazo- 
compound. { Reported in the literature. 


Method 2 gave 4-amino-4’-hydroxy-, m. p. 187° (from water) (lit.,!2 181°), and -4’-ethoxy- 
azobenzene, m. p. 135—136° (from aqueous ethanol) (negative Meldola test 4%) (Found: C, 69-1; 
H, 6-1; N, 17-1. C,gH,;ON, requires C, 69-7; H, 6-2; N, 17-4%), also 4-acetoxy-4’-amino- 
azobenzene, m. p. 198—200° (from chloroform) (positive Meldola test) (Found: N, 17-0. 
C,,H,,;0,N3 require N, 16-5%). / 


The author thanks Professor Y. M. Abou-Zeid of this Faculty for facilities, and the Staff of 
the Ciba Scientific Bureau in Cairo through whose courtesy some of the new compounds were 
microanalysed in the Ciba Laboratories. 


ORGANIC CHEMISTRY DEPARTMENT, FACULTY OF PHARMACY, 
Catro UNIVERSITY, EcyprT. (Received, April 10th, 1959.] 


370. Triazepines. Part II. Reaction of Various Substituted 
Benzophenones with Hydrazine. 


By M. LAMCHEN and A. J. WICKEN. 


2-Phthalimidobenzophenones condense with hydrazine only when sub- 
stituents with a large +T effect are present in the 4’-position. Others, 
including those with substituents in position 2’ or 4 having +T effects, or 
in positions 4, 2’, or 4’ having +I effects, undergo the normal Ing and Manske 
cleavage with hydrazine. This opens a new synthetic route to some 2- 
aminobenzophenones. 


WE have shown in Part I+ that, depending on the nature of substituents, 2-phthalimido- 
benzophenones either undergo the Ing and Manske reaction with hydrazine or condense 
with it to form 1,2,4-triazacyclohepta-2,5,7-trienes. For further study we have used 
2-phthalimidobenzophenones * with electron-repelling groups ortho and/or para to the 
benzophenone-carbonyl group since triazepine formation was observed when the strongly 
electron-donating methoxyl group was in the 2’,4’- or in the 4’-position. 

Of the compounds investigated only 4-methylthio-2’-phthalimido- and 2,4-dimethoxy- 
2’-(3-nitrophthalimido)-benzophenone gave triazepines: the Ing and Manske reaction to 
give the amine proceeded smoothly with 4’-methoxy-, 2-methoxy-, 2,4’-dimethoxy-, 
4-hydroxy-, 2,4-dimethyl-, 4-methyl-, 2-methyl-, and 4-bromo-2’-phthalimidobenzophenone 
as well as with 2,4’-diphthalimidobenzophenone and 2-phthalimidoacetophenone. 


' Part I, Engels, Lamchen, and Wicken, J., 1959, 2694. 
* Lamchen and Wicken, J., 1959, 2779. 
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Thus triazepines are formed only when substituents with a large +7 effect are present 
in the 4’-position of 2-phthalimidobenzophenones. Substituents with large +T effects 
in the 2’- or 4-position, and + effects in position 4’-, 2’-, or 4-, do not influence the reaction 
with hydrazine sufficiently to cause triazepine formation instead of the normal Ing and 
Manske reaction. 

The effect of electron-attracting groups in the ortho- and para-positions would be of 
interest. Only 2,4’-diphthalimidobenzophenone has so far been prepared, and in this 
case the normal Ing and Manske reaction took place. The value of this reaction is, 
however doubtful, since the product obtained was 2,4’-diaminobenzophenone, and the 
4’-phthalimido-group may thus have decomposed first to give the electron-repelling 
amino-group in the 4’-position. 

The Ing and Manske reaction has been utilised widely in the synthesis of aliphatic 
amino-compounds, but not in the synthesis of aromatic amines. Since some of these 
2-phthalimidobenzophenones which decompose normally can be readily synthesised by 
Friedel-Crafts condensation of phthaloylanthraniloyl chloride with the correctly sub- 
stituted benzene,? the Ing and Manske reaction is a valuable route to some 2-amino- 
benzophenones. Its limitations are unfortunately similar to those that restrict the use 
of the toluene-p-sulphonyl group as a protecting group. Thus, whereas strongly electron- 
repelling groups in 2-toluene-p-sulphonamidobenzophenones may cause sulphonation 
during the removal of the sulphonyl group by hydrolysis with sulphuric acid, the use of 
hydrazine on such 2-phthalimidobenzophenones may cause triazepine formation. 


EXPERIMENTAL 


5-(4- Methylthiophenyl) -12 - oxobenzo[5,6] -1,2,4-triazepino[3,4-a]isoindole——To powdered 4- 
methylthio-2’-phthalimidobenzophenone (20 g.) suspended in absolute ethanol (300 ml.) 96% 
hydrazine hydrate (1-72 ml.) was added and the mixture stirred and refluxed. After 30 min. 
all the benzophenone was in solution and soon afterwards white crystals started to separate. 
After 3 hr. the solution was chilled in ice and filtered. The crystals (18 g.) were washed with 
alcohol, dried, and recrystallised from glacial acetic acid, giving the triazepine, m. p. 242—244° 
(Found: C, 71-7; H, 4:1; N, 11-1; S, 8-6. C,,H,,;ON,S requires C, 71-5; H, 4-1; N, 11-4; 
S, 87%). 

5-(2,4-Dimethoxyphenyl)-9- ov-11-nitro-12-oxobenzo[5,6] -1,2,4-triazepino[3,4-a]isoindole.— 
This was prepared as above from 2,4-dimethoxy-2’-(3-nitrophthalimido) benzophenone (1 g.), 
ethanol (30 ml.), and 96% hydrazine hydrate (0-08 ml.)._ Recrystallisation from glacial acetic 
acid gave the triazepine as yellow needles (0-95 g., 98%), m. p. 293—296° (Found: C, 64-8; H, 
3-8; N, 13-2. C,3;H,,0;N, requires C, 64-5; H, 3-8; N, 13-1%). 

Reaction of Hydrazine with Some 2-Phthalimidobenzophenones.—A suspension of 2-methoxy- 
2’-phthalimidobenzophenone (1 g.) in ethanol (40 ml.) was refluxed with an equimolar amount 
of 96% hydrazine hydrate. Within minutes the solution became yellow and soon (20 min.) 
phthalhydrazide began to crystallise. After 2 hours’ refluxing the solution was cooled and 
filtered. The white precipitate of phthalhydrazide was washed and dried, m. p. and mixed 
m. p. 330—334°. The filtrate was evaporated to dryness and extracted with ether. The 
insoluble solid was phthalhydrazide (total, 90%). The ether solution on evaporation gave 
2-amino-2’-methoxybenzophenone (0-6 g.; 94%), m. p. and mixed m. p. 109—111°. 

The other benzophenones listed above also gave phthalhydrazide (90—98%) and the 
amines (mixed m. p.) (~90%). 


DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CAPE Town, 
Cape Town, SoutH AFRICA. [Received, June 8th, 1959.) 
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371. The Mechanism of Hydrolysis of Phosphonochloridates .and 
Related Compounds. Part I. The Effect of Substituents. 


By R. F. Hupson and L. Keay. 


The rates of hydrolysis of diethylphosphinyl chloride, Et,POCI, methyl 
ethylphosphonochloridate, MeO-PEtOCl, and dimethyl phosphorochloridate, 
(MeO),POCI, are discussed in terms of the electronic structures, with the 
assumption that steric hindrance is similar for these compounds. Ethyl 
phenylphosphonochloridate, EtO-PPhOCI, is slightly more reactive than 
ethyl ethylphosphonochloridate, EtO-PEtOCl, whereas acetyl chloride is 
much more reactive than benzoyl chloride. This difference and the 
relatively small deactivation produced by alkoxy-groups are attributed 
to the smaller conjugation energies of phosphoryl compounds than of 
carbonyl compounds. 


INVESTIGATION of the preparation and reactions of organophosphorus compounds has 
been greatly stimulated in recent years by the biological importance of phosphorylation.’ 
Much qualitative information on the reactivity of phosphoric acid derivatives has 
accumulated,” and a few attempts have been made to relate these data to the chemical 
structures involved. Several kinetic studies have been reported recently, and the formal 
similarity between phosphorylation * (and phosphonylation) and acylation has been 
discussed in terms of the basic coricepts of physical-organic theory.* 

Second-row elements have available d- as well as s- and f-orbitals with the same 
principal quantum number (3), but first-row elements have 2s- and 2/-orbitals only. 
Differences in the effect of structural changes on the reactivity of carbon and phosphorus 
compounds are therefore to be expected, but principally as follows: (1) The greater 
polarisability of the phosphorus atom than of the carbon atom may lead to larger inductive 
effects in phosphorus compounds. (2) The different stereochemistry leads to greater 
steric effects for phosphorus compounds than for their carbon analogues,‘ though this 
effect is reduced by the greater radius of phosphorus. (3) The energies of x-bonds formed 
by second-row elements are usually less than those for first-row elements; > the use of 3d- 
orbitals for x-bonding in phosphorus compounds leads to multiple bonding of a different 
kind from the x-bonds of carbonyl compounds.® 

It follows that conjugation will play a much smaller part in determining the reactivity 
of a phosphorus compound, and differentiation between o (inductive) and x (conjugative) 
bond effects will be particularly difficult. 

Moreover, the transition-state structures in acylation and phosphylation will be 
completely different. There is now strong evidence that the transition state of a bimole- 
a +N ae nclx ee od nel +- X7~ (N = nucleophile) 
\x \N \N 


() 


cular acylation is similar to the sp* hybridised intermediate (I), which has been detected ? 
by 780 exchange. The effect of substituents on the reactivity therefore follows the 


* There appears to be no collective term for phosphorylation, phosphonylation, and phosphinylation. 
At the suggestion of the Editor, we use the term ‘‘ phosphylation ”’ to cover these reactions. 


1 Sartori, Chem. Rev., 1951, 48; Nachmansohn and Wilson, Adv. Enzymology, 1951, 12, 259. 

2 “ Phosphoric Acid Esters and Related Compounds,” Chem. Soc. Special Publ. No. 8, 1958; Topley, 
Chem. and Ind., 1950, 859. 

3 (a) Dostrovsky and Halmann, /., 1953, 503; (b) Halmann, J., 1959, 305; (c) Heath, J., 1956, 
3796, 3804; (d) Green, Sainsbury,’ Saville, and Stansfield, J., 1958, 1583. 

* Hudson and Keay, /., 1956, 2463. 

5 Hunter, Phillips, and Sutton, J., 1945, 146. 

* Koch and Moffitt, Trans. Faraday Soc., 1951, 47,7; Jaffee, J. Phys. Chem., 1954, 58, 185. 

7 Bender, J. Amer. Chem. Soc., 1951, 78, 1626; Bunton, Lewis, and Llewellyn, Chem. and Ind., 
1954, 1154. 
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corresponding changes in the bond-forming energies. In phosphylation, on the other 
hand, bonds are converted into weaker sf*d bonds ® in the transition state (II), so that 
bond-breaking becomes more important. No evidence has been found for opening of 
the P=O bond during the hydrolysis of phosphorochloridates !° or phosphorofluoridates.4 
These reactions may therefore be satisfactorily represented as direct displacements, as 
in the Sy2 mechanism of substitution at the saturated carbon atom. 

In the present work on the hydrolysis of phosphonochloridates, we have attempted 
to differentiate between steric and electronic effects by comparing the reactivities of 
compounds of similar configuration (so-called “‘ homomorphs” !’), in particular, the 


Oo 
R\ 4 Ss / _|l 
Rv R/ \p’ 
(il) 


compounds Et,POCIl, McO-PEtOCl, and (MeO),POCI. The methoxy-group and the 
ethyl group are assumed to exert similar steric hindrance towards the attacking water 
molecule (this is supported by the approximately constant PZ values given in Table 2). 
When such comparisons cannot be made, we have taken the change in the non-exponential 
factor (PZ) of the Arrhenius equation as a measure of the change in steric hindrance. 

The Effect of Alkoxy-groups.—An alkoxy-group may produce two electronic effects: 
(a) The inductive displacement of the s-electrons which increases the positive charge on 
the phosphorus atom as shown by the decrease in pK, of the corresponding acid.* This 
assists the approach of the nucleophilic reagent, but also increases the bond energies, as 
shown, for example, by increases in the corresponding infrared frequencies.* (5) p,-d,- 
Conjugation, which stabilises the ground state. 

In the hydrolyses so far reported, replacement of alkyl groups by alkoxy-groups reduces 
the reactivity significantly (Table 1). These decreases in reactivity have been attributed 


TABLE 1. 


Compound Conditions Temp. k 
Me,POCI Solvolysis in EtOH —8-5° 60 -+- 10 10~ sec.-! 
(MeO),POCI - pe “5 0-35 10-* sec. 
Et,POF OH- in water 25 50,000 1. min.“ hr. 
EtO-PEtOF li Sih 2i 1,200 
(EtO), POF ne a 25 110 is 
EtO-PPr®(O)-O-C,H,*-NO,-p | OH™ in water, pH 8-5 37-5 4:17 10- -* min= t 
(EtO),P(O)-O-C,HyNO,-p i “ 37- + 
Et,PO-OMe OH" in water * 
(MeO), PEtO i’ oa . 
(MeO),PO er * 
(Pr'O),POF Solvolysis in water y 10~ sec.-} 
(Pr'-NH),POF re ms 25 2- 3 10-* sec.-? 

* Relative reactivity per OMe group.  { Pseudounimolecular constants. 


” ” 


” ” 


by Dostrovsky and Halmann * and by Heath * to an electromeric effect in the ground 
state, similar to that observed for carbonyl compounds.§ No allowance was made, 
however, for differences in steric hindrance, so that these rate comparisons have little 
quantitative significance. In order to keep steric differences at a minimum we have 
compared the reactivities of the compounds Et,POCI, MeO-PEtOCl, and (MeO),POCI in 
aqueous acetone (Table 2). 


* Baker, Trans. Faraday Soc., 1941, 37, 632; Hughes, ibid., p. 603. 
® Craig, Maccoll, Nyholm, Orgel, and Sutton, J., 1954, 332. 
Dostrovsky and Halmann, /., 1956, 1004. 
Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,”’ Bell, London, 1953. 
Brown, Science, 1946, 108, 385. 
Jaffee, Freedman, and Doak, J. Amer. Chem. Soc., 1953, '75, 2209. 
'* Bell, Heisler, Tannenbaum, and Goldenson, J]. Amer. Chem. Soc., 1954, '76, 5185. 
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TABLE 2. The effect of methoxy-groups on the rate of hydrolysis in 5%, aqueous 
acetone (v/v). ; 
Et,POCI MeO-PEtOCcl (MeO), POCI 
10%, (sec.—) at 0° 1500 * 98 1-75 
E (kcal./mole-) 7:3 : 8- 10-6 
logy» PZ 5-9 5 57 
* Extrapolated. 


The importance of multiple bonding in phosphorus compounds is in some doubt,!® so 
that it is necessary first to see if the observed rate changes can be explained consistently 
in terms of inductive effects only. For example, the rate decreases produced by the 
introduction of alkoxy-groups at the phosphorus atom (Table 2) could be explained by 
assuming that the P-Cl bond energy is increased more than the energy of the H,O-P bond 
in the transition state. This explanation is unlikely for the following reasons: (1) The few 
results available at present show that electron-withdrawing substituents increase the rate 
of hydrolysis.® (2) Alkyl-amino-groups normally decrease reactivity more than alkoxy- 
groups do (Table 1), although nitrogen is less electronegative than oxygen. The observed 
order is in agreement with the formation of stronger multiple bonds with nitrogen. There 
is some evidence that bond-breaking becomes increasingly important in the hydrolysis of 
phosphorochloridamidates,!” owing to this conjugation. (3) If the rate changes are pro- 
duced by induction only, successive substitution would be expected to produce decreasing 
effects. The reverse effect is observed in the solvolysis of the chlorides (Table 2), which is 
explained by postulating opposing inductive and conjugative effects (see below). 

For these reasons we assume that the decreases in rate shown in Table 2 are due to 
x-bonding between the phosphorus and oxygen atoms, which is considerably weaker than 
in carbonyl compounds. This difference is reflected in the greater changes in reactivity 
observed in the hydrolysis of acid chlorides. Thus acetyl chloride #8 is hydrolysed ca. 10* 
times more rapidly than ethyl chloroformate,! with a decrease of 9 kcal. mole in the 
activation energy.2® This change in activation energy is of the same order of magnitude 
as the conjugation energy between an oxygen atom and a carbonyl group in an ester, 
estimated #4 at 10—15 kcal. mole™. 

An approximate value for the x-bond energy of the P=O group may be estimated from 
recent thermochemical results. Neale and Williams have obtained a value of 102—103 
kcal. mole for the P-O single-bond energy in the quinquevalent state of phosphorus, 
and values ranging from 121 to 140 kcal. mole for the P=O bond energy. These lead to 
values ranging from 18 to 38 kcal. mole+ for the additional stabilisation energy of the 
P=O bond. These increases in energy may be produced by increases in bond polarity * 
and by rehybridisation,™ in addition to x-bonding, so that it is preferable to take the 
lowest value for the ~-bonding energy. This value agrees with an assignment * for the 
P=O bond energy in P,O,9, and is approximately one-quarter of the corresponding value 
for the C=O bond 6 (70—80 kcal. mole). 

If similar bonding is assumed to occur in the P-O bonds (by alternative 3d-orbitals), 
this would produce an activation energy increase of ca. 2:25 kcal. mole (one-quarter of 


15 Pitzer, J. Amer. Chem. Soc., 1948, 70, 2140;° Wells, J., 1949, 55. 

16 (a) Larsson, Acta Chem. Scand., 1957, 11, 1138; (6) Fukuto and Metcalf, J. Amer. Chem. Soc., 
1959, 81, 372. 

1” Hall, J. Org. Chem., 1956, 21, 248. 

18 Zimmerman and Yuan, J. Amer. Chem. Soc., 1955, '77, 332. 

19 Bohme and Schurhoff, Chem. Ber., 1951, 84, 28. 

2° Saville, Ph.D. Thesis, London, 1954. 

*1 Dewar, ‘‘ Electronic Theory of Organic Reactions,’’ Oxford, 1949, p. 117. 

22 Neale and Williams, J., 1955, 2485. 

*3 Pauling, “‘ The Nature of the Chemical Bond,’’ Cornell Univ. Press, New York, 1940, p.47; Cottrell 
and Sutton, Quart. Rev., 1948, 2, 263. 

*4 Dewar and Schmeising, Tetrahedron, 1959, 5, 166; Brown, Trans. Faraday Soc., 1959, 55, 694. 

*5 Koerner and Daniels, J]. Chem. Phys., 1952, 20, 113. 

26 Syrkin and Dyatkina, “‘ Structure of Molecules,” Butterworths, London, 1950, p. 240. 
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the difference in the activation energies for the hydrolysis of ethyl chloroformate and 
acetyl chloride). This is regarded as a maximum value, because the P=O bond should 
involve the 3d-orbital most favourably orientated for x-bonding.* The increases in the 
experimental activation energy (Table 2) are observed to be somewhat less than this 
estimated value, in agreement with this explanation. 

An interesting feature of the rate data of Table 2 is the increased effect of progressive 
substitution, which we attribute to opposing electronic changes. We shall assume that 
the rate is increased by an increase in the formal charge, 8, on the phosphorus atom 
(inductive effect). Detailed calculations *”*® have shown that the overlap integral of a 
d,—p, bond formed by phosphorus is very sensitive to the charge, 3, since the 3d-orbital 
energy of the free atom is too high for effective hybridisation with 2s- and 2/-orbitals. 
It follows that the conjugation energy of a P—-O bond (which leads to a decrease in reactivity) 
increases considerably with increases in 8. The increase in activation energy on introduc- 
tion of an alkoxy-group, producing a charge increase 8,, may be represented in a general 
way as follows: 


AE, = fo(4 + 3,) — fils) 


where A is the charge on the phosphorus atom before introduction of the alkoxy-group. 
On the introduction of a second alkoxy-group which produces a charge increase 3,, 
the increase in activation energy is given by: 


AE, _ 2f-(A +3 + 83) — f(A + 3,) — fi(3s) 


Since alkoxy-groups normally produce deactivation it follows that f(A + 8,) > /((8,). If the 
charge on the phosphorus atom is such that the overlap increases rapidly with 8, then AE, 
may be greater than AE,, as observed for the solvolysis of the chlorides (Table 2). The 
rates of the alkaline hydrolyses of the esters 8 given in Table 1 may be explained in a similar 
way, the smaller differences arising from the increased electrostatic attraction between 
the reactants. 

In the hydrolysis of the corresponding fluorides, however, the second alkoxy-group 
causes less deactivation than the first (Table 1). Here the phosphorus atom carries a 
greater charge owing to the powerful inductive effect of the fluorine atom, and further 
increases may eventually lead to decreases in overlap, because of the contraction of the 
3d-orbital beyond the optimum value for d,—p, bonding (see Fig. 5 of ref. 9). This 
qualitative interpretation, although tentative, illustrates the difficulty of differentiating 
between inductive and conjugative effects in these reactions, and emphasises the difference 
between conjugation effects in phosphoryl and carbonyl compounds. 

The Effect of Phenyl Groups.—Replacement of an ethoxy- by a phenoxy-group increases 
the reactivity slightly (Table 4), as in the solvolysis of phosphorochloridates.** This 

increase, and the small decrease in activation energy, may be due to 

ge the withdrawal of electrons from the phosphorus atom by the electronic 

Corr change (A). This explanation of the rate increase is supported by the 

(A) increase in the rate of alkaline hydrolysis of ethyl methylphosphono- 

fluoridate 1 on introduction of a $-bromine atom, and by the effect 

of introduction of a y-chlorine atom on the rate of hydrolysis of ethyl p-nitrophenyl 
propylphosphonate.!” 

Introduction of a phenyl group on the phosphorus atom may produce a small rate 
increase and a significant decrease in the activation energy (Table 3). This contrasts 
with the large rate decreases for hydrolysis of the corresponding organic acid chlorides 
and esters, normally attributed to conjugation between the carbonyl group and the 
aromatic group.”4 


27 Jaffee, J. Chem. Phys., 1953, 21, 258. 
28 Harper and Hudson, /., 1958, 1356. 
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TABLE 3. 
Relative reactivity * Activation energy 
R = Ph R = Me 
TDA icnetcestnccenssedincscabacens 1:14 77 8-5 
EEE. tnidedenscpaceaehiptunentunnhga haat 1: 100 11-7 7-6 
SP A cbrevdccvesduicepencaduenincee 18:1 12-9 14-0 
FD RMIT | osesachessdescchectaccsvoceatunse 1:15 14-1 11-5 


* Ratio of the rate constants for the aromatic and the aliphatic compound. + In 5% aqueous 
acetone (v/v) at 0°. { Alkaline hydrolysis. 


Measurements of the ultraviolet ® and infrared ' spectra of phosphonic acids and their 
derivatives show negligible conjugation between the phenyl group and the phosphorus 
atom. It appears that the inductive effect of the phenyl group predominates in phosphorus 
compounds, leading to small increases in reactivity (Table 3). Similar increases have 
been observed in the alkaline hydrolysis of the corresponding esters * (Table 3). These 
observations support the conclusion reached in the previous section that conjugation 
exerts a much smaller influence on the reactivity of phosphorus compounds than on the 
reactivity of their organic analogues. 

The Effect of Alkyl Groups.—Introduction of alkyl groups in both the ester group OR’ 
and the alkyl group R of a phosphonochloridate, R’O-PROCI, reduces the reactivity 
(Table 4), as in the hydrolysis and alcoholysis of phosphorochloridates.** The rate 
reductions may be due to electron-release to the phosphorus atom, viz., R—» CH, —» P 
and R —» O*=P-, in view of the small, but significant, increases in the activation energy. 
Part of the rate changes are almost certainly produced by steric hindrance, as indicated 
by the decreases in the PZ factor with substitution. This is also supported by the following 
observations, which show that the rate changes depend markedly on the size of the group 
directly bonded to the phosphorus atom: 


RO-PMeOCI OPri: OEt : OMe = 1:2:4 
RO-PEtOCl OPri: OEt : OMe = 1:4:13 


Much greater reductions in rate have been observed on introduction of highly branched 
alkyl groups. 

Although it is impossible to separate the rate changes into steric and electronic effects 
(similar difficulties are experienced in interpreting reactions at the saturated carbon atom ™), 
both effects in the present instance show the reaction to be bimolecular, as assumed 
throughout the paper. This is supported by studies of the solvent effect and the effect of 
added reagents on the rate (Part 2, following paper). 


TABLE 4. 
A dccdeddnncoicaedaasdiths pnecwdedubered Me Me Me Me Et Et 
Rel a eo ee ae Me Et Pri Ph Me Et 
oS aes eee ae 176 87-6 41-2 131 98-5 29-7 
een gg DORE: 08 8-3 8-5 8-7 8-1 8-4 8-9 
ig BP WAsasiseccccctesdedecaccevstioeccecs 5-9 5-8 5-4 5-6 5-7 5-6 
EXPERIMENTAL 


Preparation of Materials—The phosphonochloridates were prepared in most cases from the 
alkylphosphonic dichloride and the alcohol in the presence of triethylamine *! in ether at 
0—5°. After removal of the base hydrochloride by filtration, the product was isolated by 
fractional distillation under reduced pressure. The following compounds were prepared by 
this method. Ethyl methylphosphonochloridate‘* (yield 55%), b. p. 40—41°/1 mm. (lit., 
b. p. 40°/1 mm.). 


*% Jaffee, J. Chem. Phys., 1954, 22, 1430. 
30 Evans, Trans. Faraday Soc., 1946, 42, 719. 
3! McCombie, Saunders, and Stacey, J., 1945, 380. 
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Methyl methylphosphonochloridate (55%), b. p. 38°/0-4 mm. (Found: C, 18-0; H, 4-7; 
Cl, 27-3%; equiv., 128-1. C,H,O,CIP requires C, 18-7; H, 4-7; Cl, 27-6%; equiv., 128-6). 

Ethyl ethylphosphonochloridate (72%), b. p. 52°/2 mm. (lit.,32 b. p. 55°/2-4 mm.) (Found: 
C, 31:1; H, 6-3; P, 20-5%; equiv., 155-4. Calc. for C;H,O,CIP: C, 30-7; H, 6-4; P, 19-9%; 
equiv., 156-6). 

Methyl ethylphosphonochloridate (74%), b. p. 38—40°/0-2 mm. (Found: C, 25-2; H, 5:8; 
P, 21-3; Cl, 25-2%; equiv., 140-6. C,H,O,CIP requires C, 25-3; H, 5-6; P, 21-8; Cl, 24-9%; 
equiv., 142-6). 

Phenyl methylphosphonochloridate (67%), b. p. 80°/0-5 mm. (Found: C, 44-1;°H, 4-4; 
P, 158%; equiv., 192-0. C,H,O,CIP requires C, 44-2; H, 4:2; P, 16-3%; equiv., 190-6). 

Ethyl phenylphosphonochloridate (88%), b. p. 103°/0-3 mm. (Found: C, 46-7; H, 4-6; Cl, 
17-2%; equiv., 202-8. C,H,,O,CIP requires C, 46-9; H, 4-9; Cl, 17-3%; equiv., 204-6). 

The isopropyl phosphonochloridates were prepared by the reaction of the di-isopropy] ester 
at 0—10° with carbonyl chloride.** After being kept overnight at room temperature, the 
product was isolated by distillation under reduced pressure. 

Isopropyl methylphosphonochloridate (88%), b. p. 47°/3 mm. (Found: C, 30-2; H, 6:3; 
P, 20-2; Cl, 230%; equiv., 157-5. Calc. for C,H,,O,CIP: C, 30-7; H, 6-4; P, 19-8; Cl, 22-7%; 
equiv., 156-5). 

Isopropyl ethylphosphonochloridate (85%), b. p. 55°/2 mm. (Found: C, 35-9; H, 7:2; 
P, 18-5%; equiv., 170-6. Calc. for C;H,,O,CIP: C, 35-2; H, 7-0; P, 18-2%; equiv., 170-5). 

Dimethyl phosphorochloridate, prepared by the chlorination of dimethyl phosphite *4 
(yield 76%), had b. p. 80°/25 mm. (lit., b. p. 75—80°/20—25 mm.). 

Diethylphosphinic chloride was kindly provided by Dr. A. F. Childs. 

Acetone was purified as described previously, and the water content, determined by titration 
with Karl Fischer reagent, varied between 0-05 and 0-10%. 

Rate Measurements.—A large well-insulated Dewar vessel, containing water or aqueous 
acetone cooled with solid carbon dioxide, was used as thermostat. The temperature was 
maintained within +0-1° for ~0-5 hr. Reaction was initiated by introducing a weighed 
quantity of the phosphonochloridate from a weight pipette into 50 ml. of a solution of 5% of 
water in acetone made up by volume, contained in a stoppered flask in the thermostat. The 
flask was shaken for a few seconds. Portions (5 ml.) were removed at suitable times and added 
to 40 ml. of anhydrous acetone at ca. —20°, to retard the reaction. The liberated hydrogen 
chloride was titrated with 0-05Nn-triethylamine in toluene with lacmoid as the indicato1. 





Initial 10k, Initial 108, 
R R’ concn. (M) Temp. (min.~!) R R’ concn. (M) Temp. (min.~) 
Me OMe 0-049 —35-0° 9-67 Et OEt 0-039 0-0° 29-7 
0-050 —21-0 37-0 0-067 12-0 60-0 
0-051 0-0 176 0-044 26-0 124-7 
Me OEt 0-054 — 24-0 19-8 Et OPri 0-017 20-0 25-2 
0-049 —10-5 47-7 Ph OEt 0-052 — 24-0 15-4 
0-051 0-0 87-6 0-052 — 14-5 29-1 
Me OPr' 0-023 — 16-0 16-8 0-053 0-0 59-4 
0-023 —8-5 23-8 OMe OMe 0-047 0-0 1-75 
0-024 0-0 41-2 0-051 16-0 5-16 
0-024 26-1 163 0-039 24-5 8-43 
Me OPh 0-039 — 30-0 20-7 0-052 25-0 9-21 
0-053 0-0 131 Et Et 0-026 — 65-0 18-4 
Et OMe 0-048 — 32-5 13-5 0-025 —41-0 117 
0-049 —10-0 53-2 0-047 — 23-0 356 
0-066 0-0 98-5 


The rates of solvolysis are tabulated. Duplicate experiments were carried out in each case. 
The reproducibility was 2—3%. 


We thank Dr. D. Feakins with whom several helpful discussions were held. 


QuveEN Mary CoLiece, (UNIVERSITY OF LONDON), 
Mite Env Roap, Lonpon, E.1. [Received, July 10th, 1959.) 


32 Hoffmann, Simmons, and Glunz, J. Amer. Chem. Soc., 1957, 79, 3570; Razumov et al., Khim. i 
Primevenie Fosfororgen Soedinenii Akad. Nauk S.S.S.P. Trudy l-oi Konferents, 1955, 194. 
38 Charlton, personal communication. 
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_ 372. The Mechanism of Hydrolysis of Phosphonochloridates and 
ro Related Compounds. Part II.* The Effect of the Solvent. 
™ By R. F. Hupson and L. Kray. 
oe Phosphonochloridates are approximately 10* times less reactive in formic 
9% acid containing ca. 0-7% of water than in aqueous ethanol of comparable 
ionising power. Ethyl methylphosphonochloridate gave ethyl hydrogen 
44; methylphosphonate in both solvents. These observations, and the effect 
). of the concentration of water on the rate of solvolysis in acetone—water 
; Cl, mixtures, suggest that the reaction is bimolecular. The importance of 
steric hindrance is shown by the rapid decrease in rate of alcoholysis in the 
ester series MeOH > EtOH > Pr'OH > Bu'OH. The activation energy also 
, the decreases in this order, i.e., with increasing basicity, which is attributed 
6-3: to the increase in the bond-forming energy. 
‘1%; In Part I * the effect of substituents on the rate of hydrolysis of phosphonochloridates 
and related compounds is interpreted consistently in terms of a bimolecular displacement 
7:2; reaction. Further information on the nature of the transition state may be obtained 
10-5). from studies of the influence of the solvent on the rate of reaction.1 In the present work, 
~~ the rates of solvolysis in formic acid and in aqueous ethanol are compared, and the effect 
of increasing the water content of the medium has been investigated. 
ten Reaction in Formic Acid.—The importance of bond formation is shown by comparing 
the rates of solvolysis in solvents of similar ionising power but widely differing basicities. 
cous Ionisation (Sy1) reactions of alkyl} and acyl halides? proceed at similar rates in formic 
was acid, 40°{, aqueous alcohol (v/v), and 65° aqueous acetone (see Table 1). These reactions 
ghed are promoted by short-range solvation * of the ionic transition state, particularly of the 
% of incipient anion,* but the rate of a bimolecular reaction also depends on the basicity of 
The the solvent. (Basicity alone is not a satisfactory criterion of nucleophilic power, but may 
dded be used when different bases containing the same nucleophilic atom are compared.) 
rogen 
TABLE 1. Comparison of the reactivities.of various halides in aqueous ethanol (*) containing 
he, 40°%, of water by volume, or aqueous acetone (tf) containing 65% of water by volume, and 
1-1) formic acid containing ca. 0-7°%, of water. 
. Halide MeBr * Bu‘Cl * p-C,H,Me-COC! t 
7 Relative reactivity }...... 200 0-89 1-5 
+ Halide p-NO,'C,H,-COCI ¢ (PrO),POCI * C,H,;*CHMe-O-PMeOCl1 
4 Relative reactivity }...... 1560 2000 1840 
“1 ¢t Rate in the aqueous solvent divided by the rate in formic acid. 
+4 
16 Table 1 shows that 1-methylheptyl methylphosphonochloridate and di-isopropyl 
43 phosphorochloridate are more reactive, by several powers of ten, in the more basic, aqueous s 
my solvents than in formic acid. The rate ratios are similar to that for f-nitrobenzoyl 
j chloride,? which is hydrolysed in moist formic acid by a bimolecular mechanism. The 
) ratios for our reactions are considerably greater than that for methyl bromide given in 
Table 1, suggesting that bond formation is almost complete in the transition state. 
oni Dostrovsky and Halmann * noted that the ester groups are removed in addition to the 
chlorine atom in the formolysis of di-isopropyl phosphorochloridate. The high activation 
energy compared with that for hydrolysis in aqueous ethanol (Table 2) suggests that the 
* Part I, preceding paper. 
59.] 7 AD tae | and Hughes, /*, 1946, 167, 172; Grunwald and Winstein, J. Amer. Chem. Soc., 1948, 
him. i ’ 2 Crunden and Hudson, J., 1956, 501. 





3 Gelles, Hughes, and Ingold, J., 1954, 2918. 
* Hudson and Saville, J., 1955, 4114. 
5 Dostrovsky and Halmann, J., 1953, 503. 
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rate-determining step in formic acid involves dealkylation rather than substitution at the 
phosphorus atom, and this is supported by the preferential alkyl-oxygen fission of dialkyl 
phosphonates in acid solution.® 

For phosphonochloridates, however, the differences in the activation energy for the 
reaction in formic acid and in aqueous solvents are much smaller than for the phosphoro- 
chloridate (Table 2 where E refers to the experimental activation energy in kcal. mole~). 
Moreover, ethyl hydrogen methylphosphonate was isolated after reaction of ethyl methyl- 
phosphonochloridate in formic acid. The rates of reaction of phosphonochloridates in 
formic acid, therefore, refer to P-Cl fission. 


TABLE 2. 
H-CO,H 5% aq. COMe, 40% aq. EtOH 
E log PZ E log PZ E log PZ 
et a ee 13-9 7-62 8-5 5-80 ie vai 
C,H,,°CHMe-O-PMeOC1 ......... 12-6 6-50 9-2 5-72 10-7 8-24 
(PriO),*MePOCI ..............00000e0 22-5 12-6 = sa 13-0 6-0 


Reaction in Aqueous Acetone.—The effect of changing water concentration on the 
reaction rate also provides information on the charge dispersion in the transition state. 
If the measurements are restricted to one particular reaction mixture, the following 
empirical relation proposed by Grunwald, Winstein, and Jones,’ involving an empirical 
parameter for solvating power Y, may be conveniently used, namely, log k/k® = mY. The 
results given in Table 3 lead to an average value for m of ca. 0-43 for isopropyl methyl- 


TABLE 3. The hydrolysis of isopropyl methylphosphonochloridate in acetone—water 


mixtures. 
E D 
Water Concn. 10°, (kcal. Water Concn. 10°%, (kcal. 
(viv %) (Nn) Temp. (min.~') mole) logy,PZ (v/v %)--(N) Temp. (min.~) mole) logy, PZ 
2 0-024 250° 26-9 20 0-025 -—30-0° 233 11-1 8-3 
5 0-023 —16-0 16-8 8-7 5-4 0-025 —20-0 59-6 
0-023 —85 23-8 0-024 —100 136 
0-024 0-0 41-2 0-024 0-0 46-5 * 
0-024 26-1 163 0-050 0-0 44-27 
10 0-025 —20-0 29-0 10-1 71 100% 0-024 0-0 29-5 
0-024 —8-5 69-1 (EtOH) 


0-025 00 125 
* Saturated with KCl. t+ Containing 0-12N-HCl. 


phosphonochloridate compared with 0-33 for di-isopropyl phosphorochloridate.5 These 
values are considerably less than the values normally obtained for Sy1 reactions (m ~1-0), 
and similar to typical values obtained for bimolecular hydrolyses. 

A significant increase in activation energy with water content is observed as the water 
content varies from 5% to 25% (Table 4). 


TABLE 4. Arrhenius parameters for the hydrolysis of isopropyl methylphosphono- 
chloridate in acetone—water mixtures. 


Water content (v/v %) 5 
E, (kcal. mole) ...........0.. 8: 
5 


10 20 
10-1 11-1 
. 8-3 





The similar increases in activation energy observed ® in the hydrolysis of benzoyl 
chloride in these solvent mixtures have been attributed to a gradual increase in the 
polarity of the transition state, rather than to changes in solvent structure alone. Thus, 
as the electrostatic field increases, the polarisation of the relatively weak P-Cl bond in 
the transition state increases. This may result in an increase in activation energy and a 
* Hudson and Keay, J., 1956, 2463. 


7 Grunwald, Winstein, and Jones, J]. Amer. Chem. Soc., 1951, 78, 2700. 
* Archer and Hudson, J., 1950, 3259. 
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compensating increase in the entropy of activation.*!® Bond-breaking is more advanced 
in the hydrolysis of phosphorochloramidates,™ owing to electron-release from the amino- 
oup. 

sf Reactions of Alcohols.—The rates of reaction of a series of alcohols with ethyl methyl- 
phosphonochloridate were measured in acetone solution, in a desire to investigate the 
influence of the structure of the substituting agent on reactivity. In interpreting the 
observed rates, the following factors have to be considered: (a) the energy of bond formation, 
(b) steric hindrance, and (c) specific solvation of the transition state by alcohol molecules. 
Substitution of alkyl groups in the alcohol increases the basicity and thus facilitates bond 
formation, but also increases the steric hindrance. The Jatter effect is considerably more 
important than changes in the bond-forming energy in the reactions between amines and 
phosphorochloridates ® and probably accounts for the rate decreases shown in Table 5. 
The slight increase in rate on changing from isopropyl to t-butyl alcohol must be due to 
the increase in basicity, hence in the bond energy. 


TABLE 5. The reactivity of EtO-MePOCI with water and alcohols (1-56M) in acetone at 25°. 


H,O MeOH EtOH Bu"OH Pr'iOH ButOH 
BOR Cpl %) nn crcerecescese 128 10-3 5-07 6-72 1-47 1-68 
E (kcal. mole) ............ 8-5 8-0 7-3 7-4 6-9 6-3 
DS BE sete tvaseseesisivesse 5-37 3-88 3-07 3-23 2-26 1-86 


The influence of factor (c) cannot be ascertained with certainty, since it is determined 
by the charge distribution in the transition state. If analogy with similar reactions 
catalysed by specific solvation of the transition state is valid, the differences may be 
assumed to be small. For example, the catalytic constant for water is about twice that 
for ethanol in Syl reactions of t-butyl bromide in nitromethane. Since the solvent effect 
is considerably greater in ionisation reactions than in bimolecular substitutions the 
differences in rate due to differences in solvation by the hydroxylic component are probably 
much smaller than the differences in Table 5. ‘ 

The decreases in activation energy with substitution in the alcohol are also explained 
by increases in the bond-forming energy, and the corresponding large decreases in the PZ 
factor to increased steric hindrance. The rate of reaction with phenol (Table 7) is less than 
that with ethanol, which also follows from the greater acidity of the former. No specific 
catalysis by the second hydroxyl group of catechol was found (Table 7), in agreement with 
a previous conclusion ! that only the singly ionised species is catalytically effective in the 
reactions of acyl halides and phosphonofluoridates. 


EXPERIMENTAL 


The rates of hydrolysis and alcoholysis were measured as described in the previous paper. 
The rate of reaction in formic acid (“‘ AnalaR’’; water content 0-7%) was followed conducti- 
metrically. Ethyl methylphosphonochloridate, b. p. 40—41°/1 mm., and isopropyl methy]l- 
phosphonochloridate, b. p. 47°/3 mm., were prepared as described in a previous paper. 
“ AnalaR ”’ acetone was boiled with phosphoric oxide for several hours and distilled through a 
30 cm. glass column packed with Fenske helices. Methanol and ethanol were distilled from 
magnesium methoxide and ethoxide respectively; propyl, isopropyl, butyl, and t-butyl alcohol, 
phenol, and catechol were distilled over sodium before use. 

1-Methylheptyl methylphosphonochloridate was prepared by the action of methylphos- 
phonyl dichloride on octan-2-ol in the presence of triethylamine in ether at 0° and had b. p. 


® Brown and Hudson, J., 1953, 3352. 

10 Leffler, J. Org. Chem., 1955, 20, 1202. 

1 Hall, J. Org. Chem., 1956, 21, 248. 

12 Epstein, Rosenblatt, and Demek, J. Amer. Chem. Soc., 1956, 78, 341; Churchill, Lapkin, Martinez, 
and Zaslowsky, ibid., 1958, 80, 1944. 
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84°/0-2 mm. (yield 79%) (Found: C, 48-1; H, 8-6; Cl, 15-7%; equiv., 224-9. C,H. 0,PCl 
requires C, 47-7; H, 8-8; Cl, 15-7%; equiv., 226-7). 

Product of Solvolysis of Ethyl Methylphosphonochloridate in Formic Acid.—the ester (3 g.) 
was heated at 50—60° for 24 hr. with formic acid (100 ml.; ca. 0-7% of water). The formic 
acid was removed at the water-pump, and the residual oil distilled (yield, 2-0 g.; b. p. 105— 
110°/0-2 mm.) (b. p. of EtO-PMeO-OH is 120°/0-3 mm.) (Found: C, 28-5; H, 7-24; P, 25-4%; 
equiv., 124. C,H,O,P requires C, 28-6; H, 7-1; P, 246%; equiv., 126). 

Alcoholysis of Ethyl Methylphosphonochloridate-——The chloridate (1-2 g.) was added to 
acetone (100 ml.) containing the appropriate alcohol (5 ml.), and the mixture set aside for 
24 hr. The solvent was removed, and the residual oil distilled under reduced pressure. The 
following were obtained: 

Ethyl methyl methylphosphonate (61%), b. p. 87—89°/20 mm. (Found: C, 34-6; H, 7-9; 
P, 22-3. C,H,,O,P requires C, 34-8; H, 8-0; P, 22-5%). 

Ethyl isopropyl methylphosphonate (60%), b. p. 90—92°/20 mm. (Found: C, 43-6; H, 9-4; 
P, 18-5. C,H,,0,P requires C, 43-4; H, 9-3; P, 18-7%). 

Butyl ethyl methylphosphonate (66%), b. p. 100—102°/20 mm. (Found: C, 47-1; H, 9-7; 
P, 16-9. C,H,,0,P requires C, 46-7; H, 9-4; P, 17-2%). 

Diethyl methylphosphonate (70%), b. p. 92—94°/17 mm. (lit., b. p. 192—194°). 

Ethyl methylphosphonochloridate with t-butyl alcohol gave ethyl hydrogen methyl- 
phosphonate in 55% yield. 

Results.—The rate data are summarised in Tables 4, 6, and 7. 


TABLE 6. Comparison of the reactivity of 1-methylheptyl methylphosphonochloridate 
in aqueous acetone, aqueous ethanol, and formic acid. 


Medium Concn. (N) Temp. 10% (min.-*) Medium Concn. (N) Temp. 10% (min.~!) 
5% of H,O in 0-020 0-0° 21-9 40% of H,O in 0-023 —21-0° 86-0 
acetone 0-020 12-0 44-6 EtOH 0-019 0-0 446 
0-22 20-2 69-9 0-7% of H,Oin 9-021 25-0 1-71 
H-CO;H 0-015 50-0 11-7 


TABLE 7. Rate of reaction of ethyl methylphosphonochloridate with water, alcohols, 
and phenols in acetone. 


10k, 10k, 
Medium Concn. (N) Temp. (min.~') Medium Concn. (N) Temp. (min.—) 
2-8% of H,O 0-045 25° 128 5% of BuOH 0-055 24-8° 7-62 
5% of H,O 0-046 —24 19-8 0-060 34-0 11-4 
0-049 —10-5 47-7 0-048 43-7 16-5 
0-051 0-0 87-6 5% of ButOH 0-056 24-8 0-781 
5% of MeOH 0-043 0-0 2-92 0-082 34-0 1-06 
0-042 24-8 10-3 0-083 43-7 1-50 
0-047 35-0 15-2 11-6% of ButOH 0-071 25-0 1-68 
5% of EtOH 0-057 24-7 2-47 5% of PhOH 0-053 44-0 1-15 
0-046 34-0 3-41 5% of catechol 0-058 44-8 1-01 
0-053 43-7 5-03 0-7% of H,O 0-041 25-0 2-64 
7-19%, of EtOH 0-047 25-0 5-07 in H-CO,H 0-023 40-0 8-10 
5% of PriOH 0-054 24-8 0-882 0-027 50-0 16-2 
0-050 34-0 1-26 
0-050 43-7 1-80 
938% of POH 0-055 25-0 1-47 


QUEEN Mary COLLEGE (UNIVERSITY OF LONDON), 
MILE END Roap, Lonpon, E.1. [Received, July 10th, 1959.} 
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373. The Free Radicals Formed by the Action of y-Rays .on 
Solid Glycine. 


By D. K. Gos and D. H. WHIFFEN. 


Electron resonance spectra of y-irradiated glycine and its deuterated 
derivatives are presented and their subsequent changes with time and heating 
are followed. NH, appears to be the dominant radical product and there 
is evidence for at least one unidentified radical as well as the radical 
+H,N-CH-CO,- postulated in an earlier publication. 


THERE is currently considerable interest in the products from the irradiation damage of 
biological materials and consequently of the simpler compounds from which they are built. 
One such compound is glycine, *H,N-CH,°CO,~, and in an earlier communication ! it was 
shown by interpretation of part of the electron resonance spectrum that one product from 
the action of y-rays on glycine was the radical +H,N-CH-CO,-. Evidence was obtained in 
the earlier work for the presence of a second species of radical, but its chemical nature was 
not suggested. Uebersfeld and Erb ? also state that two radicals are present and suggest 
R-CH, for the dominant species. This suggestion has been repeated by Symons * who 
believes the structure to be CH,-CO,-, whereas Gordy, Ard, and Shields* favoured 
CH,*NH,*. Studies were undertaken with deuterated glycine to confirm these suggestions, 
but in the event the results suggest that the dominant radical is probably NH,. 


SPECTRA AND DISCUSSION 


Dominant Radical: probably NH,.—It is apparent from Figs. la and 2 that the 
radical which dominates the spectrum of freshly irradiated glycine gives three peaks of 
relative intensity 1: 2:1 both for the polycrystalline material and for the single crystal. 
This finding is in agreement with earlier workers **® on polycrystalline material. Such 
a pattern can only come from two hydrogen atoms. In all orientations of a single crystal 
the 1: 2:1 intensity pattern remains, which shows that the two hydrogen atoms are fully 
equivalent. The plausible chemical structures for the radical do not possess such symmetry 
for a fixed radical orientation and it must be presumed that the equivalence is a consequence 
of rotational motion in the crystal. ‘ 

Earlier workers +4 have presumed the hydrogens to belong to a —CH, radical group, 
but the spectra of the deuterated species (Fig. 1) provide overwhelming evidence against 
this view. The corresponding radicals derived from *H,N-CD,°*CO,~ show a very similar 
triplet with identical spacing (compare Figs. la and 6b) whereas the radicals from 
*D,N-CH,°CO,- (Fig. 1c), like those from *D,N-CD,°CO,~ (Fig. 1d) show only a single 
unresolved line. This is to be expected when hydrogen is replaced by deuterium, since the 
splitting due to the deuterium is only about one-seventh of that due to protium and could 
not be resolved in polycrystalline samples. Since it is unlikely that a deep-seated re- 
arrangement has occurred, this is evidence that the two hydrogen atoms were originally 
attached to the nitrogen. It suggests that the radicals are either *H,N-CH,°CO,~ or 
NH,. Although the former radical seems inherently the more likely, there are difficulties 
in this attribution. By comparison with other electron resonance results,’ it is extremely 
probable that such a radical would show strong coupling to three, if not to all four, hydrogen 


1 Ghosh and Whiffen, Mol. Phys., 1959, 2, 285. 

2 Uebersfeld and Erb, Compt. rend., 1956, 242, 478. 

3 Symons, J., 1959, 277. 

* Gordy, Ard, and Shields, Proc. Nat. Acad. Sci., U.S.A., 1955, 41, 983. 
5 Uebersfeld, Ann. Phys., 1956, 1, 395. 

® Ehrenberg, Ehrenberg, and Zimmer, Acta Chem. Scand., 1957, 11, 199. 
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atoms. From the line widths of the spectra of Figs. la and 2 which show AHn. < 26 
Mc./s. the coupling of the H(C) atoms must be less than 13 Mc./s. each. This is so small 
as to suggest quite strongly that the H(C) atoms are not part of the radical. 

The electron resonance spectrum of the NH, radical has been observed by Foner, 
Cochran, Bowers, and Jen? at 4-2°k in the products trapped after an electric discharge 
in ammonia and argon. Their hydrogen coupling of 67-03 Mc./s. may be compared with 
the isotropic coupling of the radical from glycine, 54 + 5 Mc./s. However, at 4:2° k there 
is a strong coupling to the N atom of 28-90 Mc./s. which was not observed in the present 
experiments although it would have greatly modified the spectra of Fig. 2 had it been 
present. This discrepancy could be resolved if the relaxation time for the nitrogen nucleus 
were short compared to the reciprocal of the coupling constant. Under this inequality 
the electron-nitrogen coupling would not affect the observed spectrum. This dis- 
appearance of the coupling is analogous to the more familiar case which arises with the 
double nuclear resonance technique where one nucleus is “ stirred” by a high-intensity 
radio-frequency field. The nuclear quadrupole coupling of the nitrogen to the framework 


Fic. 1. The derivative spectra of freshly Fic. 2. The derivative spectra of a freshly 
irradiated polycrystalline samples. (a) irradiated single crystal of *H,N-CH,°CO,~. 
*H,N-°CH,°CO,~ ; (b) *H,N-CD,°CO,- ; (c) Magnetic field along the directions (a) 
+D,N-CH,°CO,-; (d) *D,N-CD,°CO,-. (1,0,0), (6) (0,1,0), (c) (0,0,1). 





of the radical might provide a mechanism for greatly reducing the relaxation time for 
rotating radicals. This might be inoperative at 4-2° k if the radicals were only rotating 
slowly in spherical cavities in the argon matrix. That the radicals are not fixed in the 
argon matrix is indicated by the narrow lines, without appreciable line broadening due to 
anisotropic couplings, which are shown in the figure of ref. 7. 

Because of underlying spectra due to other radicals accurate measurements on the 
freshly irradiated single crystal are not possible. Approximate measurements suggest 
that the coupling tensor of the hydrogen atoms has cylindrical symmetry about the (1,0,0) 
direction.* With the magnetic field along (1,0,0) as Fig. 2a the coupling constant is 
62 Mc./s. for each hydrogen atom and in the perpendicular plane, as Figs. 26 and c, it is 
50 Mc./s. 

The lack of spherical symmetry shows that N H, rotates about only one axis and that 
this lies along (1,0,0) in the crystal. It is known®! that the C-N bonds of the 
*H,N-CH,°CO,~ molecules lie close to this direction. Nuclear resonance data ® suggest that 


* For definition of the co-ordinate system see ref. 1. 

7 Foner, Cochran, Bowers, and Jen, Phys. Rev. Letters, 1958, 1, 91. 
* Albrecht and Corey, J. Amer. Chem. Soc., 1939, 61, 1087. 

* Kromhaut and Moulton, J. Chem. Phys., 1955, 28, 1673. 
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the NH;* groups of glycine rotate at room temperature as does the NH,* group of the 
*H,N -CH-CO,~ radical. 

This explanation for the absence from the spectra of coupling to the nitrogen nucleus 
is supported by Fig. 3a which shows the spectrum of freshly irradiated polycrystalline 
glycine measured at 90° k. It is clear that the spectrum is considerably wider than that 
in Fig. la, indicating that a further coupling must be taken into account. Attempts to 
fit this spectrum with the coupling parameters of Foner, Cochran, Bowers, and Jen” 
were not successful, but the synthetic derivative curve of Fig. 3b is obtained for the nine 


Formed by the Action of y-Rays on Solid Glycine. 1871 


Fic.3. (a) The derivative spectrum of freshly Fic. 4. The derivative spectra for an irradi- 
irradiated polycrystalline *H,N-CH,°CO,— ated single crystal with the magnetic field 
measured neay 90° K; (b) synthetic deriv- along (1,0,0) (a) after storage at room temper- 
ative spectrum for couplings N = 39 Mc/s., ature for 7 days, (b) after brief (ca. 30 min.) 
H = 60 Me/s. each, AH... = 36 Mc/s. with heating at 160°C, (c) after prolonged (ca. 6 
Gaussian lines at the positions indicated. hours) heating at 160°c. 














Fic. 5. Derivative spectra of irradiated polycrystalline 
samples heated at 160° c for 45 min. 
(a) +H,N-CH,°CO,-; (b) +H;N-CD,°CO,-; 
(c) *D,N-CH,°CO,-; (d) *D,N-CD,°CO,-. 





lines to be expected with a hydrogen coupling of 60 Mc./s. each and a nitrogen coupling 
of 39 Mc./s. and a line width AH,,s. of 36 Mc./s. This reproduces the main features of 
the spectrum but not its asymmetry consequent on a small anisotropic g variation. If 
the radical is really NH, and this analysis is essentially correct,* there is a large variation 
of the nitrogen coupling with environment. It is 29 Mc./s. in an argon matrix and 39 
Mc./s. in the glycine crystal. ‘ This coupling is known to be very sensitive to electronic 
wave function since the value 7 for ND, is 33 Mc./s. in an argon matrix. 


* Note added in proof. Servant, Augoyard, and Ngoc Chau (Compt. rvend., 1959, 249, 71) find a 
different spectrum again at 77°k. These changes deserve fuller study. 
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The reason for the greater line width in Fig. lc than in 1d when both should be attri- 
buted to ND, radicals is not clear and is tentatively attributed to the presence of NHD 
radicals. 

The Radical *H,N-CH-CO,~.—There is nothing in the present work which affects the 
qualitative conclusions about the radical +H,N-CH-CO,- given previously.1 As explained 
earlier, this radical has a spectrum of wider extent and its features can be most plainly 
seen in the region over 100 Mc./s. from the centre of the pattern. These are more pro- 
minent in Figs. 4a and } than in either 2a or 4c, and the radical is intermediate in its stability 
to heat between the NH, radical and the third radical discussed below. 

The Most Heat-stable Radical.—The spectra shown in Figs. 4c and 5a cannot be attri- 
buted to either of the radicals discussed above and it is clear that a third radical species 
is present after prolonged heating. Comparison of Fig. 5a with Fig. 56 and of these 
two with Figs. 5c and 5d shows that the dominant coupling is to hydrogen atoms originally 
attached to the nitrogen atoms. 

The spectra from a single crystal which has been strongly heated are very complex 
(e.g., Fig. 4c) and very dependent on the magnetic-field direction. A complete set of 
measurements was made but these have so far defied interpretation. Many lines appear 
to have non-integral intensity ratios and full interpretation must need the extended theory 
required for the CH(OH)-CO,H radical. No suggestion is therefore made about the 
chemical structure of this stable radical. 

Quantitative estimation of radical concentrations requires a double integration of the 
derivative curve and is very difficult to perform accurately. In one experiment a sample 
showing the spectrum of Fig. la was heated until it showed the spectrum of Fig. 5a. A 
comparison of the intensities obtained by double integration indicated that the final 
radical concentration was over half the original; a confirmatory result was obtained with 
*H,N-CD,°CO,~. The very tentative conclusion may be made that the more stable radicals 
are formed by chemical reaction of the dominant radical rather than directly in the irradi- 
ation process. 

Conclusions.—In view of the uncertainties which remain it would be premature to 
postulate detailed mechanisms for the various chemical reactions. The present indications 
are that irradiation of solid glycine by y-rays at room temperature leads to the predominant 
formation of a radical species believed to be NH, and that these are free to rotate in the 
crystal at room temperature. When kept at room temperature for several days, these 
radicals partially disappear and this disappearance is accelerated by heat. At this stage 
the radical * H,N-CH-CO,- with its wider spread of spectrum appears prominently, but 
on prolonged heating it too disappears to leave a third, unidentified radical. There is 
slight evidence that the later radicals are formed by reaction of the -NH, radicals rather 
than in the original radiation process. 


EXPERIMENTAL 


Materials.—Glycine was commercial material recrystallised from water. *tH,N-CD,*CO,~ 
was supplied by Merck of Canada and stated to be of 98% isotopic purity. *D,N*CH,°CO,~ 
was obtained by repeated dissolution and recovery of normal glycine from D,O (99-98%); and 
*D,N-CD,°CO,” from a similar treatment of *H,N-CD,°CO,~. The infrared spectra of these 
materials were in accord with qualitative expectations for the species involved. In particular 
the relative simplicity of the spectra suggested that the species were isotopically pure. The 
N-deuterated materials were handled in a dry box. Irradiation from a Co y-ray source was 
carried out at room temperature on evacuated samples for 10—20 hr. Samples kept thereafter 
at liquid-air temperatures showed no change of spectrum in contrast to those kept at room 
temperature or heated. Heated samples were held at 160° c in vacuo for varying times. The 
same set of spectral changes occurred on each occasion but the time required for any degree 


1@ Atherton and Whiffen, Mol. Phys., in the press. 
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of change was not reproducible. It appeared to be a function of crystal size, thickness of glass 
tube, sample density, etc., and the variations are tentatively ascribed to variation in thermal 
conductivity. Details of the spectra are given in the Figures and their legends. All spectra 
were centred near g = 2-00. 

Spectrometer.—The spectrometer operating at 9200 Mc./s. with 490 c./s. field modulation 
has already been described. During the period occupied by the present work the spectro- 
meter was converted to 125 kc./s. modulation,’ but this change had no effect on the spectra 
beyond an improvement of better than a factor of 10 in the signal-to-noise ratio. An improved 
field sweep calibration using a nuclear resonance probe has shown the earlier calibration to be 
in error. Consequently the numerical couplings quoted earlier} should be reduced by 12%, 
as should the spin densities on the hydrogen and nitrogen atoms. All spectra, except that of 
Fig. 3a, were measured at room temperature. 


We thank Mr. B. P. Goddard for his technical assistance in maintaining the spectrometer 
and in the preparation of deuterated materials, and Mr. D. Pooley for his assistance with the 
conversion to 125 kc./s. modulation. We acknowledge a Fellowship from the University 
Appeals Fund granted to D. K. G. 


THE CHEMISTRY DEPARTMENT, THE UNIVERSITY, 
BirMINGHAM, 15. [Received, August 19th, 1959.) 


11 Abraham, Ovenall, and Whiffen, Trans. Faraday Soc., 1958, 54, 1128. 
12 Ingram, “‘ Free Radicals,’’ Butterworths, London, 1958. 





374. Phosphine Oxide Complexes. Part I. Preparation and 
Properties of the Cation [(Ph;PO),Ni]**. 


By F. A. Cotton and E. BANNISTER. 


The preparation and properties of [(Ph,PO),Ni](ClO,), are reported. 
Four lines of evidence, viz., visible spectrum, magnetic moment, X-ray 
powder patterns, and steric requirements of the ligands, are discussed with 
regard to the configuration of the cation. It is concluded that a regular 
tetrahedral ligand field about the Ni(11) ion can be ruled out although the 
magnetic moment (3-51 B.M.) appears unusually high for a strictly planar 
field. The possibility of an intermediate configuration giving D,; symmetry 
in the NiO, group is considered. 


In a preliminary note ! we reported that triphenylphosphine oxide forms complexes with 
many transition-metal salts containing non-complex-forming anions. The complexes 
obtained so far * have the general formule [(Ph,PO),M]"*X~,, where M** is the n-valent 
metal ion and X~ is the non-complex-forming anion, assumed here to be a univalent one 
such as ClO,~. This is the first of several papers describing in detail the spectral, magnetic, 
infrared, and structural characteristics of such complexes. 

Tetrakis(triphenylphosphine oxide)nickel(I1) perchlorate, [(Ph,PO),Ni](C1O,),, is a pale 
yellow substance prepared by direct combination of nickel perchlorate and triphenyl- 
phosphine oxide in approximately stoicheiometric proportion in alcohol and evaporation 
of the solution. It is insoluble in water and benzene but somewhat soluble, apparently 
without decomposition, in nitromethane. It also dissolves in alcohol but here it apparently 
decomposes since the solution is green, and not yellow as is the solid. 

The most important problem with respect to [(Ph,;PO),Ni]** seems to concern its 
structure. We suggested earlier, on the basis of certain data, that it appeared to be 


* Owing to an oversight a compound [(Ph,PO),Cu](NO,), was mentioned in reference 1. This should 
have been the perchlorate. Actually, no such nitrate has been prepared, addition of triphenylphos- 
phine oxide to cupric nitrate giving (Ph,PO),Cu(NO,),, a compound to be described along with its Ni(11) 
and Co(11) analogues in Part III. 


1 Cotton, Bannister, Barnes, and Holm, Proc. Chem. Soc., 1959, 158. 
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tetrahedral. We now re-examine that conclusion in the light of all the available evidence. 
Whether tetrahedral complexes of nickel(I1) exist has been a moot point for a long time. 
Before the recent acceptance of the ligand-field theory by co-ordination chemists, there 
was no criterion, short of X-ray structure determination, by which the tetrahedral 
configuration of a nickel(11) complex could be unequivocally established. The two 
important criteria provided by ligand-field theory are: (1) the type of spectrum due to 
parity-forbidden 3d-3d transitions which would be expected, and (2) the magnitude of the 
orbital contribution to the magnetic moment of the ground state. In the present work 
we shall also utilize two additional, but generally less conclusive criteria, namely, (3) 
X-ray powder patterns, and (4) consideration of the steric requirements of the ligands, 

(1) The Visible Absorption Spectrum.—It was stated earlier! that the spectrum is in 
accord with what we should expect from theory for T4 symmetry of the ligand field, taking 
D, to be about 400 cm.. This statement was based on a calculation in which the Slater 
integrals measuring interelectronic repulsion were assumed to be the same for the com- 
plexed Ni(t1) ion as for the free ion (meaning in effect that the *F-°P separation was taken 
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as that for the free ion *) and the effects of spin-orbit coupling were ignored. Thus the 
two principal absorptions of the solid compound (Figure a and Table 1) were assigned to 
the 87,(F)>%A, and %7,(F)>%7,(P) transitions. Shortly after this, however, Liehr 
and Ballhausen* published detailed and “exact’’ calculations of the energy levels 
of Ni** in both tetrahedral and octahedral fields. On the basis of these more accurate 
theoretical results it appears necessary to alter our previous conclusion from the spectral 
data. In the following discussion we shall be referring to Fig. 1 of reference 3, an energy 


TABLE 1. Visible spectral data for [(Ph,PO),Ni](C10,)>. 


Positions of absorption bands (10-° cm.-) 
(extinction coefficients; cm.? mmole) 
23-04 13-8 * shoulder 11-4¢ 
Solution 24-3 (~24) 14-8 (~8) 13-1 (~9) 


* ¢ not measured. 


level diagram for Ni(I1) in a tetrahedral ligand field where energies and spin multiplicities 
are shown as a function of D, (here signifying one-tenth of the separation between the 
one-electron orbitals of e and ¢, symmetry). 
Because, according to Liehr and Ballhausen, there is an appreciable diminution of the 
® Moore, “ Atomic Energy Levels,”’ U.S. Nat. Bur. Standards Circular 467, Vol. II, Washington, 


D.C., 1952. 
% Liehr and Ballhausen, Ann. Phys., 1959, 6, 134. 
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8F-8P separation due to the ligand field, the previously proposed assignment of the 
absorption at ~23,000 cm. to the *7,(F)-87,(P) transition with a D, value of 400—500 
cm. is not possible. Indeed the diagram shows that the only possible assignment of the 
experimental data would be: hv = 23,000 cm. as the 9I',(°7,)>8T, 5,457) transition 
and hy = ~11,000—14,000 cm.* as the °I',°7,)>T,,5,4,5°7,) transition with D, equal 
to about 1700 cm.1. There seems little doubt that a D, of 1700 cm.+ is unacceptable. 
Hexaquonickel(11) ion has a D, of ~850 cm.+, so that, according to the well-known relation, 
derivable on the assumption of electrostatic ligand—metal interaction, in a tetrahedral 
complex also containing oxygen ligands D, should be about 400 cm.+. That D, in the 
tetrahedral case could vastly exceed that in the octahedral case seems impossible. 

Since publication of our note! we have obtained the spectrum of [(Ph,PO),Ni](C1O,), 
in nitromethane solution (Figure: 5), thus permitting an evaluation of the molar extinction 
coefficients of the bands, which are in the range 6—25. This is the range characteristic 
for Ni(II) in centrosymmetric, t.e., octahedral and planar, environments, attributable solely 
to vibronic coupling. In the only published absorption spectrum of a truly tetrahedral 
complex of Ni(II), namely, that given by Gruen and McBeth * for NiC1,2~, the extinction 
coefficients are ~180, as might be expected as a result of g-u mixing in the tetrahedral 
field and also as a result of possible covalency in the metal-ligand bonds. Thus it would 
appear that the intensities of the bands in [(Ph,PO),Ni]** also argue against its being 
tetrahedral. ! 

To conclude the discussion of the spectrum we must consider whether the spectrum 
appears consistent with a square configuration. While the quality of the spectra we have 
been able to obtain for [(Ph,PO),Ni]?* does not justify an attempt to make a detailed analysis 
using Maki’s results and equations,5 it certainly appears that the data are compatible with 
expectation for a planar complex. Comparison of our spectra with several reported 
by Maki for similar complexes, e.g., bis(salicylaldehyde)nickel(11), makes this obvious. 
Thus, the spectral data provide evidence, not only against a tetrahedral configuration, 
but for a planar one. 

(2) Magnetic Data—The magnetic moment of the nickel ion in [(Ph,PO),Ni]** is 
3-51 + 0-05 B.M. evaluated from data at 74°, 195°, and 300° xk. The Curie-Weiss equation 
is followed with a relatively small Weiss constant of only —9°. This datum figured strongly 
in our earlier conclusion that the complex ion was tetrahedral. For octahedral complexes 
of Ni(11) the ground state is an orbital singlet, and theory predicts that the mixing in of 
orbital momentum from excited states via spin-orbit coupling should lead to moments of 
the order of 3-1—3-3 B.M. Experimental data,® with a few exceptions which may be 
spurious, lie in this range. There does not seem to be any reason why a planar compound 
should have a higher orbital contribution; in fact, the reverse might be expected. On the 
other hand it has been estimated by Figgis’? that moments of tetrahedral complexes 
should run between 3-6 and 4-2 B.M., depending upon how much configuration interaction 
is permitted by the magnitude of the ligand field. Moreover, while data for truly tetra- 
hedral complexes are meagre, those given by Gill, Nyholm, and P. Pauling ® for tetrahalo- 
geno-anions vary from ~3-5 to ~3-9 B.M., in good accord with theory. Thus the moment 
of 3-51 B.M. for [(Ph,PO),Ni]?* appeared by itself to suggest a tetrahedrai ligand field. 
However, in view of the incompatibility of the spectra with the assumption of a ligand 
field of Tg symmetry, we must abandon this conclusion. Actually, 3-5 B.M. is about the 
lowest possible value for a tetrahedral field and is only 0-15—0-20 B.M. above the higher 
previously observed values for centrosymmetric fields. We shall discuss later a way in 
which an intermediate value could perhaps arise. 


* Gruen and McBeth, J. Phys. Chem., 1959, 68, 393. 

5 Maki, J. Chem. Phys., 1958, 28, 651; 1958, 29, 162. 

® Foex, ‘‘ Constantes Selectioneés Diamagnetisme et Paramagnetisme,”’ Masson et Cie., Paris, 1957. 
7 Figgis, quoted in ref. 8. 

8 Gill, Nyholm, and Pauling, Nature, 1958, 182, 168. 
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(3) X-Ray Evidence-——The compounds of the general formula [(Ph,PO),M)(CIO,), 
which we have isolated and characterised are those with M = Mn, Ni, Co, Cu, and Zn. 
These other than the nickel compound are described in the following paper, but we shall 
anticipate in order to make comparisons. The spectral and magnetic properties of the 
cobalt compound indicate unequivocally that the [(Ph,PO),Co]** ion is tetrahedral. It 
has been found that the X-ray powder patterns for the cobalt and zinc compounds are 
indistinguishable, indicating without doubt strict isomorphism. Thus the two ions, 
Co(m) and Zn(1), which exhibit tetrahedral co-ordination fairly commonly, both form 
tetrahedral [(Ph,PO),M]** ions. The powder pattern for the copper compound differs 
from those of all the others. The patterns of the manganese and nickel compounds are 
very similar though not indistinguishable, suggesting, but not conclusively proving, 
isomorphism of these two. However, they both differ from the cobalt and zinc patterns 
to such an extent that isomorphism of the nickel compound with these two is rather 
unlikely. Thus, the X-ray results are in accord with the idea that the nickel compound 
does not contain a tetrahedral cation, as do the cobalt and zinc compounds. 

(4) Stereochemical Considerations.—Another line of reasoning used earlier + to support 
the suggestion that the [(Ph,PO),Ni]** cation was tetrahedral was based upon steric 
considerations. Inspection of an accurate scale model of [(Ph,PO),Ni]** indicates with 
little doubt that the four ligands cannot be coplanar at any reasonable Ni—O bond distance, 
but only if we insist upon linearity of the Ni-O-P chain. We assumed this linearity at 
that time, but now realise that it cannot be justified. In fact, it has been shown that in 
SbCl,*O*PCl, the Sb-O-P angle is 146-5°.° If we consider the possibility of non-linearity 
of the Ni-O-P groups, it is apparent from models that a planar disposition of oxygen atoms 
with an Ni-O distance of ~2 A is possible for an Ni-O-P angle of —~160° if two trans- 
ligands are bent upwards and the other two downwards. Thus, when properly considered, 
steric requirements permit planarity in the NiO, group. 

(5) Conclusion.—Steric requirements and the available X-ray data can be satisfied by 
either a tetrahedral configuration with linear Ni-O-P chains or a planar configuration 
with Ni-O-P angles <—~160°. 

The electronic spectra appear irreconcilable with a tetrahedral ligand field but not 
incompatible with a square one. However, the magnetic moment, while low for a tetra- 
hedral field, is higher than any previously recorded for a square field. We suggest the 
possibility of a configuration intermediate between tetrahedral and square as an explanation 
of the slight, but troublesome, inconsistency between the spectral and the magnetic data. 
Such a configuration would be that of a squashed tetrahedron, with some bending of the 
Ni-O-P groups, and would give the NiO, system Deg symmetry. The high moments of 
tetrahedral complexes are attributable to the fact that the ground state is an orbital 
triplet (although slightly split by spin-orbit coupling and probably also by a Jahn-Teller 
distortion). When the tetrahedron is squashed this triplet will split into an A, and an E 
level (in Daz) which in the square (D4,) limit become Ag, and E, states with the Ag, lying 
the lower. It appears reasonable to suppose that there is an intermediate configuration 
in which the separation of the ground state from the uppermost excited states is such as to 
give a spectrum similar to spectra of planar and octahedral complexes, while preserving 
sufficient orbital degeneracy or near-degeneracy to supply an orbital contribution to the 
magnetic moment which is less than expected for tetrahedral but higher than usual for 
strictly planar complexes. 

That a somewhat uncommon configuration may exist in this complex is not greatly 
surprising if one considers that it may be determined by the opposing factors of the relative 
rarity of tetrahedral co-ordination of nickel(11) and the steric requirements of the bulky 
ligands. The suggestion is, however, speculative and can only be tested by detailed 
computations or, better, by an X-ray determination of the structure of [(Ph,PO),Ni]**. 


® Agerman, Andersson, Lindqvist, and Zackrisson, Acta Chem. Scand., 1958, 12, 477. 
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EXPERIMENTAL 


Prepavation.—Hexa-aquonickel(1) perchlorate (0-37 g., 0-001 mole) in ethanol (5 ml.) was 
added to triphenylphosphine oxide (1-17 g., 0-0042 mole) in ethanol (5 ml.), giving a pale green 
solution which was then taken to dryness on a steam-bath, affording a pale yellow, solid complex. 
This was then boiled with benzene to remove excess of phosphine oxide, filtered off, and dried 
in a vacuum (Found: Ni, 4:19; C, 61-6; H, 4:8. C,,Hg9Cl,O,,NiP, requires Ni, 4-28; 
C, 63-1; H, 44%). 


TABLE 2. Magnetic data for (Ph,PO),Ni(C10,),. 


ROM. ON « jncnsssenesccarssiedueiietnion 73-8° 195-4° 299-4° 
IED, nai ccnciliantinettin 12-912 4-884 3-041 
PP dasccarcintsvnxotsmneeetietaaeene 18,499 7495 4969 


* Diamagnetic correction of —801 x 10~* c.g.s. unit used. 


Magnetic Measurements.—Bulk susceptibilities were measured at three temperatures, by 
using a Gouy balance of standard design equipped with a Dewar vessel which was filled with 
liquid nitrogen or acetone-solid carbon dioxide to maintain the lower temperatures. Two or 
three packings of the tube were used for duplicate measurements at each temperature. The 
measured diamagnetic susceptibility of the compound (Ph,PO),Zn(ClO,), was used as the 
correction for diamagnetism. The measured value is —801 x 10° c.g.s. units compared with 
—787 x 10° computed from ‘Pascal’s constants.!° The experimental data are recorded in 
Table 2. The Curie-Weiss law, yp = 2-844/[ymel(T — 6)], is followed with up = 3-51 + 0-05 
B.M. and 6 = —9°. 

Spectral Measurements.—Part of the infrared spectrum has been reported and discussed 
elsewhere.14 It may be noted here that the infrared spectrum affords evidence against the 
presence of water, co-ordinated or otherwise, in the compound, since there are no absorptions 
in either the O-H stretching or the H-O-H bending region. The visible spectrum was 
measured for both the solid and solutions in nitromethane. The reflectance spectrum of the 
solid was measured with a Beckman DU spectrophotometer with the standard Beckman 
reflectance accessory and magnesium carbonate as the control material. Solution spectra were 
also measured with a Beckman DU instrument. The visible spectra are shown in the Figure. 
Separate examination of the spectra of triphenylphosphine oxide and ClO, [as Zn(CI1O,),] 
showed that neither of these has absorption bands in the region 350—800 mu. 


This work was supported by the U.S. Atomic Energy Commission under Contract Number 
AT(30-1)-1965. 


DEPARTMENT OF CHEMISTRY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
CAMBRIDGE 39, Mass., U.S.A. [Received, August 10th, 1959.] 


10 See P. W. Selwood, ‘“‘ Magnetochemistry,”’ Interscience Publ. Inc., New York, 1956, 2nd edn., 
p. 78. 
11 Cotton, Barnes, and Bannister, J., in the press. 
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375. Phosphine Oxide Complexes. Part II. Cations of the Type 
[(Ph,PO),M] with M = Mn(11), Fe(m), Co(m), Cu(i1), and Zn(r1). 


By E. BANNISTER and F. A. Cotton. 


Complex cations of the type [(Ph,PO),M]"* with Mn(1), Fe(111), Co(11), 
Cu(11), and Zn(11) are easily obtained by reaction of triphenylphosphine oxide 
and the appropriate metal perchlorate in alcohol solution. Magnetic and 
spectral data leave little doubt that the Co(11) complex is tetrahedral, and the 
Zn(11) salt is isomorphous with it. The Fe(111) complex seems likely to be 
tetrahedral. The Cu(11) complex is almost certainly planar, and the Mn(11) 
complex probably also planar. The planar configurations refer to the MO, 
groupings and it is necessary to assume M-O-P angles of —~160° in these 
cases because of the steric requirements of the PPh, groups. 


THE existence of the type of compound described in this paper has been briefly reported 
recently,” and the nickel(11) compound, which has some curious properties, was discussed 
in the preceding Part.1_ We now discuss the properties of the Mn(11), Co(11), Cu(t1), and 
Zn(11) compounds of the type [(Ph,PO),M](C1O,),, of [(Ph,PO),Fe](ClO,),, and of the Co(11) 
compound with tris-(p-dimethylaminophenyl)phosphine oxide. 

While there are minor differences, all of these compounds are rather easy to prepare 
by mixing alcoholic solutions of the metal perchlorates and the ligand in about 1: 4-2 
molar ratio. Their colours, analyses, magnetic moments, and absorption bands are 
listed in the Table and the reflection spectra are shown in Fig. 1. 


Properties of the compounds [(PhgPO),M](C1O,). (x = 2 or 3). 


-- Magnetic moments 
C (%) H (%) (B.M.) (corrected 
Compound (colour) Req. Found Req. Found susceptibilities) 
[(Ph,PO),Mn](C10,), (white) ... 63-3 62-6 4-4 4-4 5-97 
(14,847 x 10-* at 298°) 
[(Ph,PO),Fe](ClO,), (yellow) ... 58-9 58-8 4-1 5-92 


(14,647 x 10-* at 298°) 
4-724 


[(Ph,PO),Co}(C1O,), (blue) 63-1 63-4 4-4 
[(Me,N-C,H,),PO},Co(Cl10,), 

(blue) 61-1 61-0 6-4 6-6°¢ 4-76¢ No data 
[(Ph,PO),Cu}(Cl1O,), (pale blue) 62-9 62-6 4-4 4-7 1-90 ® 335, 700 
[(Ph,PO),Zn}(ClO,), (white) ... 62-8 62-6 4-4 4-4 Diamagnetic No data 


* Measured over a temperature range by Dr. R. H. Holm; to be reported fully and discussed in 
a forthcoming general study of Co(11) compounds. * Measured over a temperature range (see Experi- 
mental section); a slight dependence of moment on field strength was observed. * Found: N, 89. 
Reqd.: N, 8-9%. 


It will be convenient to discuss the cobalt compounds first since, for these, magnetic 
and spectral data permit the conclusion that the cation is truly tetrahedral, in the sense 
that the ligand field experienced by the Co(11) ion has Tg symmetry. These conclusions 
are based on theoretical and empirical generalizations about the dependence of spectral 
and magnetic properties of Co(11) complexes on the symmetry and strength of the ligand 
field. It has been shown by Holm and Cotton ® for the tetrahalogenocobaltate(I1) ions, 
CoCl,?-, CoBr,?-, Col,?-, and for Co(SCN),?- that the magnitude of the magnetic moment 
is determined by the strength of the tetrahedral ligand field, whereas for planar and 
octahedral complexes the ground state has intrinsic orbital degeneracy which results for 
such compounds in moments of the order of 4-95—5-2 B.M., not governed in any simple 
way, so far as is known, by the strength of the ligand field. Thus, the moments of the two 

1 Part I, preceding paper. 

2 Cotton, Bannister, Barnes, and Holm, Proc. Chem. Soc., 1959, 158. 


% Holm and Cotton, J. Chem. Phys., 1959, 31, 788. 
* Holm and Cotton, unpublished work. 
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Co(11) complexes are well below the range for planar complexes and are at the same time of 
about the magnitude to be expected for tetrahedral complexes on the basis of our previous 
work * and the position normally occupied by oxygen ligands in the spectrochemical 
series.5 Thus the magnetic moments alone indicate a tetrahedral configuration. The 
spectrum of the {(Ph,PO),Co}** ion (Fig. 16) provides even stronger evidence. While it 
does not show good resolution, which can seldom be obtained with the reflectance technique, 
it is clearly not at all the type of spectrum given by planar and octahedral spin-free Co(11) 
complexes, whereas it resembles very closely the spectra of the tetrahedral halogeno- 
cobaltous ions.? Further, the energy of the band is about where it might be expected in 
view of the usual position of oxygen in the spectrochemical series. Whatever the structure 
of the [(Ph,PO),Co]?* cation, the analogous Zn(11) cation must have the same structure, 








Fic. 1. Reflectance spectra of triphenylphosphine 
oxide complexes of some metal perchlorates, 
[(PhsPO),M](C10,),. 


a, Mn. 6,Co. c,Cu. d, Fe. 
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since the two perchlorates are strictly isomorphous. This may be seen by comparison of 
the X-ray powder patterns of these two compounds in Fig. 2; they are exactly super- 
posable. Thus, if the above evidence for the tetrahedral configuration of the Co(11) 
cation is accepted, the Zn(II) complex cation is also established as tetrahedral. That these 
two may be tetrahedral is not surprising since both the cobalt(11) and the zinc(11) ion are 
known to form other tetrahedral complexes. 

Another of the complex cations which may be tetrahedral is [(Ph,PO),Fe]**, since for 
Fe(111), with a spherically symmetrical half-filled d-shell, there is no ligand-field stabilization 
energy to favour any other configuration. The magnetic moment of 5-92 B.M., which agrees 
quite well with that expected for a d5(6S) ion, viz., 5-92 B.M., shows that the Fe(11) ion 
in this complex has indeed such a spherically symmetrical d-shell. Moreover, at least one 
other complex of Fe(t11) is known * to be tetrahedral, namely, FeCl,-. However, it should 
be emphasized that we can offer no direct proof of the configuration and it may be other 
than tetrahedral. 

It is appropriate to discuss next the Mn(11) complex. Here again the ion is in a d5(®S) 
state with a spherically symmtetrical d-shell, as shown by its magnetic moment of 5-97 B.M. 
We believe that in this case the configuration is probably not tetrahedral {although there 

5 Orgel, J. Chem. Phys., 1955, 28, 1004, who discusses the concept of this spectrochemical series, 


originally developed empirically, in terms of ligand-field theory. 
* Zaslow and Rundle, J. Phys. Chem., 1957, 61, 490. 
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are several established? examples of tetrahedral Mn(m) complexes, viz., [MnX,]?-}, 
because of the close resemblance of the powder patterns of [(Ph,PO),Ni](ClO,),. and 
[(Ph,PO),Mn[(Cl1O,),. While the patterns do not match exactly, so that isomorphism 
cannot be asserted with certainty, the resemblance is very close, and we feel that it is likely 
that the crystals are of nearly the same structure. This would mean then that the 
[(Ph,PO),Mn}?* and the [(Ph,PO),Ni]?* cation also have about the same structure. 
According to detailed arguments given in Part 1,? we believe that the complex nickel(1) 
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cation has a nearly planar NiO, grouping, with the steric requirements of the PPh, residues 
met by Ni-O-P angles of —~160° with two trans-PPh, groups above and the other two 
below the median plane of the NiO, grouping. A similar structure may thus be considered 
likely for [(Ph,PO),Mn]**. 

Finally, the Cu(11) compound gives an X-ray powder pattern (Fig. 2) which differs from 
all of the others and so gives no positive evidence as to the structure of the complex cation. 
However, if the cation were tetrahedral, with linear Cu-O-P groups, it should be so similar 
in size and other properties to the tetrahedral cations of Co(m1) and Zn(11) that isomorphism 
of [(Ph,PO),Cu](C1O,), with the analogous Co(11) and Zn(11) compounds could be expected. 
In this sense, then, there is some negative evidence against a tetrahedral configuration for 
7 Gill and Nyholm, J., 1959, 3997. 








2) 
and 
‘ism 
kely 

the 


ure. 


(11) 


ms of 


sof 


idues 
r two 
dered 


from 
ation. 
imilar 
phism 
ected. 


on for 








1960) 


the complex cation of Cu(m). The magnetic moment, 1-90 B.M., might be thought to 
provide evidence against a tetrahedral configuration, but this is not so. It is true, as has 
been shown by Figgis § and Ito and Ito,® who applied Kotoni’s theory, that tetrahedral 
Cu(11) should have a relatively large orbital contribution to its magnetic moment, giving 
a net value of S~2-2 B.M., at temperatures above about 200° according to Figgis’s 
calculations. However, a rigorously tetrahedral Cu(11) complex is not likely to exist since 
a Jahn-Teller distortion may be expected, splitting the otherwise degenerate (?7,) ground 
state. In Cs,CuCl,, the distortion is a flattening of the tetrahedron,!® which lowers the 
magnetic moment from the expected ~2-2 to 1-93 + 0-05 B.M." While a tetrahedral 
[(Ph,PO),Cu}** ion would be very crowded, there would probably be enough latitude in the 
O-Cu-O and Cu-O-P angles to permit a degree of distortion comparable to that of CsgCuCl,, 
so that the magnetic moment could be as low as 1-90 B.M. despite an approximately 
tetrahedral confirmation. Thus the only safe conclusion appears to be that the observed 
magnetic moment is consistent with any ligand-field symmetry from distorted Tz through 
Dea to Dp. 

However, the spectrum of [(Ph,PO),Cu]** does seem to provide good evidence against 
a tetrahedral configuration. The observed band is quite broad and its peak is at ~700 mu. 
Since the hexaquocopper(1!) ion has its peak maximum at ~800 my,!” we should expect the 
[(Ph,PO),Cu]?* ion to have a band at about four-ninths of this energy, t.e., ~1700 my, and 
certainly not at a slightly higher energy. Moreover, a rather narrow band would be 
expected in a tetrahedral complex since only a single transition would be involved. The 
broad band observed is what. would be expected for a planar complex having two or three 
superposed absorptions and may be compared both in position and breadth with those 
observed in other planar Cu(11) complexes.!* A final point in favour of a planar configur- 
ation for the Cu(II) cation is the well-known fact that planar rather than tetrahedral 
co-ordination is usual for Cu(t1). 

In view of the results presented here and in Part I,! the following conclusion can be 
drawn concerning the stereochemical requirements of Ph,PO asa ligand. It is not required 
that the M-O-P group be linear. When the metal ion, M, normally forms tetrahedral 
complexes, it does so with Ph,PO, and in those cases [Co(i1) and Zn(11) being the two so far 
found] it is likely that the great size of the PPh, groups will tend to keep the M-O-P group 
linear or nearly linear. However, for ions which rarely form tetrahedral complexes, the 
configuration of the MO, grouping may be planar or nearly so because non-linearity of the 
M-O-P groupings permits the PPh, groups to keep out of one another’s way. This 
possibility was not considered at the time of our preliminary communication,? and the 
suggestion advanced there that all [(Ph,PO),M] ions must necessarily be tetrahedral or 
nearly so is now recognized to be incorrect. 


Phosphine Oxide Complexes. Part II. 1881 


EXPERIMENTAL 


Triphenylphosphine oxide (m. p. 158°) was prepared by oxidation of triphenylphosphine 
with nitrogen dioxide.4# Tris-(p-dimethylaminophenyl)phosphine oxide was prepared accord- 
ing to Bourneuf’s directions.15 

All complexes were obtained by evaporating methanol or ethanol solutions of the hexaquo- 
metal perchlorate (0-001 mole) and phosphine oxide (0-0042 mole). The ferric compound 
separated from ethanol as a yellow oil which became solid on treatment with ether or benzene. 

Magnetic Measurements.—These were made by the Gouy method, Mohr’s salt being used to 


® Figgis, Nature, 1958, 182, 1568. 

® Ito and Ito, Austral. J. Chem., 1958, 11, 406. 
10 Helmholz and Kruk, J. Amer. Chem. Soc., 1952, 74, 1176. 

11 M. D. Meyers, Massachusetts Institute of Technology, unpublished observation. 

12 Bjerrum, Ballhausen, and Jorgensen, Acta Chem. Scand., 1954, 8, 1289. 

13 See, for example, Belford, Martell, and Calvin, J. Inorg. Nuclear Chem., 1956, 2, 11. 
1 Cox and Westheimer, J. Amer. Chem. Soc., 1959, 80, 5441. 

1 Bourneuf, Bull. Soc. chim. France, 1923, 38, 1808. 
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calibrate the tubes 1* and diamagnetic corrections made by using the susceptibility (—801 x 10° 
c.g.s. unit) of the zinc compound, the value of which is in good agreement with an estimate 
from Pascal’s constants 1 [plus an additional correction for ClO,~ in the Fe(111) compound]. 
The Mn(11), Fe(111), and Zn(11) compounds were measured at only one temperature and the 
magnetic moment computed from the Curie equation. The Cu(II) compound was measured 
at three temperatures. The susceptibilities, in c.g.s. units per mole, corrected for diamagnetism 
are: 1465 x 10° at 303°, 2283 x 10° at 195° and 6255 x 10° at 73-7°. Using the Curie- 
Weiss equation, p = 2-844/[y(T — 9)], we obtain 6 = 2°, 1 = 1:90 B.M. The cobalt(11) com- 
pounds were measured at three temperatures by Dr. R. H. Holm; each had a Weiss constant of 
—5-5° + 0-5°. The moments are quoted in the Table. 

Spectra.—The reflectance spectra in the visible and the ultraviolet region were measured 
with a Beckman DU spectrophotometer with a reflectance attachment and magnesium 
carbonate as the reference; since the spectra shown in Fig. 1 are reflectance spectra, the 
absorbancy scale is arbitrary and true extinction coefficients are unknown. 


This work was supported by the United States Atomic Energy Commission under Contract 
No. AT(30-1)-1965. We are grateful to Dr. I. Simon of Arthur D. Little, Inc., for determining 
the X-ray powder patterns. 


DEPARTMENT OF CHEMISTRY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
CAMBRIDGE 39, Mass., U.S.A. [Received, August 31st, 1959.] 


16 See Selwood, ‘‘ Magnetochemistry,”’ 2nd edn., Interscience Publ. Inc., New York, 1956. 


376. High-resolution Infrared Spectra and Structures of Cobalt 
Carbonyls. 
By F. A. Cotton and R. R.’ MoNCHAMP. 


The infrared spectra of Co,(CO), and [Co(CO),], in the CO stretching 
region have been re-examined, a calcium fluoride prism being used. They 
are found to be much richer than previously believed, and previously proposed 
structures of these molecules must be abandoned in favour of others. The 
spectrum of Co,(CO),,AlBr, is also reported. The advisability of using 
optics affording better resolution than does sodium chloride, and certain 
other pitfalls are illustrated and discussed. 





THE practice of inferring structures or partial structures of metal carbonyl compounds by 
comparing observed spectra in the CO stretching region with the spectra expected (i.e., 
the number of terminal and bridge bands) for various models, on the basis of group- 
theoretically derived selection rules, has become increasingly common in the past few 
years. The reliability of this procedure depends on, inter alia, the authenticity of the 
observed spectrum, in particular on whether the spectrum is sufficiently well resolved to 
disclose all the bands. 

Under optimum conditions currently available commercial spectrometers give resolution 
of 6—10 cm.* with a rock-salt prism and 2—3 cm. with a calcium fluoride prism in the 
region of C=O and C=O stretching frequencies.1_ Under the sub-optimum conditions often 
prevailing, it is our experience that the resolution may be no better than 10—20 and 4—6 
cm.~! respectively. Thus, in some cases, closely spaced bands may fail to be resolved and 
a spectrum of misleading simplicity obtained when sodium chloride optics are used. One 
instance of this is already on record.2, We report here two other cases, viz., Co,(CO), and 
Co,(CO),., in which the use of calcium fluoride optics allows observation of additional CO 
bands, thus changing the inferences as to structure. 

For Co,(CO),, the spectrum obtained with sodium chloride optics has been reported *4 


1 Gore, McDonald, Williams, and White, J. Opt. Soc. Amer., 1947, 37, 23. 

2 Cotton and Wilkinson, J. Amer. Chem. Soc., 1957, 79, 752. 

3 Cable, Nyholm, and Sheline, J. Amer. Chem. Soc., 1954, 76, 3373. 

* Friedel, Wender, Shufler, and Sternberg, J. Amer. Chem. Soc., 1955, 77, 3951. 
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to consist of four bands, at ~2070, ~2042, ~2025, and ~1859 cm... Fig. la shows such 
a spectrum obtained by us, and on such a basis structures of Cy, or Da, symmetry have 
been proposed.** Using a calcium fluoride prism, we find the spectrum shown in Fig. 18, 
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Fic. 1. The spectrum of Co,(CO), obtained (a) for hexane solution witharock- mull with a calcium 
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Fic. 3. The infrared spectrum obtained for Co,(CO);. 
in pentane with (a) a rock salt and (b) a fluorite prism. 
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with maxima at 2075, 2064, 2047, 2035, 2028, 1867, and 1859 cm.. The appearance of 
four and possibly five terminal fundamentals, and especially of two bridge bands rules out 
unequivocally all structures previously proposed. The highest likely symmetry com- 
patible with our results is Cz,. Two types of C2, models appear possible. (1) Those with 
two terminal CO’s necessarily in the Co(CO),Co plane: structure XI-a of Friedel et al.‘ is 
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representative of this type. (2) Those with no three CO’s necessarily coplanar: structure 
IV-a of Cable e¢ al.* is an example, the coplanarity of six CO’s being non-essential to the 
symmetry. The bent structure suggested by Mills and Robinson ® is also of type (2). 
The non-planarity of the Co(CO),Co ring is an example of a chemically and structurally 
significant geometrical feature which is, however, of no significance to the point group 
symmetry. Any of the above-mentioned or other C2, models or models of lower symmetry 
are compatible with our spectral data. 

We have also measured the spectrum of the adduct Co,(CO),,AIBr, recently reported 
by Chini and Ercoli.6 The spectrum is shown in Fig. 2; the peaks occur at 2073s, 2064?sh, 
2074s, 2028s, 2023sh, 1864m, and 1859mcm.+. The similarity to the spectrum of Co,(CO), 
is obvious. It is in excellent accord with the structure proposed for this adduct by Chini 
and Ercoli, and it may be observed that on removing the AlBr, from the Chini and Ercoli 
structure for Co,(CO),,AlBr, one obtains the kind of structure suggested by Mills and 
Robinson for Co,(CO), itself. 

Co,(CO),,., studied with rock-salt optics, has been reported *? to have only three bands, 
at ~2060, ~2035, and ~1870 cm.*. Our results with a rock-salt prism (Fig. 3a) are in 
agreement. However, using a fluorite prism afforded the spectrum shown in Fig. 30, with 
absorption maxima at 2070, 2062, 2045, 2033, and 1869 cm.+. The appearance of at 
least three fundamentals in the terminal region vitiates Cable and Sheline’s contention ? 
that a tetrameric formula originally reported by Hieber e¢ al.8 should be abandoned because 
of the simplicity of the spectrum. On the contrary, the complexity of the spectrum 
requires that Cable and Sheline’s dimeric structure be abandoned. 

As soon as these studies were complete it was learned that the structure of Co,(CO),, 
had been determined by X-ray studies by Corradini and Ercoli.® The X-ray work is said 
to give the structure depicted in Fig. 4. This structure apparently has C3, symmetry, and 
the CO groups fall into three equivalent sets: (1) three COM groups bonded to the unique 
cobalt atom; (2) three CO® groups, the bridging groups around the base, and (3) six 
CO® groups, two attached to each of three equivalent Co atoms. Group theoretical 
methods readily yield the following results for the number of infrared-active C—O stretching 
modes due to each set of CO’s: 


: com: 2 A,,E 
Terminal {Com 4 tod 3E ) 
Bridging CO: 2 (A,E) 


Clearly the observed spectrum is rather simpler than this. This is perhaps the most 
extreme example so far encountered in infrared studies of metal carbonyls where the 
observed spectrum is simpler than that expected in principle. 

There are three possible reasons for such a phenomenon: (1) Some of the “ allowed” 
bands may, by chance, be very weak so that they are undetected or at least recognised as 
fundamentals. (2) There may be accidental degeneracies of bands arising from different 
sets of equivalent oscillators. (3) There may be only unresolvably small splittings between 
the modes arising out of the same set of equivalent oscillators if the members of the set are 
only negligibly coupled. All these effects may occur simultaneously. 

Clearly, one or more of them could be responsible for the observation of only four 
instead of six terminal absorption bands, but it is somewhat surprising that the three 
bridging carbonyl groups do not give rise to two observable and resolvable peaks. 

In conclusion two points seem worthy of emphasis. First, irrespectively of other 
difficulties in interpreting spectra of metal carbonyl compounds in terms of molecular 


5 Mills and Robinson, Proc. Chem. Soc., 1959, 156. 

® Chini and Ercoli, Gazzetta, 1958, 88, 1171. 

7? Cable and Sheline, Chem. Rev., 1956, 56, 1. 

§ Hieber, Muhlbauer, and Ehmann, Ber., 1932, 65, 1090. 

* Corradini and Ercoli, Abs. XVIIth Internat. Congress, Pure and Applied Chemistry, Munich, 1959, 
Vol. I, p. 25; Corradini, personal discussions. 
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symmetry, it is very dangerous to draw conclusions from the relatively poorly resolved 
spectra obtainable in this region with a rock-salt prism. Secondly, Co,(CO),, provides a 
striking example of how failure to observe as many bands as are in principle “‘ required ” 
for a structural model is by no means conclusive evidence against that model. 

[Added in proof.| Bor and Marké recently (Spectrochem. Acta, 1959, 747, made a pre- 
liminary report of a few results similar to ours. All our results were received for pub- 
lication as a preliminary note on August 10th, 1959, but at the Editor’s suggestion were 
withdrawn and resubmitted in their present form. 


Experimental.—Samples of the cobalt carbonyls were received from Dr. H. W. Steinberg, 
U.S. Bureau of Mines, Pittsburg, Pa. Co,(CO), was recrystallized and handled in a gloved box 
flushed with dry nitrogen. Co,(CO),, was manipulated entirely in a vacuum-line. The 
solution was made up and the infrared cell filled with liquid entirely in a vacuum. 
Co,(CO),,AlBr, was prepared and handled entirely in a nitrogen atmosphere, according to the 
directions of Chini and Ercoli; * our product was green-yellow rather than yellow. The spectra 
were measured on a Baird spectrometer equipped with a fluorite prism. Subsequently the 
resolution was checked by using gaseous carbon monoxide. The rotational fine structure of 
the carbonyl band was clearly resolved, indicating resolution at least as good as ~3-5 cm.7}. 


We thank the U.S. Atomic Energy Commission for financial support under Contract No. 
AT(301)-1965, and Dr. H. W. Sternberg for generous gifts of the cobalt carbonyls. 


DEPARTMENT OF CHEMISTRY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, : 
CAMBRIDGE 39, Mass., U.S.A. [Received, November 24th, 1959.} 


377. A Kinetic Study of the Effect of Substituents on the Rate of Form- 
ation of Alkylpyridinium Halides in Nitromethane Solution. 


By K. CLARKE and K. ROTHWELL. 


The rates of reaction of a series of mono- and di-substituted pyridine 
bases with various organic halides in nitromethane have been measured. 
Substituents in the pyridine ring influence both the Arrhenius parameters. 
Variations from the Hammett relation have been found, the reactivity 
conferred by a group in the 3-position being greater, relative to its effect 
when in the 4-position, than is predicted by the Hammett substituent 
constants. The importance of the contribution of steric hindrance to the 
ortho-effect has been demonstrated, the contribution of non-steric effects 
having been estimated from pK, values for the bases. Changes in the free 
energy of ionisation brought about by two or more groups are equal to the 
algebraic sum of the changes caused by the groups acting individually. 
For most of the disubstituted pyridines the free energies of activation are 
in agreement with those calculated, but additivity is not observed when 
both the groups are in positions adjacent to the nitrogen atom. 


It is well known that substituents in the benzene ring may influence aromatic reactions 
and many reactions have been investigated, especially those affecting a side chain. 
Substituents change the distribution of electron densities and therefore influence the 
reactivity of a molecule by affecting bond strengths and repulsion forces. The influence 
of substituents on benzene side-chain reactions is essentially the same even in widely 
differing systems, any slight differences resulting from variations in the susceptibility of 
the systems to change.! Further, apart from some anomalous cases, the effect of two or 
more substituents is approximately the algebraic sum of the effects of the individual 
groups.” ; 

1 Hammett and Pfluger, J. Amer. Chem. Soc., 1933, 55, 4079; Hammett, Chem. Rev., 1935, 17, 125; 
Bradfield and Brynmor Jones, Trans. Faraday Soc., 1941, 37, 726. 


2 Brynmor Jones e al., J., 1928, 1006; 1931, 2903; 1941, 267; 1942, 418, 676; 1954, 1775; 1955, 
2921, 3845; Shorter and Stubbs, J., 1949, 1180; Hinshelwood, Newton, and Stubbs, J., 1953, 3384. 
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These conclusions were mainly based on evidence from hydrocarbons, so we have 
investigated some heterocyclic systems, in particular the effect of substituents in the 
pyridine nucleus on the rate of formation of alkylpyridinium halides. 

The anomalous effect of substituents in a position ortho to the reaction centre has 
received a wide variety of explanations.* The pyridine system affords a rigid structure 
free from many of the usual complications. 

The Non-exponential Term of the Arrhenius Equation.—The recorded information on 
the effect of substituents on the Arrhenius parameters for the Menschutkin reaction 
involving substituted pyridine compounds is scant and conflicting. Baker and Nathan 4 
found that benzyl bromide reacted more slowly with 2-methylpyridine than with pyridine 
itself, and this was reflected entirely in a lowering of the probability factor, the energy 
of activation remaining constant. On the other hand, Laidler5 found that log PZ 
remained constant for the reactions of pyridine, 2-methylpyridine, and ethyl nicotinate 
with methyl iodide in nitrobenzene solution, the influence of substituents on the rate 
being due to changes in the energy of activation only. Brown and Cahn ® studied the 
reactions of several monoalkyl-pyridines with methyl iodide and ethyl iodide in nitro- 
benzene and, although not concerned primarily with this particular question, their results 
suggested that variation of the substituents brought about a change in both the Arrhenius 
parameters. The results for the Menschutkin reaction with substituted NN-dimethyl- 
anilines are equally conflicting.”»* 

The present results show that substituents influence both the parameters of the 
Arrhenius equation, the energy term increasing with decreasing values of log PZ. The 
changes in log PZ are small and in some cases within the possible limits of experimental 
error. However, had the latter been the cause of these changes a more haphazard 
scattering of the points in Fig. 1, rather than the good linear relation obtained, might have 
been expected. Brown and Cahn,® working with a similar solvent but different experi- 
mental method, obtained similar results. 

An expression of Fairclough and Hinshelwood ® id for cases where log PZ and E 
changed in the same direction but cannot explain the present results. It has been 
suggested *1° that, in the Menschutkin reaction, stabilisation of the transition state by 
solvent molecules may occur and give rise to variations in log PZ. Verification of this 
by an investigation of the gas-phase reaction has, however, not been forthcoming.™?* 

Nitromethane is highly polar (dielectric constant ca. 38) and weakly acidic. These 
properties suggest that a high degree of association will exist between the solvent and the 
polar and basic solute molecules. The factor PZ of the collision theory can be identified 
with (kT /h) exp (AS$/R +- 1) of the transition-state theory and the effect of solvation, AS* 
(the entropy of activation), can be more easily expressed than can its effect on P. 

A decrease in the entropy of a system occurs with the formation of the transition 
complex and, if the complex becomes solvated, AS¥ has an even greater negative value. 
Thus the observed entropy of activation would be given by: 


AS = AS* + AS’ 


3 Meyer, Ber., 1894, 27, 510; Evans, Gordon, and Watson, J., 1937, 1430; Evans, Watson, and 
Williams, J., 1939, 1348; Dippy, Evans, Gordon, Lewis, and Watson, J., 1937, 1421; Jenkins, J., 1939, 
640, 1138, 1780; Brown and Fried, J. Amer. Chem. Soc., 1943, 65, 1841; Brown, Widiger, and Letang, 
ibid., 1939, 61, 2597; Laidler and Hinshelwood, J., 1938, 858; Hughes and Ingold, J., 1935, 245; 1946, 
173; 1948, 1283. 

Baker and Nathan, J., 1935, 519. 

Laidler, J., 1938, 1786. 

Brown and Cahn, J. Amer. Chem. Soc., 1955, 77, 1715. 

Davies and Cox, J., 1937, 614. 

Evans, Watson, and Williams, J., 1939, 1348. 

Fairclough and Hinshelwood, J., 1937, 538. 

© Hinshelwood e¢ al., J., 1936, 1353; 1937, 1573; 1938, 236. 

"t Moelwyn-Hughes and Hinshelwood, J., 1932, 230. 

‘2 Goldt-schmidt and Petrachkov, Zhur. fiz. Khim., 1954, 28, 1213. 
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Summary of rate constants and derived data for the reactions of pyridine bases 
with allyl bromide in nitromethane solution. 


TABLE I. 

No. Subst. 20° 
sR 3-36 
2 2-Me 0-47 
3 3-Me 5-37 
4 4Me 6-30 
5 2,3-Me, 0-42 
6 2,4-Me, _ 
7 2,5-Me, 0-80 
8 2,6-Me, 

9 3,4-Me, 

10 3,5-Me, - 
ll 2-Et -- 
12 4-Et 

13 2,4,6-Me, ~ 
14 2-OMe 

15 3-OMe ~- 
16 4OMe 7-16 
17. 3-OEt — 
18 4-OEt 

19 3-Br, 5-OMe - 
20 3-Br, 5-OEt _ 
21 2-F 

22 2-Cl 

23 3-F 

24 3-Cl -- 
25 3-Br — 
26 3,5-Br, 

27 +3,5-Br,, 4-OMe 

28 3,5-Br,, 4-Cl 

29 2-CO,Et 
30 3-CO,Et 

31 4-CO,Et 

32 4-OMe, 5-NO, 

33 4-OEt, 5-NO, 
TABLE 2. 


No. Subst. 

34 H 

35 2-Me 

36 4-Me 
37 2-Et 

38 4-Et 
TABLE 3. 
TABLE 4. 


30° 


1-02 
10-84 
12-50 


10% 
40° 
13-2 
2-13 
20-8 
24-4 
4-08 
3°49 


40-5 

33-0 
0-95 

25-5 


12-1 

28-0 

31-2 
1-48 
1-70 


1 > 
ae 


to bo 


50° 60° 
25-6 46-3 
— 7-53 
_- 71-4 
-- 81-7 
7-34 
—_ 14-6 
— 12-4 
~0:18 
- 131-5 
- 109-1 
a 3-65 
_ 85-0 
-- ~0°31 
No reaction 
_- 41-3 
--- 91-9 
- 45-7 
-- 104-0 
- 5-56 
= 6-38 
No reaction 
No reaction 
3-00 5-69 
5-45 
-- 5-87 
No reaction 
No reaction 
No reaction 
No reaction 
— 8-98 
— 10-0 


No reaction 
No reaction 


E (cal.) 
12,730 
13,620 
12,520 
12,440 
13,860 
13,200 
13,310 


12,200 
12,370 
13,940 
12,460 


12,730 
12,380 


12,440 
13,720 
13,690 


13,760 
13,720 
13,670 


13,580 
13,510 


log PZ 
6-00 
5-83 
6-06 
6-07 
5-96 
5-82 
5-83 


a 
a5 


Summary of rate constants and derived data for the reactions of pyridine bases 
with methyl iodide in nitromethane solution. 


10*R 
40° 60° 
17-2 62-5 
8-27 31-3 
111-0 
4-40 17-1 
34:5 122-7 


E (cal.) 
13,390 
13,800 


14,030 
13,150 


log PZ No. 

6-57 39 

6-55 40 

41 

6-44 42 
6-72 


Subst. 
2,6-Me, 
2,4,6-Me, 
2-F 
2-OMe 


40° 


104k 


60° 
3°36 
6-84 
No reaction 
No reaction 


E (cal.) 


log PZ 


Summary of rate constants and derived data for the reactions of pyridine bases 
with benzyl bromide in nitromethane solution. 


No. Subst. 
43 H 
44 2-Me 
45 4-Me 


40° 


39 
6 
76 


5 
“18 
“8 


10% 
60° E (cal.) 
125 11,960 
21-1 12,720 
236 11,620 


log PZ 
5-95 
5-66 
6-01 


Summary of rate constants and derived data for the reactions of pyridine bases 
with n-propyl bromide in nitromethane solution. 


No. 
46 H 
4-Me 


Subst. 


4 


1-325 


0° 


10k 


60° 
5-96 


E (cal.) 
15,580 


log PZ 
6-00 
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TABLE 5. pK, Values for pyridine bases at 20°. 


Subst. pk, Subst. pk, Subst. pk, Subst. pk, 
H 5-17 2,5-Me, 6-47 4-Et 6-02 4-OEt 6-67 
2-Me 5-97 2,6-Me, 6-77 2,4,6-Me, 7-48 3-F 3-0 
3-Me 5-68 3,4-Me, 6-52 2-Me, 5-Et 6-51 3-Cl 2-84 6 
4-Me 6-02 3,5-Me, 6-14 2-OMe 3-40 3-Br 2-846 
2,3-Me, 6-60 2-Et 5-99 3-OMe 4-91 3-CO,Et 3°35 
2,4-Me, 6-72 3-Et 5-70 4-OMe 6-55 4-CO,Et 3°45 


Solvation of one of the reactant molecules would cause the total entropy change to be 
reduced by a term AS”, the entropy of solvation of the reactant: 


AS¥ = AS* + AS’ — AS” 
Solvation of the pyridine bases undoubtedly occurs, and since variation of substituents 


brings about a change in both the basicity and the polarity of the pyridine ring, it is 
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reasonable to assume that the degree of solvation will also vary. Since the basicity and to 
some extent the polarity of the bases are inversely proportional to the energy of activation, 
an increase in E will be concomitant with a reduction in AS”, an increase in AS¥, and 
hence a decrease in the log PZ term of the Arrhenius equation. 

In this argument lies an assumption that the degree of solvation of the transition state 
is independent of substituents. However, there is evidence that the structure of the 
transition state in the Menschutkin reaction is very similar to that of the final products. 
Since the latter consist of two ions, the charge of which will not vary with different 
substituents, it can be assumed that the degree of solvation of the complex will be 
independent of the substituent. 

Substituent Effects in Different Processes—(1) Relation between dissociation and rate 
constants. Since substituents influence the electron density at the nitrogen atom of the 
pyridine ring, a relation should exist between the rate of the Menschutkin reaction and the 


18 Glasstone, Laidler, and Eyring, ‘‘ The Theory of Rate Processes,’”” McGraw-Hill, New York, 1941, 
p. 418. 
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dissociation constants of the bases. A relation between the rate of reaction of substituted 
benzoic acids and their dissociation constants has been shown to have the form’ 


logk=Alog K+B 


in which A and B are numerical constants. 

It will be observed from Fig. 2 that the equation used for the 3- and 4-substituted 
compounds cannot be applied when the substituent is in the 2-position. The difference, 
however, is confined to the magnitude of the final constant and is attributed to the ortho- 
effect. 

The position of the points for the 4-alkoxypyridines is somewhat surprising. As the 
rate constants were measured at 60° in nitromethane solution, whereas the pK, deter- 
minations were carried out at 20° in water solution, the deviations may be due to the use 
of either different solvents or different temperatures. A plot of the pK,2°° values against 
log k?°° still exhibited the same deviations, so change in solvent must be the critical factor. 
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In the absence of mesomerism, unshared electrons of the oxygen atom confer basic 
characteristics on the alkoxyl group. This has been shown by the isolation of dimethyl 
ether hydrobromide, b. p. 3°, m. p. —13°, and by the fact that the mesomerism between 
the methoxyl group and the benzene ring in anisole is lower in 70% perchloric acid solution 
than in an inert medium. Nitromethane, being acidic, would be expected to protonate an 
alkoxyl group more than the less acidic solvent water. Hence, the electron density at 
the nitrogen atom being lower in nitromethane than in water, log k would be lower than 
expected from the value of pK,. 

(2) Comparison of the effect of substituents in the pyridine ring with their effect in the 
benzene ring. Comparison of the values of log k obtained in the present work with those for 
the same reaction of a series of NN-dimethylanilines does not suggest any relationship. 
The more reasonable approach, to plot log k for the reactions of the pyridine series against 
the Hammett substituent constants,” gives a rather scattered series of points. However, 
two lines of different gradient result, the points for the 3-substituted compounds lying on 
one, and for the 4-substituted compounds on the other. It appears possible to account 
for this in the term 1/d* of the Hammett equation but further confirmation of the result is 
required. 

The ortho-Effect.—The nature of the ortho-effect and the way in which the effect of 
ortho-substituents on the velocity constant is reflected in changes in the parameters of the 
Arrhenius equation, have received considerable attention during the past thirty years.® 
Most of the work was concerned with rates of esterification of benzoic acids, of ester 


™ Crocker and Brynmor Jones, J., 1959, 1808. 
18 Brown and Murphey, J. Amer. Chem. Soc., 1951, 78, 3308. 
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hydrolysis, and of quaternary salt formation of amines. The results show that the 
ortho-effect may arise from inductive effects, effects of hydrogen bonding and co-ordination, 
effects due to the steric inhibition of resonance, and primary steric effects. In the simple 
and rigid pyridine system, steric inhibition of resonance need not be considered and the 
inductive and primary steric effects, being negligibly obscured by secondary phenomena, 
can be assessed and their individual contributions to the ortho-effect found. 

The pK, Values of the Bases.—The increase in pK, on the introduction of a methyl 
group into the 3-position of the pyridine ring is presumably caused by an inductive effect. 
However, the reactivity of the methyl group in some circumstances suggests that there 
may be a slight contribution from hyperconjugation. A slight reduction of the inductive 
effect and a larger contribution due to hyperconjugation result in a further increase in 
pK, when the group is in the 4-position. 

The 2-methyl group has unexpectedly a slightly smaller effect than a 4-methyl group. 
This cannot be explained in terms of hydrogen bonding, for in solution intermolecular 
bonding with the solvent is more probable than intramolecular bonding, and the possibility 
of steric hindrance is ruled out by the absence of deviation from additivity of group effects 
shown by the pK, values of the di-ortho-substituted bases studied. An explanation, 
which also accounts for the greater prototropic activity,» is that hyperconjugation of a 
methyl group ortho to the ring nitrogen atom involves less stable resonance structures 
than for the 4-position and is therefore of less significance. 

The Methoxyl Group.—The 4-methoxy-group increases pK, from 5-17 to 6-55, but the 
3-methoxy-group decreases it to 4-91, indicating a difference in the balance of the inductive 
and mesomeric effects, which in the case of the methoxyl group are opposite. 

The 2-methoxy-group brings about a sharp drop in pK, from 5-17 to 3-40. Because 
of the proximity of the group to the nitrogen atom, the negative inductive effect will be 
very pronounced and, further, for the same reason that hyperconjugation of a 2-methyl 
group is lowered, it is expected that mesomerism of the methoxyl group will be diminished. 

Halogen Substituents—The pK, values of the 2-halogenopyridines could not be deter- 
mined by potentiometric titration but they have been obtained by spectroscopic methods." 
The values range from —0-44 for 2-fluoropyridine to 1-82 for 2-bromopyridine. The very 
large drop in pK, brought about by a halogen group in this position was attributed 1 toa 
strong inductive effect opposed by an insignificant mesomeric effect. 

Thus the pK, values show that a negligible ortho-effect operates in the 2-alkylpyridines, 
a rather more pronounced one in 2-methoxypyridine, and a large one in the 2-halogeno- 
pyridines. Because of the small space required by a proton, it can be assumed that a 
primary steric effect makes no contribution to the ortho-effect exhibited by pK, values, 
and the latter can, therefore, be taken as an indication of the contribution made by non- 
steric effects. On this assumption it follows that deviations of reaction rates from the 
relation log k = A log K + B, shown earlier, must be due to, and to some extent a measure 
of, a primary steric effect. The validity of this conclusion is shown in the following study 
where reaction rates of 2-substituted pyridines with halides of varying size have been 
measured (Tables 1, 2, and 3). 

That a relation involving the rate constants of reactions carried out in an organic 
solvent and pK, values measured in aqueous solution is valid has been shown by the 
potentiometric determinations of the base strengths of amines in non-proteolytic solvents.” 

The Effect of ortho-Substituents on the Parameters of the Arrhenius Equation.—From a 
study of esterification reactions, Hinshelwood and Legard * concluded that the ortho- 
effect affected only the energy of activation and was thus energetic rather than geometrical. 
In the alkaline hydrolysis of benzoic esters, both parameters were affected, and a similar 
result was obtained for the reactions of a series of NN-dimethylanilines with methyl 

16 Brown and McDaniel, ibid., 1955, 77, 3752. 


1” Hall, J. Phys. Chem., 1956, 60, 63. 
18 Hinshelwood and Legard, J., 1935, 587. 
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iodide.6 Laidler 5 found that the steric effect altered the energy of activation only, for 
the reaction of 2-methylpyridine with methyl iodide. On the other hand, Baker and 
Nathan,‘ using benzyl bromide, concluded that the steric effect was reflected in the value 
of log PZ. 

In the present results the low reaction rates of 2-substituted compounds are due to 
both increases in E and decreases in PZ. However, from the summary of data (Table 1) 
and from Fig. 1, it can be seen that variations of log PZ are neither an individual character- 
istic of the reactions of 2-substituted compounds, nor are they enhanced at all by these 
members of the series. Consequently, it is concluded that the ortho-effect in the series of 
reactions with allyl bromide operates entirely by variation of the energy of activation. 
In Fig. 1 the lines for the reactions of the other two halides have been drawn parallel to 
that for the allyl bromide reactions, the latter having been chosen for reference because 
of the greater weight of evidence supporting its gradient. Since the points for each series 
lie on the lines drawn, the arguments advanced in favour of interpreting the ortho-effect 
in terms of E are also applicable to the reactions of the other two halides. 

To draw this conclusion from the data of the reactions of benzyl bromide with only 
three bases may be considered unwise. However, if the gradient of the log k — E plot 
was other than as suggested, any deviations from a parallel relationship between the 
reactions of benzyl bromide and those of allyl bromide would have been caused by the only 
variable factor, the halide. Comparison of the reactions of pyridine with three related 
halides having the basic structure R-CH,Br shows the validity of the assumption made. 


R-CH,Br 104° E log PZ 
n-Propyl bromide 5-96 15,580 6-00 
Allyl bromide 12,730 6-00 
Benzyl bromide 11,960 5-95 


It is therefore possible to estimate the contribution of steric hindrance to the ortho- 
effect in terms of the energy of activation in the case of all the reactions studied. 

Effect of Variation of the Halide and/or the ortho-Substituent.—The 2-halogenopyridines 
and 2-methoxypyridine failed to react with both allyl bromide and methyl iodide. It has 
not been possible to compare the reactivity of the 4-halogenopyridines because they are 
too unstable and cannot be obtained in a reliably pure state. However, the 3-isomers are 
fairly reactive and hence there is no reason why the 4-isomers should not be also. For 
2-fluoropyridine there is little reason to suspect a contribution by steric hindrance to the 
low reactivity found and, as was concluded from the low values of the base strengths, the 
reason must lie in the strong negative inductive effect exerted by the substituent. 

The results obtained for 2-methoxypyridine contrast sharply with the reactivity found 
for the 4-isomer. The low base strength suggested that an appreciable ortho-effect, due 
to the inductive and mesomeric effects, was to be expected. However, the pK, value 
(3-40) indicates a sufficiently high electron density at the nitrogen atom to allow the 
Menschutkin reaction to occur. A reaction rate comparable with those of ethyl nicotinate 
(pK, 3-35) and ethyl isonicotinate (pK, 3-45) would be expected. Even the 3-halogeno- 
pyridines (pK, 2-80—3-00) react with allyl bromide at a measurable rate. It is concluded, 
therefore, that in the case of 2-methoxypyridine, although inductive effects make a 
considerable contribution to the ortho-effect, yet a larger one is made by a primary steric 
effect. 

The pK, values for the 2-alkylpyridines are only slightly different from those of the 
4-substituted compounds and hence, in the absence of steric hindrance contribution to the 
ortho-effect, comparable reaction rates are to be expected. In fact, wide differences are 
observed. A 4-methyl group doubles the reaction rate, decreasing the energy of activation 
by 300 cal.; on the other hand, when the group is in the 2-position, the rate is only one- 
seventh of that of the unsubstituted base and the energy of activation is increased by 900 
cal. The Table 6 shows the difference between the energy terms found for the reactions 
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of 2-substituted bases and those expected. The latter can be taken as the values for 
the 4-isomers except in the case of 2,6-disubstituted compounds where the value is obtained 
from the plot of pK, against log R. 


TABLE 6. Difference between calculated and observed values of E for 2-substituted 
compounds. 
Halide Subst. Halide Subst. 
Methyl iodide 2-Me 650 Allyl bromide 2-Me 1180 
2-Et 880 2-Et 1480 
2,6-Me, 1930 2,6-Me, 3290 
Benzyl bromide 2-Me 1100 


It can be seen that, as the size of the group in the 2-position increases, the values of AE 
increase. When both the 2-positions are occupied the difference is more pronounced. 
Further, an increase in AE results from an increase in the size of the halide molecule. 

The reason why benzyl bromide and allyl bromide exert the same amount of steric 
hindrance on the reaction lies in the transition states: the regions of these halides which 
would hinder formation of the transition complex, or render the complex unstable, have the 
same size and structure. 

The results of this work show that steric hindrance, or a primary steric effect, must not 
be underestimated in considering the nature of the ortho-effect. 

Cumulative Effect of Substituents—In previous investigations, the cumulative effect of 
substituents has been assessed in terms of activation energy, velocity coefficients, free 
energy of activation, and free energy of ionisation. In the present work, since the effect 


TABLE 7. 
RT.pK, dAF —RT.Ink AE . —RT.Ink AE 
Pyridine 6935 3558 3-Bromopyridine ... 4926 1368 
2-Methylpyridine ... 8008 1073 4760 1202 3-Methoxypyridine 3633 75 
3-Methylpyridine ... 7619 684 3271 — 287 3-Ethoxypyridine ... 3567 —9 
4-Methylpyridine ... 8075 1140 3182 —376 
3-Ethylpyridine 7645 710 


TABLE 8. Comparison of observed and calculated increments in free energy of ionisation 
and of activation. 


Increment dAF Obs. Increment dAE’ Obs. 

Subst. obs. calc. Calc. x 400 obs. calc. Calc. x 100 
1918 1757 109 1219 915 133 
2079 2213 765 826 93 
1743 1757 870 915 95 
2146 2146 3688 2404 153 
1810 1824 690 663 104 
1301 1368 f 568 574 99 
1797 1783 
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1404 1443 97 
1312 1377 95 
3286 3305 2028 163 
» 3305 3312 100 
* Calc. from 2,6-dimethyl- and 4-methyl-pyridine. The following compounds did not react 
measurably with ally] bromide: 3,5-Br,; 3,5-Br,, 4-Cl; 3,5-Br,, 4-OMe; 3-NO,, 4-OMe; 3-NO,, 
4-OEt. 
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of substituents on the rate of the Menschutkin reaction is reflected in both the parameters 
of the Arrhenius equation, the assessment has been made in terms of the free energy of 
activation. The additivity of increments in the free energy of ionisation of the bases has 
also been considered. The changes brought about by single substituents in the free energy 
of ionisation and in the free energy of activation for the reactions of the bases with allyl 
bromide are shown in Table 7. 
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The observed and calculated increments (Table 8) show that the principle of additivity 
predicts the cumulative effect of substituents in most of the cases studied... Previous 
investigations have established that additivity is always found in the case of 3,5-di- 
substituted benzene compounds, but seldom when one of the groups is in the ortho-position, 
and often not at all when the groups are adjacent to one another. 

In the present work, the ortho-effect can be attributed to primary steric hindrance and, 
since this is not likely to be affected by another substituent in the 4- or the 5-position, 
additivity can be expected. The deviations in the case of 2,6-dimethyl- and 2,4,6-tri- 
methyl-pyridine are almost the same, the 4-methyl group having the predicted effect. 
For the reactions of 2-methylpyridine with allyl bromide and methyl iodide, the steric 
strain is estimated at 1180 and 650 cal., respectively, and for the same reactions of 2,6-di- 
methylpyridine, 3290 and 1930 cal. For the monosubstituted compounds, the transition 
state can bend slightly to minimise the energy but, when both the positions are occupied, 
this method of lowering the energy is no longer available. As a result the effect of a second 
ortho-group is not equivalent to that of the first and therefore additivity cannot be 
expected. In the case of the free energy of ionisation for the mono- and di-ortho-substit- 
uted bases, additivity is found because the steric effect does not affect the values of pKg. 

The absence of reactivity in the 4-alkoxy-3-nitro-compounds is unexpected, particularly 
in view of the results obtained for the reactions of similarly substituted dimethylanilines 
with allyl bromide,’ where the observed rate was twice as great as that predicted. It is 
concluded that, as a group in the 3-position of a pyridine compound is nearer to the 
reaction centre than the corresponding group in a benzene side-chain reaction, its inductive 
effect is more pronounced and less easily outweighed by that of the 4-alkoxy-group. 

The principle of additivity is violated in the case of the reaction of 2,3-dimethyl- 
pyridine with allyl bromide, where the rate of reaction is much lower than predicted. 
That the basicity of this compound is slightly higher than predicted suggests that the low 
rate is caused by the ortho-effect. It has been mentioned above that the attainment of the 
transition state with ortho-substituted compounds requires some degree of bending, and it 
can readily be visualised that another group in the 3-position will restrict this. 
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EXPERIMENTAL 


Solvent.—Nitromethane was purified by the method of Evans, Jones, and Osbourne,’ a 
typical sample having b. p. 101-6—102-0°/765-5 mm. 

Kinetic Measurements.—0-1m-Solutions of the reactants were made up at 20°, and 20 ml. of 
each solution were put into either limb of an H-shaped reaction vessel which was immersed in a 
thermostat of requisite temperature. After 15 min., the solutions having reached this tem- 
perature, the vessel was shaken, and the reaction started. Since all solutions were measured 
at 20°, corrections for the variations in the concentrations of the reactants at other temperatures 
were made. At intervals, samples of the reaction mixture were added to 30 ml. of di-isopropyl 
ether, and the bromide ion was extracted with distilled water (3 x 10 ml.). The combined 
aqueous extracts were added to 5 ml. of 0-04n-silver nitrate acidified with 5 ml. of 6N-nitric 
acid (free from nitrous acid). A drop of freshly prepared starch solution was added to prevent 
coagulation of the precipitate, and the excess of silver nitrate was estimated by titration with 
0-01N-ammonium thiocyanate by Volhard’s method. 

The precision of the experimental method was satisfactory and the results were readily 
reproducible. The only significant source of error lay in the titration of the excess of silver 
nitrate. All titrations were carried out under standard light conditions, and the end-point, 
which had been checked by conductometric titration, was easily obtained to within one drop 
(+0-03—0-04 ml.). An uncertainty of 0-04 ml. leads to an error in k of +1-5—0-8% over the 
range of volumes titrated. , 

Velocity coefficients were calculated from the usual expression, k = x/at(a — x), and the 
activation energies and log PZ terms were calculated from the integrated form of the Arrhenius 


1® Evans, Jones, and Osbourne, Trans. Faraday Soc., 1954, 50, 16. 
3Q 
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equation. Where the velocity constants were determined at more than two temperatures, 
the activation energy has been taken as the mean of the values calculated over the several 
temperature ranges. 

pK, Values.—These have been obtained by potentiometric titration using a glass electrode, 
and corrections for the activity coefficient of the anion have been made. 

Purification of Halides.—Methy] iodide was purified by the method of Evans, Watson, and 
Williams.* Allyl bromide, n-propyl bromide, and benzyl bromide were washed successively 
with sodium hydrogen carbonate solution and distilled water, dried (CaCl,), and fractionally 
distilled. Finally, the halides were fractionated in complete darkness through a 45 cm. 
Vigreux column. The samples used had the following physical constants: methyl iodide, b. p. 
42-60°/765 mm., 7,,*° 1-5300; allyl bromide, b. p. 70-80°/773 mm., m,,”° 1-46924; propyl bromide, 
b. p. 70-50°/753 mm.; benzyl bromide, b. p. 85°/12 mm., m. p. —4°. 

Purification of Pyridine and Some of its Alkyl Derivatives——All commercial samples were 
steam-distilled from a solution containing 1-2 equiv. of 20% sulphuric acid until about 10% of 
the base had been carried over along with the non-basic impurities. The remaining acid 
solution was made alkaline, and the base separated, dried (NaOH), and fractionally distilled. 
Pyridine (b. p. 115-28°/760 mm., n,,”° 1-51002), 2,3-dimethylpyridine (b. p. 160-6°/760 mm.), and 
2,5-dimethylpyridine (b. p. 156-7°/759 mm., m. p. —15-3°) were obtained by further fractional 
distillation. 2- (b. p. 129-54°/763 mm., m. p. —67°, m,,”° 1-50102) and 4-Methylpyridine (m. p. 
3-6°, ,”° 1-50566) were obtained by further distillation followed by fractional freezing. 

The following alkyl pyridines were converted into their picrates. These were purified and 
the free bases regenerated: 2-ethylpyridine, b. p. 150-0°/771 mm.; 4-ethylpyridine, b. p. 
167-9°/762 mm.; 2,4-dimethylpyridine, b. p. 156-9—157-4°/749 mm.; 2,6-dimethylpyridine, 
b. p. 143-0—143-4°/752 mm., m. p. —6-4°; 3,4-dimethylpyridine,” b. p. 70°/15 mm., — 16°; 
3-ethyl-6-methylpyridine, b. p. 178-5°/765 mm. 

3-Methylpyridine.—Attempts to purify normal commercial samples failed to yield 3-methyl- 
pyridine with a purity greater than 95%. However, a special sample was supplied by British 
Industrial Solvents, Hull, and on purification gave a product with a purity of 99-2—99-6%. 
After steam-distillation from acid solution, the base was mixed with an equal weight of glacial 
acetic acid and azeotropically fractionated at 212 mm. The column, 24” x 0-6’, packed with 
single-turn glass helices, was surrounded by an electrically heated, evacuated jacket and sur- 
mounted by a total condensation, variable take-off still-head. The base, liberated from the 
fraction of b. p. 114—115°, was extracted with pure ether, dried, and fractionally distilled; 
it then had b. p. 143-5°/748 mm., m. p. —18-5°. 

3,5-Dimethylpyridine.—A solution of t-butyl-lithium (from 1-7 g. of lithium) in ether *! was 
cooled to —35° to —40° and 3,5-dibromopyridine (5 g.) in ether (75 ml.) was added. The 
bright red mixture was stirred for 30 sec. and an excess of methyl iodide in ether was quickly 
added. After removal of the ether, the residual dark brown paste was acidified and steam- 
distilled to remove traces of unchanged 3,5-dibromopyridine. After the residue had been made 
alkaline, the 3,5-dimethylpyridine was obtained by further steam-distillation and precipitated 
from the distillate as its picrate; 1-7 g. (24%) of the picrate, m. p. 249—-250° (decomp.), were 
obtained as yellow needles from acetic acid (Found: C, 46-7; H, 3-4. Calc. for C,;H,.N,O,: 
C, 46-5; H, 3-6%). Decomposition of the picrate gave 3,5-dimethylpyridine, b. p. 170-0— 
170-5°/760 mm., m. p. —10°. 

2,4,6-Trimethylpyridine.—This was purified as the hydrobromide. The base, liberated by 
sodium hydroxide, dried, and fractionally distilled, had b. p. 60-7°/13 mm. 

Halogenopyridines.—All the monohalogenopyridines were obtained by methods to be found 
in the literature. 3,5-Dibromopyridine, along with 3-bromopyridine, was prepared by Englert 
and McElvain’s method * from the perbromides of pyridine hydrobromide, C,H,N,HBr,Br 
and C,H,;N,HBr,Br,. The latter perbromide gave, in addition to the products required, 
25—30 g. of a mixture of tribromopyridines from which 2,3,5-tribromopyridine (11 g.), b. p. 
160°, m. p. 45-0—45-5°, was obtained (Found: C, 19-3; H, 1-1; N, 4-4; Br, 75-4. Calc. for 
C,H,Br,N: C, 19-1; H, 0-6; N, 4-4; Br, 75-9%). 

Alkoxypyridines.—4-Hydroxypyridine was obtained by decarboxylation of chelidamic acid 
and converted into 4-chloropyridine with phosphorus pentachloride. 2- and 4-Methoxy- and 


© Wibaut and Kooymans, Rec. Trav. chim., 1944, 63, 231. 
*1 Gilman, Bell, Brannen, Bullock, Dunn, and Miller, ]. Amer. Chem. Soc., 1949, 71, 1499. 
22 Englert and McElvain, J. Amer. Chem. Soc., 1929, 51, 863. 
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9- and 4-ethoxy-pyridine were obtained by boiling the relevant chloropyridines with the 
appropriate alcoholic solution of sodium alkoxide. 3-Methoxy- and 3-ethoxy-pyridine were 
obtained by heating 3-bromopyridine with the appropriate potassium alkoxide at 130°. It was 
necessary to purify these compounds as their hydrobromides. 

3-Bromo-5-methoxypyridine.—3,5-Dibromopyridine (15 g.) was boiled under reflux for 8 hr. 
in a solution of potassium methoxide (from 10 g. of potassium) in methanol (100 ml.). The 
solution was filtered and acidified, the methanol removed, and the residue steam-distilled to 
eliminate unchanged 3,5-dibromopyridine. The residue was made alkaline, and the steam- 
distillation continued, the product being extracted from the distillate with ether. After 
removal of the ether, the residue was dissolved in absolute alcohol; addition of hydrobromic 
acid gave colourless crystals, m. p. 178-5—179-5°. Sodium hydroxide liberated the base, m. p. 
33-5—34-0° (7-05 g.). Analysis of the free base and of its hydrobromide indicated that 3-bromo- 
5-methoxypyridine had been prepared in 74% yield [Found: C, 38-3; H, 3-3. C,;H,NBreOMe 
requires C, 38-1; H, 3-6. Found: C, 26-9; H, 2-5; N, 4:85. C;H,BrN-OMe,HBr requires 
C, 268; H, 2-6; N, 5-2%]. 

3-Bromo-5-ethoxypyridine.—This compound, prepared by the method outlined for the 
§-methoxy-analogue, had b. p. 111°/5 mm., m. p. 8-2—8-8°. 

3,5-Dimethoxypyridine.—3,5-Dibromopyridine was heated with potassium methoxide at 
140° for 5 min., then steam-distilled, and the product precipitated as its picrate from the 
distillate (yield 32%). The base was characterised as it chloroplatinate, which recrystallised 
from alcoholic hydrochloric acid as orange rods, m. p. 212—213° (decomp.) [Found: C, 24-4; 
H, 3-1; N, 3-8. C,;H,;N(OMe),,H,PtCl, requires C, 24-4; H, 2-9; N, 41%]. 

3,5-Dibromo-4-methoxypyridine.—An aqueous suspension of chelidamic acid (20 g.) mixed 
with bromine (25 g.) was stirred for 24 hr. and the product filtered off, washed, and dried. 
The residue (33-5 g., 90%) was decarboxylated at 200—240° for 1 hr., a solution of phosphorus 
pentachloride (15 g.) in phosphorus oxychloride (15 g.) was added, and the mixture heated 
at 125° for 4 hr. After cooling, the residue was dissolved in water and poured into iced 
potassium hydroxide solution. Steam-distillation gave 3,5-dibromo-4-chloropyridine (15-1 g.), 
which crystallised from alcohol as needles, m. p. 98-0—98-5°. This compound (10 g.) was 
added to potassium methoxide (from 10 g. of potassium) in cold methanol (100 ml.). A 
vigorous reaction set in immediately. Dilution with water gave a white ether which, extracted 
with ether and crystallised from alcohol, had m. p. 85—86° (yield 4 g., 40%) (Found: C, 27-1; 
H, 2:0; N, 4:9. C,H,Br,NO requires C, 27-0; H, 1-9; N, 5:25%). 

Picolinic Acid.—This was prepared by the method of Clemo and Ramage.** 

Ethyl Picolinate, Nicotinate, and Isonicotinate-—A solution of the acid (20 g.) in absolute 
ethanol (50 g.) and concentrated sulphuric acid (50 g.) was boiled under reflux for 4 hr., then 
poured on ice, made strongly alkaline with ammonia gas, and extracted with ether. The 
yields were: ethyl picolinate, 5 g. (20%), b. p. 153—154°/47 mm.; ethyl nicotinate, 20 g. 
(80%), b. p. 116°/21 mm., m. p. 9-6—10-0°; ethyl isonicotinate, 10 g. (40%), b. p. 111-5— 
112-0°/21 mm., m. p. 7-0—7-5°. 

Nitration of 4-Hydroxypyridine.—The method used was described by Koenigs and Freter.*4 
No mononitro-derivative could be isolated, and only a 15% yield of 4-hydroxy-3,5-dinitro- 
pyridine, m. p. 315°, was obtained. 

Nitration of 4-Methoxypyridine.—4-Methoxypyridine nitrate (2-5 g.) was added to a cold 
mixture of fuming nitric acid (10 g.) and sulphuric acid (10 g.; 20% of SO;), and the whole 
heated on a boiling-water bath for 24 hr. The product was poured on ice, neutralised, and 
extracted with ether. After removal of the ether, the 4-methoxy-3-nitropyridine crystallised 
from water as faintly yellow prisms, m. p. 76-0—76-5° (0-7 g., 34%) (Found: C, 46-4; H, 3-5; 
N, 18-2. C,H,N,O, requires C, 46-7; H, 3-9; N, 18-2%). 

4-Ethoxy-5-nitropyridine.—This was prepared as for the methoxy-derivative and obtained 
in 41% yield, with m. p. 48-0—48-4° (corr.). 


The authors are indebted to Dr. Brynmor Jones for suggesting this research and for his 
interest during its course, also to Dr. J. Shorter for helpful discussions. One of the authors 
(K. R.) thanks the Department of Scientific and Industrial Research for a maintenance grant. 


Tue University, HULL. [Received, September 21st, 1959.] 
23 Clemo and Ramage, J., 1931, 440. 
** Koenigs and Freter, Ber., 1924, 57, 1188. 
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378. The Rearrangement of ««-Dimethylhomophthalimide (1,2,3,4-Tetra- 
hydro-4,4-dimethyl-1,3-dioxoisoquinoline) to a Derivative of 3,4- 
Dimethylisoquinoline. 

By GurRnos JONEs. 


Treatment of ««-dimethylhomophthalimide with phosphorus oxychloride 
at 200° gives a 1-chloro-3-chloromethyl-4-methylisoquinoline. The mechan-: 
ism of the rearrangement is discussed. 


OnE of the earliest syntheses of isoquinoline was that due to Gabriel,! who converted 
homophthalimide (1,2,3,4-tetrahydro-1,3-dioxoisoquinoline) (I; R = H) into 1,3-dichloro- 
isoquinoline (II) by treatment with phosphorus oxychloride, and reduced this to iso- 
quinoline by hydriodic acid and red phosphorus. He subsequently reported * a similar 
sequence of reactions starting from «a«-dimethylhomophthalimide (I; R = Me), in which 
he obtained a dichloro-compound, C,,H,NCl,, and reduced this to a homologue of iso- 
quinoline, C,,H,,N. Gabriel suggested formula (III) or (IV) for the dichloro-compound. 


R, Et Me. _CH, 
ad Sc! Sci cl 
NH ZN ZN ZN 
cl Cl Cl 
(1) oO (II) (III) (IV) 
Me R CH,Cl Me 
SMe SR . SMe CH,C! 
ZN ZN ZN ZN 
Cl Cl 
(V) (VI) (VII) (VIII) 


If formula (III) is correct the C,,H,,N base must be 4-ethylisoquinoline (under which 
formula it is reported in the literature *); if formula (IV) is correct the base might be 
3,4-dimethylisoquinoline, a cyclopropyl structure appearing to be unlikely. Synthesis 
of 4-ethylisoquinoline * and comparison of the pure base and of its picrate with Gabriel's 
C,,H,,N base and its picrate showed them to be different. Comparison of the latter base 
with synthetic 3,4-dimethylisoquinoline (V), however, showed them to be identical. 
Hence, rearrangement has taken place and the dichloro-compound seemed likely to be a 
derivative of 3,4-dimethylisoquinoline. 

The infrared absorption of the dichloro-compound showed bands at 1600, 1560, and 
1550 cm. (C=C and C=N vibrations 5) and at 770 cm. (CH out-of-plane deformation 
characteristic of an isoquinoline unsubstituted in the carbocyclic ring). Thus the dichloro- 
compound is an isoquinoline having both chlorine atoms bound directly or through a 
substituent to the heterocyclic ring. The ultraviolet absorption of the dichloro-compound 
resembled those of 1-chloroisoquinoline and of 1,3-dichloroisoquinoline (see Figure); in 
its feebly basic nature the dichloro-compound also resembled 1-chloroisoquinolines and 
these observations together with its mode of formation led to the formulation of the 
dichloro-compound as a derivative of 1-chloroisoquinoline. Catalytic reduction of the 
dichloro-compound at atmospheric temperature and pressure led to the absorption of 
four mols. of hydrogen and gave a chlorine-free base, C,,H,;N, whose ultraviolet absorption 


1 Gabriel, Ber., 1886, 19, (a) 1653, (b) 2354. 
2 Gabriel, Ber., 1887, 20, 1205. 
* Heilbron and Bunbury, “ Dictionary of Organic Compounds,’”’ Eyre and Spottiswoode, revised 
edn., 1953, p. 513. 
* Jones, /., in the press. . 
5 Bellamy, ‘“‘ The Infra-red Spectra of Complex Molecules,’’ Methuen, London, 1954, p. 234. 
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closely resembled that of 2,3,4,5-tetramethylpyridine,* and a similar reduction of 1,3- 
dichloroisoquinoline gave 5,6,7,8-tetrahydroisoquinoline (VI; R = H); hence thé formula 
(VI; R = Me) appears the most probable for the reduced base. The methiodide of the 
base (VI; R = Me) showed the expected bathochromic shift of the ultraviolet absorption 
maximum. The formation of such a reduced chlorine-free base with the uptake of only 
four mols. of hydrogen excludes Gabriel’s formula (IV) for the dichloro-compound. The 
most likely structures for the dichloro-compound appeared to be (VII) or (VIII); in both 
of these, the benzylic chlorine atoms should be easily removed by reduction. A degradative 
sequence was devised (shown by VIII —» X) which established (VIII) as the correct 
structure for Gabriel’s dichloro-compound. 

















Me Me Me 
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The first attempts to convert the dichloro-compound (VIII) into the hydroxymethyl 
derivative by hydrolysis with aqueous-ethanolic sodium hydroxide were unsuccessful; a 
liquid was obtained, and its infrared absorption showed a strong band at 1110 cm. (C-O 
stretching in ethers). Gabriel has reported the equally ready conversion of 1,3-dichloroiso- 
quinoline into 3-chloro-1-ethoxyisoquinoline. Treatment of the dichloro-compound (VIII) 
in hot acetic acid with silver acetate gave an isocarbostyril derivative (IX; R = CH,*OAc); 
presumably the initial replacement of both chlorine atoms by acetate ions is followed by 
hydrolysis (during the working up) of the unstable O-acetylisocarbostyril so formed 
(2-acetoxypyridine is hydrolysed in cold water’). The isocarbostyril derivative, which 
was difficult to crystallise and failed to give a good analysis, showed infrared absorption 
bands at 1740 cm." (ester C=O) and at 1645 cm. (lactam C=O); it was readily hydrolysed 
to the alcohol (IX; R= CH,°OH). This alcohol had an infrared absorption in which 
the strong band at 1740 cm. shown by the acetate was absent, but which showed the 
band at 1645 cm.“ (lactam C=O) and a new band at 1010 cm. (CO stretching in a benzylic 
alcohol). Furukawa has reported § that hydroxymethyl-pyridines and -quinolines can be 
oxidised to the corresponding carboxylic acid by potassium permanganate in acetone. 


* Ikekawa, Maruyama, and Sato, Pharm. Bull. (Japan), 1954, 2, 209. 
? Chichibabin and Szakow, Ber., 1935, 58, 2600. 
8 Furukawa, Pharm. Bull. (Japan), 1955, 3, 413. 
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The alcohol (IX; R = CH,*OH) was sparingly soluble in acetone but was oxidised as a 
suspension in warm acetone by the theoretical quantity of potassium permanganate, 
giving the known® 4-methylisocarbostyril-3-carboxylic acid (IX; R= CO,H). De- 
carboxylation of this acid gave 4-methylisocarbostyril (IX; R =H); both these 
compounds (IX; R = CO,H or H) agreed in m. p. and ultraviolet absorption with those 
reported.® Distillation of the isocarbostyril (IX; R = Me) from zinc dust gave 4-methyl- 
isoquinoline (X), isolated as its picrate which did not depress the m. p. of synthetic 
4-methylisoquinoline picrate. Hence the structure (VIII) must represent the .dichloro- 
compound. 

Gabriel reported? that reduction of the dichloro-compound (VIII) with hydriodic 
acid and red phosphorus at a lower temperature than that required to produce the C,,H,,N 
base gave a small yield of a monochloro-compound, C,,H,jNCl. This has been isolated: 
its ultraviolet absorption resembles that of the dichloro-compound (VIII) and other 
1-chloroisoquinolines (see Figure). Hence this monochloro-compound is probably 1- 
chloro-3,4-dimethylisoquinoline (XI). 


Me_,Me 
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Little evidence is available for the mechanism of the rearrangement. It was found 
that the yield of dichloro-compound was highest when old specimens of phosphorus 
oxychloride were used, lowest with fresh specimens, indicating the probable necessity for 
some free acid. This suggests a protonation at some stage and, as the first stage of the 
rearrangement seems likely to be the replacement of the oxygen in the 1-position by 
chlorine, the annexed mechanism is suggested. 

Since the reaction mentioned above between the dichloro-compound (VIII) and silver 
acetate appeared to offer a convenient general method for the conversion of a 1-chloro- 
isoquinoline into the corresponding isocarbostyril, the interaction of 1-chloroisoquinoline 
itself with silver acetate was examined. Isocarbostyril was obtained in 60% yield, and 
there seems no doubt that such replacements could be achieved also with 2- or 4-chloro- 
quinolines, and with 2- or 4-chloropyridines. 


EXPERIMENTAL 

M. p.s were determined on a Kofler block unless otherwise stated. 

Homophthalimide.—This was prepared by Bailey and Swallow’s method.!® Methylation 
by Gabriel’s method ™ gave the dimethyl derivative, best purified by recrystallisation from 
cyclohexane. 

Reaction with Phosphorus Oxychloride.—This was effected as described by Gabriel;? 8 g. 
of a«-dimethylhomophthalimide (1,2,3,4-tetrahydro-4,4-dimethyl-1,3-dioxoisoquinoline) gave 5 
g. (53%) of dichloro-compound, m. p. 166°, after one recrystallisation from ethanol; it had 
Amax, 2245, 2810, 2920, 3170, 3290 A (log,, ¢ 4-64, 3-79, 3-76, 3-60, 3-66) in 95% EtOH (see 
Figure). 

Reduction of Dichloro-compound with Hydriodic Acid and Red Phosphorus.—The base 
obtained by Gabriel’s method * gave a picrate, m. p. 212—213°, undepressed by a synthetic 
specimen 1 of 3,4-dimethylisoquinoline picrate, m. p. 213°. The pure base, regenerated from 
pure picrate and distilled, had Amax, 2735, 3025, 3140, 3230, 3285 A (log,, ¢ 3-65, 3-25, 3-53, 
3°53, 3-67) in hexane. 3,4-Dimethylisoquinoline had 2,,, 2735, 3025, 3140, 3230, 3285 A 
(logy) ¢ 3-68, 3-30, 3-54, 3-53, 3-68) in hexane. The infrared absorption of the two bases was 
identical. 

5,6,7,8-Tetrahydro-3,4-dimethylisoquinoline.—The dichloro-compound (VIII) (0-2 g.) in 
glacial acetic acid (25 ml.) was hydrogenated at 27-5°/745 mm. with Adams catalyst (30 mg.) 

* Dijksman and Newbold, J., 1951, 1213. 


10 Bailey and Swallow, J., 1956, 2477. 
™ Gabriel, Ber., 1887, 20, 1198. 
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(hydrogen uptake, 79-3 ml. at N.T.P. Calc. for 4 mols., 80 ml.). The acetic acid was removed 
under reduced pressure, and the residue basified and extracted with chloroform. The chloro- 
form solution was dried (Na,SQ,) and evaporated, and the residue divided in two parts. (a) 
The first part was treated with ethanolic picric acid, giving the picrate, m. p. 211—212° (from 
ethanol) (Found: C, 52-3; H, 4-7; N, 14-3. (C,,H,,N,O, requires C, 52-3; H, 4-65; N, 14-35%); 
the base regenerated from the pure picrate and distilled had Amax, 2680 A (log,, ¢ 3°55) in 95% 
EtOH. (b) The second part was dissolved in acetone and treated with methyl iodide, giving 
the methiodide, forming colourless prisms, m. p. 147°, from ethyl acetate-ethanol (Found: 
C, 47:8; H, 5-7. C,,H,,NI requires C, 47-5; H, 6-0%), Amax. 2770 A (logy, ¢ 3-79) in 95% EtOH. 

5,6,7,8-Tetrahydroisoquinoline.—Similar reduction of 1,3-dichloroisoquinoline gave the tetra- 
hydroisoquinoline picrate, m. p. 144—145° (lit.,7 m. p. 144°) (Found: C, 50-0; H, 3-8. Cale. 
for C,sH,4N,O,: C, 49-7; H, 3-9%). 

3-H ydroxymethyl-4-methylisocarbostyril (IX; R = CH,°OH).—(a) The dichloro-compound 
(VIII) (1 g.) in acetic acid (50 ml.) was heated and stirred on the water-bath for 3 hr. with silver 
acetate (3 g.). The hot mixture was filtered, then cooled and re-filtered, the filtrate evaporated 
under reduced pressure, and the residue treated with aqueous ammonia (d 0-88) and chloroform. 
The chloroform extract was dried (Na,SO,) and evaporated, and the residue crystallised from 
ethyl acetate to give the acetate (IX); R = CH,-OAc as needles, m. p. 210—215° (indistinct, 
even after repeated recrystallisation). In subsequent experiments the residue from the chloro- 
form extract was not crystallised, but washed with cold ethyl acetate and then hydrolysed. 
(b) The purified acetate (0-4 g.) was dissolved in ethyl alcohol—water (1:1; 50 ml.) with sodium 
hydroxide (5 g.) and heated under reflux for l hr. The alcohol was evaporated off, the solution 
cooled and acidified (to assist filtration), and the solid hydroxymethyl compound filtered off. 
Recrystallisation from methanol gave prisms (0-2 g.), m. p. 218° (Found: C, 69-8; H, 5-8; 
N, 7-6. C,,H,,O,N requires C, 69-8; H, 5-9; N, 7-4%), Amax. 2310, 2850, 3320 A (log,, 4-16, 
3-95, 3-67) in 95% EtOH. When the intermediate acetate was not purified, 5 g. of dichloro- 
compound gave 2-6 g. of hydroxymethyl compound, m. p. 216—218° (62%). 

Isocarbostyril from 1-Chloroisoquinoline.—Preparation, as described above, from 1-chloro- 
isoquinoline (3 g.) and silver acetate (5 g.) in acetic acid (100 ml.) gave a yield of once-re- 
crystallised isocarbostyril, m. p. 205—206°, of 1-6 g. (60%). 

4-Methylisocarbostyril-3-carboxylic Acid (IX; R = CO,H).—The hydroxymethyl compound 
(0-98 g.) was suspended in warm acetone (100 ml.) and powdered potassium permanganate 
(0-6 g.) was added in portions, with shaking. After being stored for 1 hr., the mixture was 
filtered, and the manganese dioxide was thoroughly extracted with hot water. The combined 
filtrates were evaporated under reduced pressure, and the residue was extracted with hot 
water and filtered. The filtrate was acidified with acetic acid, and the solid acid was collected. 
Recrystallised from methanol, the acid had m. p. 335—-336° (rapid heating in a sealed capillary) 
(0-3 g., 28-5%) (Found: C, 64-6; H, 4-7. Calc. for C,,H,O,N: C, 65-0; H, 4-5%), Amax, 2110, 
2270, 2500,* 3060, 3240 * A (logy, ¢ 4-45, 4-22, 3-86, 4-08, 3-96) in 95% EtOH. Dijksman and 
Newbold report ® for 4-methylisocarbostyril-3-carboxylic acid, m. p. 335—336°, Amax 2120, 
2270, 2540, 3070, 3250 * A (log,, ¢ 4-32, 4-16, 3-77, 4-09, 3-92) in EtOH. 

4-Methylisocarbostyril (IX; R = H).—The acid (IX; R = CO,H) was decarboxylated as 
described by Dijksman and Newbold,® giving 4-methylisocarbostyril, m. p. 172—173° (lit.,® 
m. p. 172—173°), Amax. 2270, 2850, 3300 A (log,, ¢ 4-18, 3-92, 3-71) in EtOH [lit.,® Amax 2250, 
2850, 3310 A (log,, ¢ 4:20, 3-94, 3-73) in EtOH). 

4-Methylisoquinoline (X).—The isocarbostyril (IX; R = H) was heated to dull red heat 
in a Pyrex bulb tube with ten times its weight of zinc dust. The distillate was treated with 
ethanolic picric acid, giving 4-methylisoquinoline picrate, m. p. 202—203°: (from EtOH), un- 
depressed when mixed with synthetic 4-methylisoquinoline picrate. The base was regenerated 
from the purified picrate by treatment with lithium hydroxide and distilled; it had Amay 
2710, 2960, 3020, 3080, 3150, 3215 A (logy) ¢ 3-64, 3-19, 3-24, 3-43, 3-38, 3-62) in hexane. 
Synthetic 4-methylisoquinoline had Amax, 2710, 2960, 3030,* 3080, 3150, 3215 A (logy, ¢ 3°67 
3-22, 3-27, 3-43, 3-44, 3-53) in hexane. 


UNIVERSITY COLLEGE OF NORTH STAFFORDSHIRE, 
KEELE, STAFFS. [Received, November 13th, 1959.} 


* Inflection. 


18 Witkop, J. Amer. Chem. Soc., 1948, 70, 1424. 
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379. The Constitutions of Dammarenolic and Nyctanthic Acid.* 


By (a) D. Artcon1, (6) D. H. R. Barton and R. BERNASCONI, 
and (c) Cart Dyerasst, J. S. Mixts, and R. E. Wo rr. 


Dammarenolic and nyctanthic acid have been shown to be formed by an 
additional step of triterpenoid biogenesis in which the oxygenated position 3 
in ring A is attacked to afford a carboxyl group with fission of the ring. This 
conclusion has been confirmed by photochemical cleavage of the tris- 
norlactone of hydroxydammarenone-II to give the dihydro-derivative of 
dammarenolic acid trisnorlactone and by the same cleavage of B-amyrone to 
furnish dihydronyctanthic acid. Conclusive evidence for the presence of an 
isopropenyl group in dammarenolic acid has also been adduced. 

A preliminary communication describing this work has already appeared.* 


THE dammar triterpenoid dammarenolic acid, Cyp9H;9O3, has been characterised as a 
tricyclic compound containing a carboxyl group, two ethylenic linkages, and a non- 
acetylatable hydroxyl group.? One of the ethylenic linkages was regarded from its infra- 
red bands as >C=CH,; the other was formulated as -CH=CMe, because on oxidation by 
chromic acid methyl dammarenolate gave acetone and a methyl ester trisnor-y-lactone, 
CygHy,O,. This ready oxidation is characteristic of a side chain, as in (I),%* which is 
present in many of the neutral dammar triterpenoids.* The nature of the carboxyl group 
was not investigated further. 

In the present paper we first report some additional experiments on the chemistry of 
dammarenolic acid. In agreement with the presence of two ethylenic linkages methyl 
dammarenolate was readily hydrogenated to a tetrahydro-derivative. Ozonolysis of the 
methyl ester trisnor-y-lactone, C,,H,,0,, mentioned above, gave formaldehyde, confirming 
chemically the presence of the grouping ~C=CH,.-- Hydrogenation of the methyl ester 
lactone gave an oily dihydro-derivative which, on reduction with lithium aluminium 
hydride, furnished a nicely crystalline triol, C,,H;90,, m. p. 150—152°, to which further 
reference is made below. 

The oxidation of methyl dammarenolate by chromic acid (see above) has been 
investigated by us in more detail than before. Besides the methyl ester y-lactone referred 
to above, there was isolated a saturated ketone, C,,H,,O,, characterised as its 2,4-dinitro- 
phenylhydrazone, and an acid, C,,H,O,, which contained, from its infrared bands, a 
y-lactone and a methoxycarbonyl group. The formation of this acid suggested the presence 
of an isopropenyl grouping, ~CMe=CH,, in dammarenolic acid. In confirmation, the 
ketone C,,H,.O, was shown to be a methyl ketone from its nuclear magnetic resonance 
spectrum. A 10% solution in [*H]chloroform (with tetramethylsilane as an internal 
standard) showed peaks at 6-45 (OMe), 7-89 (COMe), 8-69 (Me°C-O-), and 8-99, 9-07, and 
9-14 (three saturated C-Me)+.* Except for an irregularity in the 327—300 my region, this 
ketone gave a nearly plain rotatory dispersion curve. This is inconsistent with any ring 
ketone structure 5 but compatible with the presence of a methyl ketone grouping. The 


* This paper represents Part XLI in a series of papers on Terpenoids by one author (C. D.) and his 
collaborators (for Part XL, see J. Amer. Chem. Soc., 1959, 81, 2914). It is also to be regarded as Part 
VIII in a series of papers by D. H. R. B. and his colleagues on Photochemical Transformations (for 
Part VII, see J., 1960, 511). 

t+ We thank Dr. L. M. Jackman of Imperial College for the determination and interpretation of this 
spectrum. The measurements were made with a Varian Associates Instrument and a 40 Mc./sec. 
oscillator. For the definition of + see Tiers.* 


1 Arigoni, Barton, Bernasconi, Djerassi, Mills, and Wolff, Proc. Chem. Soc., 1959, 306. 

? Mills and Werner, /., 1955, 3132. 

* Mills, J., 1956, 2196. 

* Tiers, J. Phys. Chem., 1958, 62, 1151. 

5 Cf. Djerassi, ‘‘ Optical Rotatory Dispersion: Applications to Organic Chemistry,’”’ New York, 
1960, McGraw-Hill Book Co., Chap. 4—6. 

* See, for example, Fig. 4 in Djerassi, Mitscher, and Mitscher, J. Amer. Chem. Soc., 1959, 81, 947. 
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formation of a methyl ketone on chromic acid oxidation of an isopropenyl group has 
analogy in lupeol chemistry.’ 

Further evidence for the presence of an isopropenyl group was obtained by oxidation 
of the trisnor-y-lactone ester with selenium dioxide. This gave an «$-unsaturated aldehyde 
(-C(;CH,)*CHO] comparable with analogous compounds obtained in the same way by 
similar oxidation of lupeol acetate.®® 


H-O 
we, ltl 
5\ 1H 
(1) H 


Now one of the most interesting features of dammarenolic acid is that it contains no 
hydroxyl or ketone group at a 3-position in a triterpenoid nucleus such as is found almost 
without exception in plant triterpenoids. It occurred to us that perhaps the carboxyl 
group of dammarenolic acid might result from the cleavage of a normal triterpenoid 
3-ketone according to a new biogenetic process illustrated in (II) (X = a suitable electro- 
negative departing group) or equivalent process. Dammarenolic acid would then be 


(Il) 


on CH2"OH 


( COH 


(VI) (VII) 


4 (XI) 


(III), the derived methy] ester trisnor-y-lactone would be (IV; R = Me, R’ = -CMe:CH,), 
the methyl ketone C,,H,,O; would be (IV; R = Me, R’ = Ac), and the corresponding 
acid would be (IV; R= Me, R’ =CO,H). The dihydro-derivative of the methyl 
ester trisnor-y-lactone would be represented as (IV; R = Me, R’ = Pr’), and the triol of 
m. p. 150—152° resulting therefrom by reduction would be (V). In the event, it was a 
simple matter to show that these formule were indeed correct. 

? Ruzicka and Rosenkranz, Helv. Chim. Acta, 1939, 22, 778. 


® Ruzicka and Rosenkranz, Helv. Chim. Acta, 1940, 28, 1311. 
® Jones and Meakins, /J., 1940, 1335. 
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Many years ago Ciamician and Silber! discovered the photochemical cleavage of 
menthone (VI) to the acid (VII). We found that lanostanone (VIII) was smoothly cleaved 
on irradiation with ultraviolet light in aqueous acetic acid into a carboxylic acid. From 
analogy, and because the desired methyl ester was readily hydrolysed, this acid is 
formulated as in (IX) and not as in (X) where the carboxyl group would be much more 
hindered. This cleavage reaction was then applied to the y-lactone (XI) from hydroxy- 
dammarenone-II.231 The resultant acid (IV; R = H, R’ = Pr’) was obtained crystalline 
but its methyl ester remained oily (cf. above). This ester was, however, readily hydrolysed 
back to the parent acid in agreement with the presence of a primary methoxycarbony] 
group. Reduction of this ester y-lactone with lithium aluminium hydride then afforded 
the same nicely crystalline triol (V) as had been obtained earlier from dammarenolic acid 
(see above). The proof of structure (IIT) for the latter was thus complete. 





H 
(XI) (XII) (XIV) 


Another triterpenoid acid which presents the same problem of biogenesis as dam- 
marenolic acid is the tetracyclic nyctanthic acid.!* It occurred to us that this substance 
might be derived from either «- (XII) or 8-amyrone.(XIII) by the same sort of ring fission 
(II). It was then a simple matter to subject these two ketones to photochemical cleavage 
to give acids [as (IX)]. The acid (XIV; R = Pr') from $-amyrone was identical with 
dihydronyctanthic acid. Since nyctanthic acid itself contains the grouping (>C=CH,) it 
must be formulated as in (XIV; R = -CMe:CH,). The same conclusion as to the con- 
stitution of nyctanthic acid has been reached independently by a non-photochemical 
method. 


EXPERIMENTAL 


M. p.s were taken on a Fisher—Johns or a Kofler block. Infrared spectra were measured with 
a Perkin-Elmer model 21 double-beam instrument, and rotatory dispersion curves with a 
Rudolph spectropolarimeter with mechanically oscillating polariser. [a], refer to CHCl, 
solutions, and ultraviolet absorption spectra to EtOH solutions unless specified to the contrary. 
Light petroleum refers to the fraction of b. p. 40—60°. 

Methyl Dammarenolate.—The material, isolated as described by Mills and Werner? and 
recrystallised from aqueous methanol, had m. p. 87-5—89-5°, [a),, +44° (c 1-31), R.D. in methanol 
(c 0-106), plain positive dispersion curve: [a]ss9 +45°, [also09 +79°, [e&lao9 +115°, [also9 + 265°, 
(“lego +370°. Infrared bands (KBr) were at 3470, 1730, 1640, and 894 cm.7}. 

Methyl Tetrahydrodammarenolate.—Quantitative microhydrogenation of methyl dam- 
marenolate with platinum oxide and acetic acid resulted in the uptake of 2-1 mol. of hydrogen. 
In a preparative experiment, the ester (2-01 g.) was hydrogenated at room temperature and 
atmospheric pressure (570 mm.) in glacial acetic acid (150 ml.) in the presence of platinum oxide 
(532 mg.). The catalyst was filtered off, the filtrate poured into water (450 ml.), and the product 
extracted with ether, washed with water, sodium hydrogen carbonate solution, and water, 
dried and recovered quantitatively as a colourless solid. Two recrystallisations from aqueous 
methanol led to methyl tetrahydrodammarenolate, m. p. 103—105°, [a], +31° (¢ 1-05), vax. (in 


10 Ciamician and Silber, Ber., 1907, 40, 2419; 1909, 42, 1510. 

11 See also Mills, Chem. and Ind., 1956, 189; Cosserat, Ourisson, and Takahashi, ibid., p. 190; Godson, 
King, and King, ibid., p. 190; Crabbé, Ourisson, and Takahashi, Tetrahedron, 1958, 3, 279; Biellmann, 
Crabbé, and Ourisson, ibid., p. 303. 

#2 Turnbull, Vasistha, Wilson, and Woodger, /., 1957, 569. 
18 Whitham, Proc. Chem. Soc., 1959, 271. 
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CHCI,) 3534 and 1727 cm. (Found: C, 78-0; H, 11-55. Cs,H;,0, requires C, 78-1; H, 
11-8%). 

Coldation of Methyl Dammarenolate by Chromium Trioxide.—The conditions employed by 
Mills and Werner for the oxidation of methyl dammarenolate to the trisnorlactone (IV; R = 
Me, R’ = -CMe:CH,) were modified by the omission of benzene. At least three products were 
isolated. 

Methyl dammarenolate (13 g.) in glacial acetic acid (200 ml.) was treated dropwise at room 
temperature with chromium trioxide (10-4 g.) in glacial acetic acid (120 ml.). After being kept 
overnight, the mixture was poured into ice-water (2 1.), and the amorphous precipitate was 
collected and dissolved in ether. The ether solution was washed successively with ice-water, 
a small amount of sodium hydrogen carbonate solution, and water, dried, and evaporated. 
The residue (9-65 g.) was chromatographed on silica gel (300 g.; Davidson Chemical Co., 
Baltimore, grade 922). 

(a) Elution with benzene-ether (95:5) provided methyl dammarenolate trisnorlactone 
(2°85 g.) which on recrystallisation from aqueous methanol had m. p. 125—126°, [aj], +51° 
(c 2:73); R.D. in methanol (c 0-103), plain positive dispersion curve: [a]sg9 +45°, []s09 +76°, 
foleoo + 118°, [els09 + 260°, [alogs-5 +349°, very similar to that of methyl dammarenolate. 
Identity with the lactone of Mills and Werner ? was established by mixed m. p. determination 
and infrared comparison: Ymax, (in KBr) 1767, 1739, 1645, and 881 cm." [the last two bands 
are due to >C-CH,]. 

(6) Elution with benzene-ether (90:10) gave the nor-ketone (IV; R= Me, R’ = Ac) 
(1-0 g.); recrystallised twice from acetone-hexane this had m. p. 154—156°, [a],, +29° (c 1-01), 
Amax, (in EtOH) 286 my (¢ 28), Vmax, (in KBr) 1770, 1741, and 1690 cm.+; R.D. curve in methanol 
(c 029): [ero +12°, [elss9 +14°, [a]s27-300 +110° (shoulder), [aJ,, + 256° [Found: C, 72-45; H, 
9-3; O, 18-45; OMe, 685%; M (Rast), 454. C,,H,.O,; requires C, 72-6; H, 9-5; O, 17-9; 
OMe, 6:95%; M, 447]. The derived 2,4-dinitrophenylhydrazone (methanol-sulphuric acid), 
recrystallised from ethanol-chloroform, had m. p. 267—269°, Amax, in CHCl, 364 my (e 22,730) 
(Found: C, 63-4; H, 7-65. C,,H,,O,N, requires C, 63-25; H, 7-4%). 

(c) Elution with benzene-ether (1: 1) afforded an oil (3-13 g.) which led to crystals (350 mg.; 
m. p. 230—233°) on crystallisation from acetone-hexane. Four additional recrystallisations 
gave the colourless acid (IV; R = Me, R’ = CO,H), m. p. 257—259°, [a),, +17° (¢ 1-01), vax 
(in CHC1,) 3350, 1757, 1730, and 1709 cm. (general appearance of an acid) (Found: C, 69-7; 
H, 9:2. CygH yO, requires C, 69-6; H, 9-0%). 

Ozonolysis of Trisnorlactone Methyl Ester (IV; R = Me, R’ = -CMe:CH,).—Ozone was passed 
at room temperature for 10 min. through a solution of 1-0 g. of the lactone in acetic acid 
(50 ml.); then ferrous sulphate (3 g.) and water (140 ml.) were added. The mixture was 
distilled until about one-third of its volume had been collected in a solution of 2,4-dinitrophenyl- 
hydrazine (0-59 g.) in concentrated sulphuric acid (10 ml.) and water (40 ml.). The yellow 
precipitate was chromatographed in chloroform over alumina (100 g.). Elution with the same 
solvent and recrystallisation provided formaldehyde 2,4-dinitrophenylhydrazone (110 mg.), 
m. p. 166—167° (mixed m. p.; correct infrared spectrum). 

Hydrogenation of Methyl Dammarenolate Trisnorlactone (IV; R = Me, R’ = -CMe:CH,).— 
Hydrogen consumption (1 mol.) stopped after 15 min. when the lactone (300 mg.) in acetic acid 
(40 ml.) was hydrogenated over platinum oxide (100 mg.). The product (IV; R = Me, R’ = 
Pr!) was isolated as described above for methyl tetrahydrodammarenolate, but was not 
crystalline even after chromatography on silica gel. 

For adequate characterisation the above methyl dihydrodammarenolate trisnorlactone 
(240 mg.) was left overnight at room temperature with lithium aluminium hydride (300 mg.) in 
anhydrous tetrahydrofuran (15 ml.). The mixture was poured on ice, and N-hydrochloric acid 
was added until a slightly acid reaction was obtained. Extraction with ether, washing until 
neutral, drying (Na,SO,), and evaporation gave an oil which crystallised from acetone—hexane 
(200 mg.; m. p. 150—152°). Two recrystallisations from the same solvents provided the 
triol (V), m. p. 150—152°, [aJ,, 45° (¢ 1-30), which exhibited no infrared carbonyl absorption. 
The substance appears to be hygroscopic and it was dried at 50°/0-01 mm. for two days before 
analysis (Found: C, 76-75; H, 12-1. C,,H; 0, requires C, 76-7; H, 11-9%). 

Oxidation of Methyl Dammarenolate Trisnorlactone (IV; R = Me, R’ = —CMe°CH,) by 
Selenium Dioxide.—A solution of the lactone (500 mg.) and freshly sublimed selenium dioxide 
(500 mg.) in acetic acid (25 ml.) was heated under reflux for 2 hr., filtered through Celite, diluted 
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with water, and extracted with ether. The ethereal solution was washed with water, ice-cold 
2% aqueous sodium hydroxide, and water, dried, and evaporated. The yellow crystalline 
residue (400 mg.; Amax. 220 mu) was passed in acetone through a small column of alumina and 
then stirred with mercury in order to remove colloidal selenium. The material was then 
chromatographed on 15 g. of silica gel and eluted with benzene-ether (4: 1), yielding crystals 
(360 mg.), m. p. 185—187°. Two recrystallisations from acetone-hexane gave the af- 
unsaturated aldehyde (IV; R = Me, R’ = -C(:CH,)*CHO], m. p. 186—188°, Amax, 222 my 
(log ¢ 3-81), Vmax. 1760 (y-lactone), 1736 (CO,Me), and 1693 (a8-unsaturated aldehyde) cm.*; 
R.D. (¢ 0-070) in dioxan: [a]y99 + 25°, [a]se9 + 25°, [olssz-5 —311°, [als99 +806° (Found: C, 73-1; 
H, 9-2; O, 17:25. C,,H,,O, requires C, 73-3; H, 9-25; O, 17-45%). 

Photochemical Cleavage of Lanostanone.—The ketone (1-0 g.) in acetic acid—water (9: 1) 
(250 ml.) was irradiated in a Pyrex flask at reflux temperature under nitrogen with a bare 
mercury-arc lamp (125 w) for 12 hr. The course of the reaction was followed by the decrease 
in intensity of the Zimmermann test characteristic of triterpenoid 3-ketones. The solvent 
was removed im vacuo and the residue chromatographed over acid-washed alumina (30 g.; 
Grade III). Elution with chloroform—methanol afforded the seco-acid (as IX) (350 mg.), m. p. 
(from light petroleum) 186—188°, [a], +14° (c 1-00), no ultraviolet absorption, vax 1710 
(broad) cm.-! (CO,H) (Found: C, 80-75; H, 12-15. CC z9H,;,0O, requires C, 80-65; H, 12-2%). 
With diazomethane this gave the methy] ester which, crystallised with difficulty from methanol, 
had m. p. (solvated) 79—83°, [a], +16° (c 1-00), no ultraviolet absorption, Vm, 1739 
(CO,Me) cm.4. The methyl ester (130 mg.) in dioxan-ethanol (1: 1) (50 ml.) was refluxed with 
2% potassium hydroxide (5 ml.) for 30 min. Separation into acidic and neutral (negligible) 
fractions, and crystallisation from light petroleum, gave back the seco-acid (100 mg.). 

Photochemical Cleavage of the Lactone (XI) from Hydroxydammarenone-II.—The lactone 
(500 mg.) in acetic acid—water (9: 1) (150 ml.) was irradiated as above, and the resulting gum 
separated by cold aqueous sodium hydroxide into neutral and acidic fractions. The latter 
(460 mg.) was chromatographed over silica gel (46 g.): Elution with light petroleum—benzene 
(2:1) afforded the seco-acid lactone (IV; R =H, R’ = Pr’) (50 mg.), m. p. (from ether- 
methanol) 99—104°, [a],, +43° (c 1-25), no ultraviolet absorption, vmax. 1770 (y-lactone) and 
1710 (CO,H) cm. (Found: C, 74-85; H, 10-55. C,,H,,O, requires C, 74-95; H, 10-25%). 

With diazomethane the acid lactone gave the methyl ester which did not crystallise. 
Hydrolysis of the oily methyl ester (80 mg.) in dioxan-ethanol (1:1) with 2% potassium 
hydroxide in ethanol (5 ml.) under reflux for 30 min. gave back unchanged acid (50 mg.). 

The oily ester-lactone (IV; R = Me, R’ = -CMe:CH,) (200 mg.) in tetrahydrofuran (20 ml.) 
was treated with lithium aluminium hydride (500 mg.) in the same solvent (10 ml.) for 78 hr. at 
room temperature. The product was chromatographed over Grade V alumina. Elution with 
ether—chloroform (4:7) afforded the triol (V), [a], +48° (c 0-80), m. p. (from acetone-light 
petroleum) 150—152° alone or mixed with the triol obtained (see above) from dammarenolic 
acid. The infrared spectra of the two specimens (in CHC1,) were identical. 

Photochemical Cleavage of «-Amyrone (XII).—The ketone (1-0 g.) in acetic acid water (9: 1) 
(250 ml.) was irradiated as in the prior examples. Working up as before and chromatography 
of the acidic fraction (800 mg.) over silica gel (100 g.) gave, on elution with light petroleum- 
benzene (4: 1), the desired seco-acid (as IX) (400 mg.), m. p. (from ethanol) 170—172°, [a], +73° 
(c 1-50), end absorption in the ultraviolet, v,,, 1710 (CO,H) cm.“! (Found: C, 81-85; H, 11-6. 
Cy9H59O, requires C, 81-4; H, 11-4%). 

Photochemical Cleavage of 8-Amyrone (XIII).—The ketone (1-0 g.) was irradiated and worked 
up as for a-amyrone (see above). The derived seco-acid (XIV), recrystallised from ethanol, 
had m. p. 194—196°, [a],, + 82° (c 1-40), end absorption in the ultraviolet, vax, 1710 (CO,H) cm.* 
(Found: C, 81-4; H, 11-4. Calc. for C,,H;,0,: C, 81-4; H, 11-4%). The acid was undepressed 
in m. p. on admixture with dihydronyctanthic acid of the same m. p.; the two specimens 
showed the same infrared spectra in CHCl,, different from that of the seco-acid from «-amyrone. 

The acid was converted into its amorphous methyl ester with diazomethane, and this 
(250 mg.) in tetrahydrofuran (30 ml.) was treated with lithium aluminium hydride (600 mg.) in 
the same solvent (20 ml.) for 10 hr. at room temperature. The product was chromatographed 
over alumina Grade V. Elution with benzene-ether (9:1) gave the expected alcohol, m. p. 
149—151°, [a],, +85° (c 1-50) (lit.,22 m. p. 153°, [aj,, + 90°). 


14 Barton and de Mayo, J., 1954, 887. 
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380. Activation Energy and Entropy in the Racemisation of 
2,2’-Dibromobiphenyl-4,4'-dicarboxylic Acid. 


By MARGARET M. Harris and (in part) R. K. MITCHELL. 


The velocity constants for racemisation of optically active 2,2’-dibromo- 
biphenyl-4,4’-dicarboxylic acid in ethanol have been determined at temper- 
atures ranging from — 20-7° to + 5-6°, and hence experimental evaluations of E 
and A, and of AH? and AS? for racemisation made. An apparatus for 
low-temperature polarimetric work is described. 


THE activation energy for the racemisation of optically active 2,2’-dibromobipheny]l-4,4’- 
dicarboxylic acid was calculated by Westheimer ! in 1947, taking into account the bending 
and stretching of the bonds, and the compression of the atoms which would be necessary 
for attainment of a planar transition state. The value arrived at was 18 kcal. mole”. 
Rieger and Westheimer? then applied the same method to 2,2’-dibromo- and 2,2’,3,3’- 
tetraiodo-biphenyl-5,5’-dicarboxylic acid, obtaining calculated values for E of 21-4—23-6 
and 28-6—33-1 kcal. mole respectively. The last two calculated results have been 
compared with experimentally determined values®* of E for the sodium salts of the 
optically active acids, and satisfactory agreement has been obtained. 

However, an experimental assessment of E for 2,2’-dibromobipheny]-4,4’-dicarboxylic 
acid, which is optically rather unstable, has hitherto rested on a single racemisation rate 
constant at 0° in dioxan-methanol.* The value corresponds with an observed free energy 
of racemisation AF* of 19-7 kcal. mole at 0°; if it is assumed that the entropy of activ- 
ation for racemisation in this case is similar to that found * for the sodium salts of 2,2’-di- 
and 2,2’ 3,3’-tetra-iodobiphenyl-5,5’-dicarboxylic acid, that is —7-5 e.u., then the enthalpy 
of activation AH? would be approximately 17-8 kcal. mole and E would be 18-4 kcal. 
mole+. (It should be noted that Rieger and Westheimer give AS* for inversion and also 
that they use the approximation E = AH*. This leads to small differences between 
their figures and those given here.) 

Racemisation rate constants for (+-)-2,2’-dibromobiphenyl-4,4’-dicarboxylic acid in 
ethanol have now been measured, as already briefly reported,® at several temperatures 
below 0°, a low-temperature thermostat being used to control the temperature of the 


' Westheimer, J. Chem. Phys., 1947, 15, 252. 

? Rieger and Westheimer, J. Amer. Chem. Soc., 1950, 72, 19. 
’ Hall and Harris, J., 1960, 490. 

* Searle and Adams, J. Amer. Chem. Soc., 1934, 56, 2112. 

5 Harris, Proc. Chem. Soc., 1959, 367. 
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solution in the polarimeter tube: hence the Arrhenius parameters and enthalpy and entropy 
of activation (for racemisation) have been determined. The values obtained are: 


+1-0 —3-9 —9-25 —15°3 — 20-7 
10° (sec.-) * 85-9 51-2 21-1 10-3 4-46 


* In the preliminary communication 5 this figure appeared, owing to a misprint, as 1-5 {sec.-1); the 
designation above is the correct one. 


E = 19-0 + 0-5 kcal. mole™ (graphical method; 18-9 by least squares); logy, A = 
12-1+40-4°. AF?, the free energy of activation for racemisation, calculated according 
to absolute reaction rate theory = 19-9 kcal. mole at 5-6°; AH}#, the enthalpy of activ- 
ation for racemisation = 18-5 + 0-5 kcal. mole+; AS*, the entropy of activation for 
racemisation = —4-9 + 1-85 e.u. (this error in AS* is consequent upon the error in AH‘). 
If AF? were quoted for inversion and not racemisation, it would be 20-3 kcal. mole”, 
while AS*inversion WOuld be —6-3 e.u. 

In spite of the different solvent used, the rate constants fall into line with the single 
value obtained by Searle and Adams:* the entropy factor is only a little smaller than 
the value thought probable by Rieger and Westheimer. The generalisation has been 
made }* that in compounds owing their optical activity to restricted rotation the energy 
of activation and the free energy of activation for racemisation never differ by more than 
a few kilocalories; acceptance of this generalisation could obscure an interesting variation 
in entropy factors. In biphenyls and binaphthyls alone, a spread of entropy factors in 
racemisation from +9-2 to —16-3 e.u. has been recorded ; *-? the difference Eyncem —AF* racom 
ranges from —3-5 to +5-3 kcal. mole*; if other types of compound in which restricted 
rotation is involved are included,’ the total spread is even larger. However, it does seem 
both possible and probable that the entropy factors for racemisation of such structurally 
similar compounds as the 2,2’-dihalogenobiphenyls (not yet measured) would be equal; 
added carboxylic acid groups might make a contribution to the numerical value differing, 
perhaps, according to whether the groups were in the 4- or the 5-position. This difference 
according to position in the biphenyl system has been observed with nitro-groups.® One 
kinetic observation has been made on 2,2’-di-iodobiphenyl-4,4’-dicarboxylic acid in 
dioxan: k* — 0-0033. If we assume that this measurement refers to min.1, AF? is 
22-8 kcal. mole. If E is the same as that for the 5,5’-dicarboxylic acid, 21-6 kcal. mole™, 
then AS* would be —6 e.u., i.e., very close to the value now found for the dibromo- 
compound. 

The preparation of 2,2’-dibromobiphenyl-4,4’-dicarboxylic acid was carried out by 
Searle and Adams *!° from the ethyl ester of the corresponding 2,2’-bisdiazomercuri- 
bromide: decomposition of the mercuribromide gave a very poor yield of an impure, 
coloured product. As an alternative method, bromination of diethyl biphenyl-4,4’-di- 
carboxylate in concentrated sulphuric acid in presence of silver sulphate according to the 
general method of Derbyshire and Waters ™ has now been tried; a mixture of bromo- 
esters was obtained which was difficult to separate. However, similar bromination of 
the dimethyl ester yielded a major portion of dimethyl 2,2’-dibromobiphenyl-4,4’- 
dicarboxylate; saponification of this ester yielded the corresponding acid. When the 
2,2’-dibromobiphenyl-4,4’-dicarboxylic acid was dissolved in hot ethyl acetate together 
with one equivalent of brucine, the solution quickly deposited the monobrucine (+)-acid 
salt, by second-order asymmetric transformation, further crops from the mother-liquor 
being of the same salt. 

The (+-)-acid, released from the brucine, is optically very unstable (¢,;5* = 7-3 min.); 


* Kistiakowsky and Smith, J. Amer. Chem. Soc., 1936, 58, 1043; Mills and Kelham, J., 1937, 274. 
7 Theilacker and Hopp, Chem. Ber., 1959, 92, 2293. 

® Brooks, Harris, and Howlett, J., 1957, 2380. 

* Brooks, Harris, and Howlett, J., 1957, 1934. 

1° Searle and Adams, J]. Amer. Chem. Soc., 1933, 55, 1649. 

" Derbyshire and Waters, J., 1950, 573. 
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therefore, in order to measure rate constants over a sufficient range of temperature it was 
necessary to design a suitable thermostatically controlled polarimeter-tube to operate 
at temperatures lower than normal. The unit described below has proved capable of 
holding a solution, in the polarimeter so that it can be continuously observed, at tem- 
peratures down to —24-0° + 0-1° for more than six hours. There is no reason to suppose 
that performance would be less efficient at temperatures considerably lower, or for longer 
periods of time. 


EXPERIMENTAL 


Dimethyl biphenyl-4,4’-dicarboxylate, prepared from methyl] p-iodobenzoate by the Ullmann 
reaction at 260—280°, had m. p. 214—215° (Tschitschibabin ! gives 224°; Ullmann ¥ gives 
214°) after crystallisation from benzene. 

Dimethyl 2,2’-Dibromobiphenyl-4,4’-dicarboxylate.—The preceding ester (5-4 g., 0-02 mole) 
was gradually added to concentrated sulphuric acid (50 c.c.), with shaking until dissolved, 
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and then treated with silver sulphate (18-8 g.). Bromine (2-0 c.c., 0-08 mole) was added in 
three portions, with vigorous shaking after each addition. The colour rapidly disappeared 
and after 10 min. the mixture was poured into water and ice. The precipitate was extracted 
(Soxhlet) with ethanol for 8 hr. Fractional crystallisation from ethanol yielded the dibromo- 
ester (4-1 g.), which melted first at 114°, solidified again and re-melted at 127—128° (Found: 
C, 44-70; H, 2-75; O, 14-82; Br, 37-54. C,,H,,O,Br, requires C, 44-89; H, 2-83; O, 14-95; 
Br, 37-34%). 

This ester (5 g.) with alcoholic potassium hydroxide (5 g. in 75 ml.) gave 2,2’-dibromo- 
biphenyl-4,4’-dicarboxylic acid (4-6 g.), m. p. 313—314° (paraffin bath; 305—306° on a Kofler 
block, where the crystalline form can be seen to change just before the compound melts). 

Second-order Asymmetric Transformation of 2,2’-Dibromobiphenyl-4,4’-dicarboxylic Acid by 
Brucine from Ethyl Acetate Solution.—The (+)-acid (2-0 g.) was dissolved in 800 c.c. of boiling 
ethyl acetate, and powdered brucine (2-0 g., 1 equiv.) was then added gradually. Three crops 
of small needles were collected: (a) 2-0 g., m. p. 212—214°; (b) 1-0 g., m. p. 203—207°; (c) 
0-55 g., m. p. 203—207°; all the crops were dextrorotatory and showed mutarotation in the 
levo-direction in chloroform. Preparation of the brucine salt in more concentrated conditions 


#2 Tschitschibabin, Ber., 1907, 40, 1810. 
13 Ullmann, Annalen, 1904, 332, 38. 
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tends to cause the levorotatory dibrucine salt ‘ to crystallise together with the monobrucine 
(+)-acid salt. 

Crop (a) (1-0 g.) was decomposed by stirring it with 98% formic acid at about 6° for 2 min. 
and then pouring the suspension into aqueous hydrochloric acid (400 c.c.). The acid (0-48 g.) 
thus obtained had a54.,2° +0-42° (0-2 g. in 20 c.c. of ethanol) 2 min. after being wetted with 
solvent. Crop (b), similarly decomposed, yielded 0-25 g. of acid, a54,,;5* + 0-44° in 20 c.c. of 
ethanol 1 min. after wetting. These figures do not, of course, represent the rotation of the 
opticaily pure acid. 

Low-temperature Polarimetric Apparatus (in collaboration with R. K. MitTcHELL).—The 
apparatus is shown in Fig. 1. One (A) of a pair of gallon-size Dewar flasks contains a 
contact thermometer and two internal screw pumps, and the other (B) the heat exchanger. 
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The thermoregulator (contact thermometer and electronic relay 1) controls the pump P, 
which drives ethanol from A through the hollow tin-plate cylinder which stands in B in a 
mixture of solid carbon dioxide and ethanol; the by-pass a permits regulation of the amount 
of ethanol flowing through the heat-exchanger. The second pump, P,, circulates the temper- 
ature-controlled ethanol round the polarimeter tube T. All flexible connections are made with 
silicone tubing. 

T is a standard, all-glass, centre-filling tube with adhesed end-plates, held by two silicone 
washers in a hollow brass outer jacket (Fig. 2). The jacket was made in two parts which were 
then bolted together after the two faces had been smeared with a thin coating of rubber solution; 
a brass cylinder surrounds the projecting part of the tube to which it is sealed by a Neoprene 
washer held in place by a brass collar. The jacket is long enough to project well beyond the 
glass; the coolant is in full contact with the tube except where the thin silicone washers touch 
it. Plastic ends to the outer jacket insulate the metal from warmth of contact with the polari- 
meter. End-plate fogging is prevented by streams of dry nitrogen, cooled in transit through 
metal leads coiled round the main tube, which play on the glass ends. The tube and all the 
leads are heavily lagged. 


The authors thank Dr. P. B. D. de la Mare for discussions on synthesis, and Dr. M. K. 
Hargreaves for discussions on apparatus. 


BEDFORD COLLEGE, REGENT’S PARK, Lonpon, N.W.1. [Received, December 2nd, 1959.] 


14 Easton, Hargreaves, and Mitchell, J. Appl. Chem., 1957, 7, 198. 
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381. The Carbonyl Doublet in the Infrared Spectrum of 
Cyclopentanone. 


By G. ALLEN, P. S. ELtincton, and G. D. MEAKINs. 


The doublet in the carbonyl region of the infrared spectrum of cyclo- 
pentanone has been investigated. Examination of cyclopentanone in a 
range of solvents and as a liquid film at various temperatures eliminated all 
but two explanations for the doublet. The absence of the lower-frequency 
component of the doublet in deuterated cyclopentanone showed that Fermi 
resonance coupling is responsible for the presence of this band in 
normal cyclopentanone. 


AmonG saturated ketones cyclopentanone is unusual in that its Raman and infrared 
spectra exhibit doublets in the carbonyl stretching region.1 Suétaka * has suggested that 
the lower-frequency band arises from a hydrogen-bonding effect, but Jones and Sandorfy 
have pointed out that the doublet may arise from interaction of the normal C=O stretching 
vibration with an overtone of a lower-lying vibration. Although many explanations can 
be envisaged, it seems probable that the cyclopentanone doublet is caused by (i) association 
through hydrogen bonding of type >CH,--- O=C,? or (ii) association through dipole- 
dipole interaction leading to an equilibrium involving the associated 
form shown,’ or (iii) the occurrence of a “ hot transition ”’ (in which a low 
frequency vibration is excited from both the ground and the upper states) 
in addition to the normal carbonyl band, or (iv) the operation of Fermi 
resonance interaction between the fundamental carbonyl band and 
a neighbouring overtone (or combination band) of the correct species arising from lower 
frequency absorption,! or (v) absorption from different configurational isomers of cyclo- 
pentanone. The results of the present study exclude four of these possibilities and provide 
confirmatory evidence for the remaining explanation. [To avoid repetition the letter “r’ 
(see Tables 1 and 2) is used in the following discussion to denote the relative intensities 
of the components of the carbonyl-region doublet. The r value, which varies with differ- 
ent conditions of examination, is the intensity of the higher-frequency component (~1745 
cm.*) divided by that of the lower-frequency band (~1730 cm.~}).] 
Examination of cyclopentanone as a liquid film and as a dilute solution in non-polar 
solvents such as carbon disulphide led to markedly different r values (Table 1). If the 


TABLE 1. Values of r for cyclopentanone doublet at 25°. 
{r is the intensity of the higher-frequency component (~1745 cm.) divided by that of the lower- 
frequency band (~1730 cm.~).] 

Solvent 1% Soln. 10% Soln. Solvent 1% Soln. 10% Soln. 

Carbon disulphide... 4-30 3-50 Dioxan 1-68 

2-66 2-52 (Liquid film) ......... ° 
1-81 Acetonitrile , 0-95 
Chloroform , 0-81 


existence of configurational isomers were responsible for the second band in the carbonyl 
region, doublets showing corresponding intensity variations would be expected to appear 
elsewhere in the spectra: the observed absence of such bands between 4000 and 650 cm.* 
excludes the configurational isomer theory [explanation (v)]. 

From the data in Table 1 it appears that, while the r values vary widely in different 
solvents, the value for a particular solvent is not appreciably affected by dilution. 


1 Jones and Sandorfy, ‘‘ Techniques of Organic Chemistry, Vol. IX, Chemical Applications of 
Spectroscopy,” Interscience Publ. Corp., New York, 1956, p. 487. 

® Suétaka, Gazzetta, 1952, 82, 768. 

® Bernstein and Schneider (Trans. Faraday Soc., 1956, 52, 13) have discussed a similar effect in 
connection with the infrared spectrum of solid formaldehyde. 
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Association of cyclopentanone molecules by hydrogen-bonding or dipole-dipole interaction 
[explanations (i) and (ii)] is therefore unlikely. Comparison of the r values for a liquid 
film and various solutions (Table 1 and Fig.) leads to a second reason for rejecting these 
explanations. To accommodate the variation in r with solvent polarity on either associ- 
ation theory it must be assumed that the 1730 cm. component arises from the associated 
form. From this it follows that the intensity of the lower-frequency component should 
decrease relative to that of the higher-frequency component as the temperature is raised. 
The temperature-dependence observed with liquid films was in fact small, and in the 
opposite direction (Table 2). 
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The remaining possibilities, the occurrence of a “‘ hot transition” or Fermi resonance 
interaction, are not clearly distinguished by the results described so far. However, the 
very marked intensification of the lower-frequency component in chloroform and aceto- 
nitrile is unusual if this band arises from a hot transition. Further, the variation in the r 
values over a 75° range is much smaller than would be expected on this theory, whereas 


TABLE 2. Values of r for liquid films of cyclopentanone. 


DOA cccsrccesavcccsecescosstscovessces 25° 55° 80° 100° 
ED. sanncsicctacbeperssdagentosdecsptnaners 1-33 1-33 1-30 1-22 


the r value of a doublet originating in Fermi resonance would normally show little or no 
temperature dependence. (In a hot transition r is proportional to [exp hv/kT — 1], 
where v is the frequency of the band associated with the hot transition, hk = Planck’s 
constant, & = Boltzmann’s constant, and T = absolute temperature.) 


TABLE 3. Carbonyl region bands (cm.*) of cyclohexanone and cyclopentanone in 
different solvents. 


Cyclo- Cyclo- 

Solvent hexanone Cyclopentanone Solvent hexanone Cyclopentanone 
Cyclohexane ......... 1724 1750 1729 IIE 5 coicsscscscses —_ 1746 1731 
Tetrachloroethylene 1720 1748 1730 Acetonitrile ......... 1709 1745 1732 
BORNE. cccccescsoecess 1719 1747 1728 Nitromethane ...... 1709 1745 1731 
Carbon tetrachloride 1719 1747 1731 Methylene dichloride 1708 1744 1729 
Carbon disulphide... 1717 1747 1732 Chloroform ......... —_ 1743 1728 
Pee eeernes 1716 1746 1732 | eee oe 1702 1742 1725 
(Liquid film) ......... 1713 1746 1732 Bromoform ......... 1701 1741 1725 
PUREE cacecccocssesccees _ 1746 1731 


A crucial distinction between the two explanations was made by examining the 
spectrum of partially deuterated cyclopentanone. (This compound was prepared as 
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described below and it seems probable that most of the hydrogen in the product was 
introduced during the oxidation of the hexanediol with aqueous chromic acid in acetone. 
The isotopic impurity of the cyclopentanone does not affect the following discussion.) 
The deuterated material in a variety of solvents showed only a single carbonyl band 
(1745 cm.* for a solution in carbon tetrachloride). This result is to be expected from the 
Fermi resonance theory, since deuteration should move the interacting overtone or 
combination band from its original position (~1730 cm.) to lower frequency, thereby 
eliminating the resonance effect. However, from the hot-transition theory an intensific- 
ation of the lower-frequency band would have been predicted. (This follows from the 
relationship for r given previously, together with the reasonable assumption that the 
frequency of the hot transition would be lower in the heavier molecule.) 

The conclusion that Fermi resonance is responsible for the cyclopentanone doublet is 
supported by the data in Table 3, which show that the frequency of the carbonyl stretching 
band of cyclopentanone (the higher-frequency component) is not influenced by solvent 
polarity to the usual extent. (With a normal ketone, such as cyclohexanone, increasing 
solvent polarity causes a greater shift in the carbonyl frequency.) The carbonyl-region 
doublets recently reported for ethylene carbonate * and certain cyclopentenones ® have 
also been attributed to Fermi resonance interaction, and with ethylene carbonate the 
intensity and frequency changes observed with solvents of different polarity are similar to 
those found here for cyclopentanone. 

The vibrational spectrum of cyclopentanone has not been sufficiently well analysed for 
the interacting absorption (~1730 cm.) to be identified with certainty. However, 
combination bands suitable for resonance with the C=O stretching vibration could arise 
from (a) 1155 cm.+ [Raman and infrared (very strong)] and 581 cm. (Raman), or 
(b) 890 cm.+ (Raman, very strong) and 836 cm. (infrared, very strong). 


EXPERIMENTAL 


Spectrography.—Spectra were recorded on a Perkin-Elmer double-pass grating spectro- 
photometer, model 112G. The values of the mechanical slit widths were selected to give a 
spectral slit width of less than 2 cm. throughout the 4000—600 cm.7 range. The intrument 
was flushed with dry nitrogen at such a rate that the water vapour bands (1900—1400 cm.“1) 
did not exceed 15% of the absorption. All solvents were purified, dried, and fractionated 
before use. 

Cyclopentanone.—Commercial material (B.D.H.) was converted into the sodium hydrogen 
sulphite adduct, which was crystallised four times from ethanol—water (4:1). The adduct 
(60 g.) and sodium carbonate (60 g.) were dissolved in hot water, and the solution distilled in 
steam. Saturation of the distillate with salt, extraction with benzene, and evaporation of the 
dried benzene solution gave material which was distilled through a Vigreux column fitted with 
a condensing still-head (reflux ratio 40: 1). Cyclopentanone was collected as the fraction with 
b. p. 130—130-5°; its homogeneity was confirmed by gas-phase chromatography. 

Cyclohexanone.—Purification as above, except that the bisulphite adduct was crystallised 
from water, gave material with b. p. 155—155-5°. 

Deuterated Cyclopentanone.—A solution of hexa-2,4-diyne-1,6-diol (4 g.) in purified ethyl 
acetate (150 c.c.) was shaken with Adams catalyst (0-5 g.) for 5 hr. in an atmosphere of 
deuterium (generated by electrolysing 99-7% deuterium oxide containing sulphur trioxide). 
After the removal of catalyst and solvent, the residue was chromatographed on alumina 
(200 g.; Grade H). Ether eluted deuterated hexan-1l-ol (0-4 g.) which was discarded. Elution 
with ether—methanol (19 : 1) afforded deuterated hexane-1,6-diol (3-1 g.) as a colourless oil. 

8n-Chromic acid (40 c.c.) was added during 10 min. to a solution of the deuterated diol 
(3-1 g.) in acetone (80 c.c.) at 10°. The mixture was kept at 10° for a further 30 min. and then 
poured into water (800 c.c.).* Continuous extraction of the aqueous solution with ether 
(250 c.c.) for 12 hr., followed by removal of the solvent, gave deuterated adipic acid (1-1 g.), 
m. p. 150—151° after crystallisation from ethyl acetate. 


* Bellamy and Williams, Trans. Faraday Soc., 1959, 55, 14. 
5 Yates and Williams, J]. Amer. Chem. Soc., 1958, 80, 5896. 
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A solution of the deuterated acid in deuterium oxide (10 c.c.) was kept at 60° for 2 hr. and 
then evaporated at 15 mm. After the addition of barium carbonate (50 mg.) the mixture was 
distilled at 300° for 3 hr. The upper layer (largely deuterated cyclopentanone) of the distillate 
was separated from the lower layer (largely deuterium oxide), washed with 10% sodium 
carbonate in deuterium oxide, and dried (MgSO,). Distillation in a small fractionating 
apparatus gave deuterated cyclopentanone (300 mg.), b. p. (bath-temp.) 143—147°, in which 
the absence of impurities was established by gas-phase chromatography. Mass-analysis 
showed the product to contain 61 atoms % of deuterium. 


The authors are grateful to Dr. J. H. Baxendale for the mass-analysis, and to the Ministry 
of Education for a grant (to P. S. E.). 
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382. The Infrared Spectra and General Properties of Inorganic 
T hiocyanates.* 


By P. C. H. MitcHeEt and R. J. P. WILLIAMs. 


The infrared spectra of a number of inorganic thiocyanates and thio- 
cyanate complexes have been measured. The absorption band at between 
2000 and 2200 cm. has been assigned to the C-N stretching frequency." 
The position of the band depends upon the nature of the combination of the 
ligand with the central cation. By reference to compounds of known crystal 
structure we have found rough correlations between band frequency and the 
binding of the ligand when bound through (1) sulphur, (2) nitrogen, (3) or both 
sulphur and nitrogen in a bridge structure.2. Other structural factors prevent 
the general use of the correlations in the diagnosis of the type of binding. 
Reasons are suggested for the observed orientation of the thiocyanate ion to 
the different cations. The conclusions are compared with the description of 
the compounds by ligand-field theory. 


In co-ordination compounds there are three ways in which the thiocyanate ion can be 
attached to a metal cation: (a) through nitrogen, M-NCS, (0) through sulphur, M-SCN, 
and (c) through both nitrogen and sulphur when the group SCN is a bridge, B-NCS-M, 
between two cations, Band M. In this paper we investigate the way in which the different 
bindings of the ligand affect the stretching frequency of the C-N bond. An analysis of the 
fundamental vibrations of the thiocyanate anion ! assigned the infrared absorption band 
at 2053 cm.* to this stretching vibration. Chatt e¢ al.* have studied a number of thio- 
cyanate complexes of palladium and platinum and also silver thiocyanate, and have shown 
that the CN stretching frequency is found at higher wave-numbers when the thiocyanate 
is bridging than when it acts as a monodentate co-ordinating ligand. In their compounds 
there is good reason to suppose that the latter thiocyanates afford instances of co-ordination 
through sulphur (Table 1). Vallarino* has also drawn attention to the differences in 
infrared absorption spectra between bridging and terminal thiocyanate ligands in 
rhodium(I) complexes. The infrared spectra of organic thiocyanates and isothiocyanates 
show ‘ that the CN stretching frequency is at lower frequencies, 2060—2105 cm.*, in the 
isothiocyanates R-NCS than in the thiocyanates R-SCN, 2140 cm.!. This suggested to 
us that the infrared spectrum of inorganic thiocyanates might be used to diagnose the type 

* The material in this paper was discussed at the Conference on Co-ordination Chemistry, London, 


1959, following Schiffer’s paper (ref. 9). Inevitably some of the views expressed here owe something 
to the participants in the discussion who remain unknown to the authors. 


1 Penney and Sutherland, Proc. Roy. Soc., 1936, A, 156, 654. 

2? Chatt, Duncanson, Hart, and Owston, Nature, 1956, 178, 997; 1958, 181, 43. 
% Vallarino, J., 1957, 2473. 

* Lieber, Rao, and Ramachandran, Spectrochim. Acta, 1959, 18, 296. 
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of binding in ¢erminal thiocyanate complexes. However, in inorganic complex salts, as 
opposed to organic molecules, there are a large number of additional factors which may or 
may not affect the vibration frequency of the CN group. Amongst these are (1) the 
co-ordination number and stereochemistry of the complex; (2) the cation B used to 


TABLE 1.* The C-N stretching frequency (cm.*) in some thiocyanates. 


Compound Frequency Structure Ref. 
Ba Za(NCS) a FILO ..n.i..000000sccccceess 2101 Zn-NCS 5 
(NH,),Cd(NCS),,2H,O ..............- 2092 s Cd-—NCS-Cd and Cd—NCS 6 
2041—2062 w 
IE Sentesovescsccacomrsennipen 2105 Hg-SCN 6 
BRET ocesscracccccccsecgdbens 2075 s 
2096 w 
CRI gsc icesesciccccsescsisess 2096 
Rr dithsunsdcasneiinssecrsinsneduanh 2020 1 
jp .* ¢ e 2058—2083 
a CU errr 2062 
eo Se  eerrrrerrrrerr eres 2088 Co-NCS-Co 7 
DR hind icsdincennecsscecstuncss 2058—2079 Co-NCS 8 
WAG eaal hg a cccevcccsesnsesissecncs 2096 Ni-NCS 9 
EEE. Riwiancaeechoqevecsincal 2079 Ni-NCS 9 
(NH,),Ni(NCS),,4H,O ............... 2088—2101 
po rrr ? Ni-NCS 10 
RETA, svecntnsccscccesescboass 2096 Cu-NCS-Cu 7 
COEINMENEITE AD ss cceccccccnnceceess 2119s 
2096 w 
GTR, scsccctarsonsivseness 2066 
GPEC Sg cess ccscccccssesevess 2037—2049 
(pyH),Mo,O,(NCS)¢ ............00000 2066 
OO renee 2075 Rh-SCN 11 
EEE, exnvesssccncevcecccanses 2092 
ES cenorciccccesasesesss 2150 (Bridge suggested) 2 
. ee aera 2110 
GUNES sacasccosssasesvasacteen 2100 4 
ARES Seeereer nn ee 2062—2083 
(NH,)Cr(NH,),(NCS), ...........-. o 21l4s Cr-NCS 12 
2096 w 
(Choline)Cr(NH3).(NCS),q ...........- 2083 6 
HgCr(NHy)a(NCS),  ......cccscescoeee * 2160 (Bridge suggested) 3, 13 
Cofem) [NCS LELO nncccecsesesoes 2088 3 
Cr(NH,),(NCS)(NO,), ............00- 2084 3 
Co(NH,),(NCS)(NO 4) ........0.0000s 2114 3 
Co(NH,),NO,(NCS)HgCl,_......... 2179 (Bridge suggested) 3, 13 
Co(en),(NCS),CLH,O _............... 2122 3 
pe ws eee ree 2060 2 
(py), W(OH)(NCS)5 ........cccscceeee 2058 
SIE. - shessecvandeionssrccmesieans 2088 s Pt-SCN 14 
2119 w 
Ie: Sv sicisbivenusdcsectassccte 2110 Pt-SCN 15 
oS gS reer cee 2120 4 
ig ™* 5  & rors 2162 (Bridge suggested) 4 
Se ae ee 2137 Hg-SCN-Co 16 
PO Sknctae case cinasttceedoneancin 2151 
RIE piv exnsenacecncctaqueeseseqeesss 2149 Ag-SCN-Ag 17 
PEEMEEG coksivennnstxessacremesousicers 2090 


* In the Table the formule have been written in the form indicated either by structure or by the 
rough correlations mentioned in the text. py is pyridine, pyH the pyridinium ion, PR, a phosphine 
derivative, dipy dipyridyl, and en ethylenediamine. s and w refer to strong and weak bands. 

Refs.: (a) CN stretching frequencies. 1, Miller and Wilkins, Analyt. Chem., 1952, 24, 1253. 2, 
Vallarino, J., 1957, 2473. 3, Fujito, Nakamoto, and Kobayashi, J. Amer. Chem. Soc., 1956, 78, 3295. 
4, Chatt, Duncanson, Hart, and Owston, Nature, 1956, 178, 997; 1958, 181, 43. 

(b) Structure determinations. 5, Lindquist, Acta Cryst., 1957, 10, 176. 6, Zhdanov, Zhur. Fiz. 
Khim., 1952, 26,1798. 7, Porai-Koshits, Kristallografiya, 1959, 4, 239. 8, Zhdanov, Tishchenko, and 
Zvanhova, Zhur. Fiz. Khim., 1950, 24, 1950. 9, Porai-Koshits, Kristollografiya, 1958, 3, 686. 10, 
Lingafelter, Nature, 1958, 182, 1730. 11, Zhdanov and Antsypkina, Zhur. Fiz. Khim., 1953, 27, 100. 
12, Saito, Tachenki, and Pepinsky, Z. Krist., 1955, 106, 476. 13, Waggener, Matlern, and Cartledge, 
J. Amer. Chem. Soc., 1959, 81, 2958. 14, Zhdanov, Zhur. Fiz. Khim., 1952, 26, 1806. 15, Hendricks 
and Merwin, Amer. J. Sci., 1928, 15, 487. 16, Jeffery, Nature, 1947, 159, 610. 17, Lindquist, Acta 
Cryst., 1957, 10, 29. 
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neutralise the charge on anionic thiocyanate complexes of formula B,M(CN)*-. For 
example potassium, sodium, or pyridinium salts of formula B,M(CNS),*- can be prepared 
(Where B as well as M can form co-ordination compounds with thiocyanate we must also 
expect all types of intermediate behaviour between terminal and strongly “ bridged ’’ thio- 
cyanate complexes); (3) the valency of the cation, M; (4) the ionic or covalent 
character of the metal-thiocyanate bonds; (5) the angle M-S-C subtended at the metal 
atom by the thiocyanate group. Several of these factors will also be discussed by Dr. 


TABLE 2. Stretching frequency (cm.“) of the C-N group in some cyanides.* 








Compound Frequency Ref. Compound Frequency Ref. 
Zn(CN),~ — 2151 1 Cu(CN)3- 2083 1 
Cd(CN),- - 2146 1 Ag(CN),3- 2092 1 
Hg(CN),~ ~ 2145 1 Au(CN),2- 2184 l 
I a cicstcsunnccinns 2127 1 NR rrr 2125 3 
BS ... consctsnnsgues 2139 1 / <n TS 2164 3 
PONG oecdosktereiscnnsress 2137 1 PE, Snsddcrptadeadcdanscks 2147 3 
gE ER 2127 l IID a icrcccsstscoceesess 2130 l 
DN  cccsscertecesesane 2125 1 Rh(CN),?- . 2136 l 
UE covescccesnssesdocsas 2119 1 Ir(CN),°- .... . 2132 1 
SN eancspetivendiiccenes 2028 2 PR snixscincoicssesennes 2041 1 
BEA | sanspusseeosexeons 2060 2 BURGE” dcdsqcecaatsennace 2048 1 
SERA Stisesesicstaesess 2048 2 GEIGER tcnstncvicwwisenened 2036 1 


* Simple cyanides, e.g., KCN, have frequencies around 2075 cm.~, while bridged cyanides such as 
AgCN have frequencies much nearer 2200 cm.-. 

Refs.: 1, Mathieu and Poulet, Compt. rend., 1959, 248, 2315. 2, Caglioti, Sartori, and Scrocco, 
“Chemistry of the Co-ordination Compounds, ’’Pergamon Press, London, 1958, p. 87. 3, Jones, J. 
Chem. Phys., 1954, 22, 965, 1165; 1956, 24, 293. : 


P. W. Smith, University College (London), in an independent publication which we have 
been allowed to examine. As the effects of these factors are difficult to resolve we have had 
to be content with a broad survey of the correlation between infrared band frequency and 
structure rather than to set up any definite diagnostic rules. Our main conclusions are: 
(1) The frequency is at higher wave-numbers in the order M-NCS <= M-SCN < B-SCN-M, 
when all other factors are constant. (2) Fora given disposition of the thiocyanate ion, the 
more polarising the cation (the greater its charge or its electronegativity, or the smaller 
the cation) the greater the frequency of the CN vibration. (3) Bridged thiocyanates are 
formed with a variety of strengths. These conclusions will be illustrated by the inform- 
ation in Table 1, which includes references to the structures of many of the compounds. 
The CN stretching frequencies in complex cyanides (Table 2) are included, as this inform- 
ation helps in the understanding of the thiocyanate frequencies. Some of the cyanide 
frequencies have been discussed previously (see references in Table 2). In what follows 
we write the thiocyanate ion as CNS unless we wish to indicate the binding, in which case 
the co-ordinating atom will be written first, NCS or SCN. 

Change of Cation, B.—There is some evidence > that change of B from one Group IA 
cation to another, or change from IA cation to a univalent organic base such as the 
pyridinium ion, affects the CN stretching frequency in thiocyanates. The only additional 
comparison we have made is that between (NH,),;Mo(CNS), and (pyH),;Mo(CNS),. The 
frequency is somewhat higher in the ammonium compound. If the group (cation) B is 
sufficiently electropositive it co-ordinates with the thiocyanate, forming an unsymmetrical 
bridge B-NCS-M or B-SCN-M, and the frequency moves to much higher values. The 
series of compounds K,Co(NCS),, K,Hg(SCN),, and Hg(SCN),Co (Table 1) illustrate this. 
Between the formation of strong bridges, first recognised by Chatt? in silver(t), 
palladium(), and platinum(m), and by Vallarino® in rhodium(1) complexes, and the 
absence of bridging in such compounds as K,Co(CNS),, there is the possibility 
of weak bridging (one end firmly attached, the other weakly) such as is found in 
5 Fujito, Nakamoto, and Kobayashi, J. Amer. Chem. Soc., 1956, 78, 3295. 
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(NH,),Cd(NCS),,2H,O and in Ni(CNS),(NH3)3. From Table 1 it is clear that a bridging 
thiocyanate can only be recognised by its infrared spectrum if it is strongly attached at 
both ends. The infrared spectrum of the cadmium compound (NH,),Cd(NCS),,2H,O is 
particularly interesting as it shows two peaks which presumably correspond with the two 
types of thiocyanate ion known to occur from crystallographic studies. Co(CNS),(py)>, 
which is also bridged, shows only one peak and there is only one type of thiocyanate 
ligand. A further case of interest is (pyH),{[MoO,(CNS),],. We find one low-frequency 
band in the spectrum of this compound, and we conclude that there are no thiocyanate 
bridges. It is obvious that if a bridged thiocyanate is to be formed one of the cations must 
be able to co-ordinate the thiocyanate through sulphur. The only cations known to 
co-ordinate to sulphur in bridged thiocyanates are Cd(11), Ni(11) [see also Ni(CNS), in the 
Table], Co(11), Cu(1), having weak bridges with CN frequency around 2100 cm., and 
Ag(1), Pd(u), Pt(u), Hg(11), and Rh(1), having strong bridges with CN frequency around 
2150 cm.. There is no reason to suppose that strong bridges can be formed by any 
element in the first transition series or before technecium and rhenium in the second and 
the third transition series. 

Change of Number of Thiocyanate Ions bound to M.—There is some evidence that increase 
in the number of cyanide or thiocyanate ions in a complex of fixed valency lowers the CN 
frequency. This is certainly observed in the cyanides M(CN),~, M(CN),?-, M(CN),3> of 
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The stability constants of some metal thiocyanates, 20 
M-CNS, and (upper plot) of some thiosulphates, 
M-S,O,- -. 
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Cul, Ag’, and Au!, but these ions also have different co-ordination numbers. At fixed 
co-ordination number as in Ni(11) or Cr(111) complexes (Table 1) there are small unsystematic 
changes in frequency with change in the number of thiocyanate radicals bound. 

Change of Valency of the Cation, M.—Increase in valency of the central cation appears 
to increase the frequency of the CN stretching. In cyanides this is very clear, ¢.g., in Fe 
and Mn complexes. In thiocyanates the situation is not so clear, for in all three series of 
compounds for which there is information there are other changes concomitant with change 
of valency. In the molybdenum compounds there is a change in the number of the thio- 
cyanate radicals, in the cobalt compounds a change from a high-spin Co(i1) to low-spin 
Co(111) complexes, and in the palladium and platinum complexes there are changes in 
co-ordination number. 

Change of Cation, M, along a Row of the Periodic Table-—Amongst the thiocyanates of 
the three transition series the frequency increases from the extreme ionic salts, ¢.g., 
Ba(CNS), and KCNS (2020—2050), to values around 2080—2130 {Cu(u), Ni(m), Pd(u), 
Pt(i1)} for the most electropositive metals. In the middle of the series the values are 
intermediate, ¢.g., Mn, Mo, and W. There is the suggestion of a gradual increase in 
frequency from manganese(I1) to copper(II) with a possible decrease to zinc(11) following the 
Irving—-Williams stability sequence. The sequence of stabilities of the thiocyanates is 
known ® and is shown in the Figure. We do not regard the correlation between electro- 
negativity and CN stretching frequency as more than probable, because the size of the 
differences and the widths of some of the bands make detailed interpretation dangerous. 


* Yatsimirski and Korableva, Zhur. Neorg. Khim., 1958, 3, 339. 
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Change of Cation, M, down a Group of the Periodic Table-—Amongst cyanides there is no 
marked change in frequency down a group of the Periodic Table. There is a change in the 
thiocyanates, e.g., from Ni (2080—2100) to Pt (2110—2120) or from Zn (2075—2095) to 
Hg (2105). The situation in the thiocyanates is confused by the dispositions of the ligand. 

Disposition of Thiocyanate Group: M-SCN and M-NCS Binding.—Table 1 shows that 
the CN frequencies are in general higher, though not without exception, in M-SCN than in 
M-NCS bound complexes. On the basis of this observation and the recorded frequencies 
and structures for other compounds we suggest that: (1) The following elements can bind 
terminal thiocyanate through sulphur, Co(111) (known to bind SCN through sulphur in 
vitamin B,, complexes *), Rh(1) and Rh(m1), Pd(11) and Pd(tv), Pt(11) and Pt(tv), Au(i), 
Ag(1), and Hg(11). (2) Thiocyanate cannot be bound through sulphur by elements earlier 
than those of Group VII. (3) Weak binding to sulphur is also possible for the cations 
Co(m), Ni(m), Cu(t), Cd(m) but it is largely restricted to bridged structures. These 
observations are of importance in the discussion of the relative co-ordinating power of 
different ligands. 

On ligand-field theory it is usual to associate the order of the strengths of the field due 
to the different ligands with the order of the frequency of a d-d band, the spectrochemical 
series. On several occasions we have stated that we believe this to be incorrect.§ Thio- 
cyanates provide an ideal opportunity for a further examination of this point, for we can 
obtain the supposed “ field strengths ’’ of both <-SCN and <-NCS from visible absorption 
spectra of complexes. This has been done,® and <SCN has been shown to provide the 
weaker “ field.” The spectrochemical series is 


Cl- = <SCN- < H,O = <NCS~ 


Now the equilibrium M<NCS == M<SCN could be used to determine the real relative 
affinities of cations for the differently disposed anion. ..This free energy would be related 
directly to the relative fields of the ions as the entropy term in the reaction may be presumed 
tobe verysmall. Unfortunately, no free-energy data for such equilibria are available, but we 
can observe the product of the reaction of thiocyanate with different cations. First transition 
series cations in bivalent states probably give only metal-nitrogen bonding in complexes 
in solution. The thiocyanate complexes of Cu(1) are possibly sulphur-bound.!° However, 
the fact that there are bridged structures in solid Co(11), Ni(m), and Cu(11) complexes shows 
that binding sulphur is becoming of importance towards the end of the transition series. 
In higher valency states cobalt is known to bind thiocyanate through sulphur in vitamin 


By.’ There is the distinct possibility that low-spin as opposed to high-spin states will | 


prefer <-SCN to SCN. In the second and the third transition series, most complexes 
are now of low spin; the change from M-NCS to M-SCN bonding occurs at or immediately 
after Group VII, t.e., where the cations become very strongly polarising, strong electron 
acceptors. Clearly for such cations the equilibrium M<SCN = M<NCS is balanced far 
to the left. In such cases the thermodynamic and structural information is directly 
contrary to the suggestion made from the spectrochemical series that the <SCN group 
gives the weaker field. It seems that the spectrochemical series is not a series of field 
strengths. A theoretical discussion of this point leads to the same conclusion.’ It applies 
to all ligands, and we believe that calculations of the stabilisation energies of complex ions 
by reference to spectroscopic splitting energies are incorrect. Further examples of the 
failure of the spectrochemical series to give a correct impression of the relative binding 
strengths of different ligands are provided by the stabilities of the hydroxide,® oxalate,® and 
the thiosulphate and nitrite complexes. For thiosulphate, the spectrochemical series 
suggests that the field due to S,0,~ ~ is weaker than that due to water. The stability 


7 D. L. Hodgkin, personal communication. 

® Williams, Discuss. Faraday Soc., 1958, 26, 123; J., 1956, 8. 

® Schaffer, Conference on Co-ordination Chemistry, London, 1959. 

10 Jorgensen and Schiffer, ‘‘ Absorption Spectra of Complexes of Heavy Metals,” Technical Report, 
European Research Office, U.S. Dept., Army Contract No. DA*91-508-EUC-247. 
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sequence ™ for some bivalent transition-metal ions is given in the Figure and is the same 
as that given by ligands which lie higher than water in the spectrochemical series. The 
nitrite ion, like the thiocyanate ion, can form two series of complexes—the nitrites and 
the nitro. In nitro-complexes bonding is through nitrogen, and this disposition of the 
ligand is preferred by Co(111), Pd(u), and Pt(11), highly polarising cations. Of the less 
polarising cations at least one, Cr(111), forms nitrite complexes binding through oxygen. 
Thus in several cases the structural and thermodynamic data indicate that there is no 
universally applicable series of ligand-field strengths, while the spectrochemical series 
suggests that the relative field strengths of ligands are independent of cation. In what 
follows we indicate why the spectrochemical series fails to provide a guide to field strengths 
of ligands. 

The change from M-NCS to M-SCN bonding coincides approximately in the Periodic 
Table with the change in relative binding of halide ions from F~ > Cl- > Br~ > I~ to 
I->Br- >Cl- > F-._It has long been recognised that this change is due to a change 
in the relative importance of polarity (electrostatic binding) and polarisability (covalent 
binding). The discussion has been made at different levels of sophistication.™*1% Most 
recent theories stress the importance of the overlap between particular sets of atomic 
orbitals. For example, Chatt and his colleagues! consider that the pecularities of the 
stability constants of the complexes of the highly polarising cations can be referred to the 
strength of d.;, bonding. The cation acts as a strong acceptor of electrons from the 
anion through s-bonding but also acts as a strong donor of electrons through x-bonding, 
much as in cyanide complexes. This treatment leads one to expect a large stabilisation 
of d.- as opposed to d,-electrons and the highly polarisable ligands should produce a large 
spectroscopic splitting. This is not observed; the heavier halides and <SCN~ appear 
low in the spectrochemical series, and are very different from cyanide in this respect. An 
alternative explanation ™1% of the stabilities of compounds of highly polarising cations 
with highly polarisable ligands is that in such combinations there is considerable charge- 
transfer. The particular symmetry of the orbitals involved in this covalency need not 
concern us immediately, as there will be large energy changes independently of symmetry 
considerations. The first part of this change is an electronegativity effect 1* which we 
take to be obvious. The second part is a core effect. The transfer of charge to the 
cation will reduce the effective nuclear charge of the cation as felt by the d-electrons and 
their mutual repulsion will be reduced. This term has been estimated recently by 
Jorgensen and Schaffer 1° who place ligands in the order of their ability to cause the core 
electrons to spread, 1.e., the nephelauxetic series. (In fact, the series is determined from 
spectroscopic observations and is unlikely to represent the character of the ground state 
of a complex except to a first approximation.) The nephelauxetic series is the reverse of 
the spectrochemical series in so far as the halide ions are concerned. Neither of these 
series can be expected to reflect all the changes in field of a given series of anions or ligands, 
and neither should be treated as a series from which thermodynamic stability data can be 
calculated. The further question arises as to the nature of the spectrochemical series. 
It appears to the authors that no treatment of this series which does not refer to differences 
between the covalent binding in the ground and the excited states can be successful,® for, 
if we are correct, the series remains the same when the relative field strengths of a series 
of ligands, as measured by stability constants, changes. 
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Experimental.—The infrared spectra were measured with a Perkin-Elmer Recording Spectro- 
photometer. All compounds were held in a Nujol suspension, and the Nujol absorption bands 
were used to check the calibration. We thank Dr. G. B. Meakins for all these measurements. 

Preparations were standard in all cases. The following list of references gives the procedures 
we followed. 

1 Irving and Williams, ]., 1953, 3192. 


#2 Ahrland, Chatt, and Davies, Quart. Rev., 1958, 12, 265. 
18 Williams, J. Phys. Chem., 1954, 58, 121. 





1918 Jones: The Synthesis of 


(NH,),Cd(NCS),,2H,O, K,Co(NCS),, HgCo(NCS),, K,Mn(NCS),,6H,O, Ni(SCN),, 
Ni(py),(NCS),, BaZn(NCS),,2H,O, K,Pt(SCN),, K,Pt(SCN),, and (py),W(OH),(NCS)5, see 
Williams, ‘‘ Cyanogen Compounds,” Arnold, London (1948), Chap. XI and XII and refs, 
therein. (NH,),;Mo(NCS), and (pyH),Cr(NCS),, see Palmer, ‘“‘ Experimental Inorganic 
Chemistry,’’ Cambridge U.P., Cambridge, 1954, pp. 415, 392. Zn(py),(NCS)., Cd(py),(NCS),, 
and Cu(py),(NCS)., see Vogel, ‘‘ Quantitative Inorganic Analysis,’”” Longmans, London, 1953, 
pp. 466, 429, 432. (pyH),;Mo(NCS),, see Barbieri, Atti R. Accad. Lincei, 1930, 12, 55. 
K,Rh(SCN),, see idem, ibid, 1931, 18, 433. K,Hg(SCN),, see Brauer, “‘ Handbuch der 
praparativen anorganischen Chemie,” Stuttgart, 1951, p. 830. (pyH),Mo,O,(NCS),, see 
Furman, “ Inorganic Syntheses,” 1953, 4, 97. (NH,),Ni(NCS),,4H,O, see Rosenheim and 
Cohn, Z. anorg. Chem., 1901, 27, 280. Fe(py),(NCS),, see Gmelin, “‘ Handbuch der anorgan- 
ischen Chemie,’’ Eisen, Teil B, Berlin, 1932, p. 746. Co(py),(NCS)», see op. cit., Kobalt, Teil 
B, p. 39. Ni(NH,),(NCS),, see Grossman, Ber., 1904, 37, 559. Cu(NH,),(NCS)., see Grossman, 
Z. anorg. Chem., 1908, 58, 265. A sample of Reinecke’s salt was given to us by Dr. H. Irving. 

Note added in proof.—Kinell and Strandberg (Acta Chem. Scand., 1959, 13, 1607) have 
shown that change of co-ordination number has a marked effect on the infrared frequency of 
CNS in silver thiocyanate solutions. Chamberlain and Bailar (J. Amer. Chem. Soc., 1959, 81, 
6412) have examined a series of thiocyanates and their observations add weight to the corre- 
lations we have described. 


INORGANIC CHEMISTRY LABORATORY, 
Soutu Parks Roap, OxForp. [Received, November 9th, 1959.) 





383. The Synthesis of Some Dimethyl- and Ethyl-isoquinolines. 
By Gurnos JONES. 


The synthesis of 1,6-, 1,7-, 1,8-, 4,6-, and 4,7-dimethylisoquinoline, and 
of 4- and 8-ethylisoquinoline by established routes is described. The ultra- 
violet absorption spectra of the monomethylisoquinolines and of some di- 
methylisoquinolines are reported; the spectra of the monoethylisoquinolines 
are compared with those of the corresponding monomethyl derivatives. 


WHEN this work was started, the alicyclic portion of the alkaloid gelsemine was assumed 
to contain an exo-methylene group,! and distillation of gelsemine with zinc dust had been 
shown ® to give (among other products) a base C,,H,,N, isolated as its picrate (A), m. p. 
186—187°. From the formula the base could be a dimethyl- or an ethyl-quinoline or 
-isoquinoline, but the reported presence of an exo-methylene group in gelsemine suggested 
that the base was a dimethyl derivative. All the dimethylquinoline picrates were known,3 
but relatively few dimethylisoquinolines and the work reported below was concerned with 
the synthesis of some of the more likely possibilities. During the course of this work 
Gibson reported the synthesis of the unknown 5,x-dimethylisoquinoline picrates 
(x = 4, 6, 7, and 8), none of which was identical with picrate (A). When five dimethyliso- 
quinoline picrates had been prepared Marion and Sargeant reported ® that the double bond 
in gelsemine was present as a vinyl residue and not as a methylene group, and this 
suggested that the picrate (A) was that of an ethyl and not a dimethyl derivative. The 
most likely bases on biogenetic grounds appeared to be 4- or 8-ethylisoquinoline, and 
these were synthesized, but the picrates had m. p. lower than that reported for picrate (A). 

The complete structure of gelsemine has recently been reported,®? and Conroy and 
Chakrabarti’ note that “ the 4,7-dimethylisoquinoline skeleton is present intact in the 

1 Goutarel, Janot, Prelog, and Taylor, Helv. Chim. Acta, 1951, 34, 1139. 

* Witkop, J. Amer. Chem. Soc., 1948, 70, 1424. 

* Manske, Marion, and Leger, Canad. J. Res., 1942, 20B, 133. 

4 Gibson, J., 1956, 808. 

: Marion and Sargeant, J. Amer. Chem. Soc., 1956, 78, 5127. 
7 


Lovell, Pepinsky, and Wilson, Tetrahedron Letters, 1959, No. 4, p. 1. 
Conroy and Chakrabarti, Tetrahedron Letters, 1959, No. 4, p. 6. 
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molecule.’ The synthesis of 4,7-dimethylisoquinoline picrate is reported below and this 


e is not identical with Witkop’s picrate (A). 
s, 
ic (I) o-CgHyMe*CHMe*N:CH-CH(CEt), 0-Et-CgHyCH:N:CHyCH(OEt), (X) 
. CO*CH:N‘OH (II) 
5. Poi ’ 
T+ RR’C(OH)*CH:N-OH (XI) R*CO*CHy’NHgtCl~ (IIT) —a R-CO-CHy*NHAc (IV) 
2€ 
a Y Y Y 
RR’CH:CH,'NH, (XII) RMeC(OH)*CHy'NH, (VII) = R*CH(OH)*CHy*NHAc (V) 
, ' Y 
5: RR’CH*CHg'NH*CHO (XIII) RMeC:CH:NH:CHO (VIII) 
e 
of x } 
1, 
CHR’ M 


Y 
R’ e 
“NCH, S S _ 
\ > Me Me 
Me 
(XIV) (XV) (IX) (VI) 


The first dimethylisoquinolines prepared were the remaining unknown 1,x-dimethyliso- 
quinolines (x = 6,7, and 8). For the synthesis of 1,8-dimethylisoquinoline the Schlittler— 
Miiller modification * of the Pomerantz—Fritsch method was used; condensation of glyoxal 
hemiacetal with 1-o-tolylethylamine gave the aldimine acetal (I), which was cyclised in 
poor yield to 1,8-dimethylisoquinoline. The picrate melted at 224—226°. The route 
used to prepare 1,6- and 1,7-dimethylisoquinolines is shown by formule (II) —» (VI). 
Using -hydroxyimino-4-methylacetophenone (II; R = p-tolyl) led to 1,7-dimethyliso- 

quinoline, whose picrate melted at 223—224°; w-hydroxyimino-3-methylacetophenone 
(II; R= m-tolyl) similarly gave 1,6-dimethylisoquinoline (picrate, m. p. 225—227°). 
d The ultraviolet absorption of the 1,6-dimethylisoquinoline obtained by this method 
n differed appreciably from that of the 1,8-dimethylisoquinoline prepared by the 
) unambiguous route described above (see Table); hence in this case, as in others,® the 
\r Bischler—-Napieralski cyclodehydration proceeds predominantly para- to the 0,p-directing 
d group already present. 
3 For the synthesis of 4,7-dimethylisoquinoline the modified route shown by formule 
h 
k 








(II) —» (IX) above was adopted. Mills and Grigor have shown that reaction of a 
keto-amine hydrochloride with a large excess of a Grignard reagent gives a hydroxy-amine 





5 of type (VII). Using methylmagnesium iodide and -amino-4-methylacetophenone 

* hydrochloride (III; R = -tolyl) [obtained by reduction of the hydroxyimino-compound ; 
d (II; R = p-tolyl)] afforded the hydroxy-amine (VII; R = #-tolyl); this, when heated 

5 with 90°, formic acid, gave the styrylamide (VIII; R = #-tolyl), cyclized to give 4,7-di- 

e methylisoquinoline (picrate, m. p. 223°). A similar series of reactions starting from 

d o-hydroxyimino-3-methylacetophenone (II; R = m-tolyl) gave a very small yield of a 

). picrate, m. p. 228—229°, which was assumed to be 4,6-dimethylisoquinoline picrate. The 

d material was not prepared on a larger scale because of the widely different melting points 

e of this picrate and of picrate (A). 


8-Ethylisoquinoline picrate was obtained after a normal Pomeranz-Fritsch reaction ™ 
from the imine (X); the picrate melted at 158—160°. A compound prepared from 


§ Schlittler and Miiller, Helv. Chim. Acta, 1948, $1, 914. 

® Gulland and Virden, J., 1929, 1791. 

0 Mills and Grigor, J., 1934, 1568. 

"! Gensler, ‘‘ Organic Reactions,” Wiley, New York, 1951, Vol. VI, p. 200. 
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1,2,3,4-tetrahydro-4,4-dimethyl-1,3-dioxoisoquinoline has been formulated ® as 4-ethyl- 
isoquinoline, but is in fact 3,4-dimethylisoquinoline.* Orékhoff and Tiffeneau have 
reported 4 that a hydroxyimino-derivative such as (II) will react with a Grignard reagent 
to give a hydroxy-oxime (XI). When w-hydroxyiminoacetophenone was added to a 
solution of ethylmagnesium bromide the hydroxy-oxime (XI; R= Ph, R’ = Et) was 
formed. An attempt to reduce this to a 6-hydroxyphenethylamine derivative by sodium 
in ethanol gave instead the saturated amine (XII; R= Ph, R’ = Et), the benzylic 
hydroxyl group being hydrogenolysed. This saturated amine was used to prepare the 
formamide (XIII; R= Ph, R’ = Et), and this underwent Bischler—-Napieralski cyclo- 
dehydration to give 4-ethyl-3,4-dihydroisoquinoline (XIV; R’ = Et). Dehydrogenation 
gave 4-ethylisoquinoline, whose picrate melted at 163—164°. 

Ultraviolet Absorption Spectra.—In the Table the spectra of the seven monomethyliso- 


Ultraviolet absorption maxima (my) (log ¢ in parentheses) of substituted 
tsoquinolines in hexane. 





: y-Band «-Band 

Subst. «’-Band grwnnsceasiiomaiaills a “~ _ 
5 ie. 217(4-80) 270(3-71) 295(3-20) 306, (3-37) 314(3-30) 320(3-45) 
eee 218(4-87) 267 (3-62) 298(3-14) 311(3-42) 319,(3-38) 324(3-53) 
4-Me ...... 216,(4-74) 271(3-67) 296(3-22) 308(3-43) 315(3-44) 321,(3-54) 
ore 220(4-89) 272(3-68) 307(3-32) 314,(3-26) 3200(3-43) 
ee 221(4-78) 277(3-58) 300 tf (3-26) 307(3-25) 316(3-19) 321(3-23) 
ee 223(4-77) 279,(3-66) 314(3-51) 322(3-50) 327(3-69) 
8-Me ...... 219(4-78) 272(3-64) 296(3-24) 308(3-46) 316(3-42) 322(3-60) 

302(3-28) 

| Ses 218 * (4-79) 270(3-73) 306(3-41) 314(3-33) 320(3-51) 
ee 216,(4-78) 271(3-66) 296(3-24) 308(3-43) 315(3-39) 321(3-53) 
1,6-Me, ... 220(4-73) 273(3-66) 304(3-30) 310 t (3-19) 318(3-40) 
1,7-Me, ... 220(4-81) 270(3-74) 300(3-20) 312(3-47) 321(3-38) 326(3-57) 
1,8-Me, ... 220(4-82) 275(3-75) 310(3-50) 318(3-45) 324(3-63) 
3,4-Me, ... 221(4-85) 273,(3-68) 302,(3-30) 314(3-54) 323(3-53) 328,(3-68) 
4,6-Me, ... 219(4-82) 275(3-57) 306(3-27) 312(3-31) 319,(3-41) 325(3-34) 
4,7-Me, ... 219(4-82) 270(3-70) 301(3-25) 314(3-49) 322(3-45) 328(3-63) 


* Inethanol. {+ Inflexion. 


quinolines are reported, together with those of 1- and of 4-ethylisoquinoline and of some 
dimethylisoquinolines, all in hexane. The spectra of the monomethylisoquinolines are 
sufficiently distinctive to be used in the characterisation of any monomethylisoquinoline 
on a milligram scale. The spectra of 1- and 4-ethylisoquinoline resemble very closely 
those of the corresponding monomethyl derivatives, and it seems that the position of 
substitution of the alkyl substituent in any monoalkylisoquinoline could be tentatively 
assigned by reference to the spectra of the monomethyl derivatives recorded above. The 
spectrum of an a,b-dimethylisoquinoline seems to bear no simple relation to those of the 
a- and b-monomethylisoquinolines, and a hope that it might be possible to predict the 
position of the substituents in a dialkylisoquinoline has not been fulfilled. 


EXPERIMENTAL 


M. p.s were determined on a Kofler block. For spectroscopy the isoquinolines were regener- 
ated from the pure picrates by lithium hydroxide or by ethanolamine and then distilled. 

1-0-Tolylethylamine.—Sodium (13 g.) was added rapidly to a boiling solution of 2-methyl- 
acetophenone oxime (7-2 g.) in dry ethanol (100 ml.). When all the sodium had dissolved, the 
solution was cooled, poured into water, and extracted with ether. The ethereal solution was 
extracted with 2Nn-hydrochloric acid, and the aqueous acid extracts were combined, basified, 


#2 Heilbron and Bunbury, “ Dictionary of Organic Compounds,” Eyre and Spottiswoode, revised 
edn., 1953, p. 513. 

138 Jones, following paper. 
M4 Orékhoff and Tiffeneau; Bull. Soc. chim. France, 1927, 41, 841. 
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and extracted with ether. The dried (K,CO,) ethereal solution was distilled, giving the amine, 
b. p. 204—206°/732 mm. (4-4 g., 67:5%). The picrate crystallised from ethanol as yellow 
prisms, m. p. 211—212° (Found: C, 49-5; H, 4-4. C,,H,,0,N, requires C, 49-5; H, 4-4%). 
The toluene-p-sulphonate crystallized from aqueous ethanol as leaflets, m. p. 108-5—109-5°. 

1,8-Dimethylisoquinoline.—The 1-o-tolylethylamine (1-8 g.) and glyoxal hemiacetal ® (2 g.) 
were heated together at 110° for 1 hr. Further acetal (0-25 g.) was added, and heating con- 
tinued at 125—130° for 1 hr. The cooled mixture was dissolved in ether, dried (Na,SO,), and 
distilled. ‘The ketimine (I) had b. p. 94°/0-15 mm. 

Cyclisation.—(a) The ketimine (I) (2-33 g.), dissolved in concentrated sulphuric acid (10 ml.) 
at 0—5°, was added to concentrated sulphuric acid (20 ml.) at 120°; the mixture was kept 
at 120° for several minutes, then cooled, and treated with ice. The aqueous solution was 
basified with sodium hydroxide and steam-distilled. The distillate was extracted with ether, 
dried (Na,SO,), and distilled, giving the impure isoquinoline (0-15 g., 10-2%), b. p. 155°/15 mm. 
The picrate crystallised from ethanol as yellow prisms, m. p. 224—226° (Found: C, 53-0; H, 3-6. 
C,,H,,0,N, requires C, 52-9; H, 365%). The pure picrate was shaken with saturated aqueous 
lithium hydroxide and ether, and the ether layer was separated, washed with water, dried 
(Na,SO,), and distilled, giving pure 1,8-dimethylisoquinoline, m. p. 49—51° (Found: C, 84-3; 
H, 7-5. C,,H,,N requires C, 84-0; H, 7-1%). 

(6) The ketimine (3-0 g.) was added to a mixture of phosphoric oxide (10 g.) and syrupy 
phosphoric acid (10 ml.) at 160°. The mixture was held at 160° for several minutes, then 
cooled, and worked up as described above. The isoquinoline (once-distilled) weighed 0-22 g. 
(11-6%). 

3-Methylacetophenone.—(a) Acetonitrile (freshly distilled from phosphoric oxide) (13-5 g.) 
was added slowly to the stirred Grignard reagent from m-bromotoluene (157 g.) in ether (1-5 1.). 
The mixture was boiled under reflux for 6 hr., cooled, and treated with ice-water, followed by 
concentrated hydrochloric acid (100 ml.). The ether was distilled off and the resulting aqueous 
mixture was stirred at 95° for 1 hr., cooled, and separated. The aqueous layer was extracted 
with ether, and the combined organic material extracted with aqueous sodium hydrogen 
carbonate, and then with water. The ethereal solution was dried (Na,SO,) and distilled at 
atmospheric pressure. When the distillation temperature reached 130° the pressure was 
reduced, and distillation continued at 15 mm. The yield of 3-methylacetophenone, b. p. 
108—112°/15 mm., was 24 g. (54-4%). 

(b) Acetaldehyde (25 g.) was added slowly in the cold to the Grignard reagent from m-iodo- 
toluene (109 g.) in ether (1-1 1.). The Grignard complex was decomposed by ice and 2n- 
sulphuric acid, and the ethereal layer separated, and shaken with aqueous sodium hydrogen 
carbonate and then with water. The dried (Na,SO,) ethereal solution was evaporated; the 
residue was freed from traces of ether by heating it im vacuo, and dissolved in glacial acetic acid 
(190 ml.). This mixture was treated slowly with a solution of chromic anhydride (19 g.) in 
acetic acid (100 ml.) and water (10 ml.). The mixture was heated for a few minutes on a 
boiling-water bath, concentrated under reduced pressure, diluted with water, and extracted 
with ether. The ethereal solution was shaken with aqueous sodium hydrogen carbonate, then 
with water, dried (Na,SO,), and distilled. The yield of 3-methylacetophenone, b. p. 108— 
110°/15 mm., was 27 g. (40-3%). 

2-Methylacetophenone, prepared by method (a), had b. p. 102—106°/15 mm. (70% yield). 

4-Methylphenacylamine Hydrochloride (III; R = p-tolyl).—w-Hydroxyimino-4-methy]l- 
acetophenone (30 g.) in the minimum of ethanol was added to a cold stirred solution of stannous 
chloride (105 g.) in concentrated hydrochloric acid (150 ml.). Further hydrochloric acid 
(45 ml.) was added, and the mixture kept overnight at —5°. The solid salt was collected, 
dissolved in warm water, and treated with hydrogen sulphide. Filtration and evaporation of 
the filtrate to dryness gave 4-methylphenacylamine hydrochloride, m. p. 210° (from absolute 
ethanol) (lit.,45 m. p. 206°) (22-5 g., 66%). 

3-Methylphenacylamine Hydrochloride (III; R = m-tolyl).—3-Methylacetophenone (22 g.) 
was added to a cold solution gf sodium (4 g.) in absolute ethanol (100 ml.). To the stirred 
mixture was added pentyl nitrite (20 g.), and the dark red solution was kept at 0° for 4 hr. 
during which a chocolate-brown solid separated. Ice-water was added, and the alkaline 
mixture was extracted with ether. The aqueous layer was acidified with ice-cold 5n-hydro- 
chloric acid, and the crude hydroxyimino-compound (10 g.) was collected and reduced as 


15 Ryan, Ber., 1898, $1, 2133. 
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described above, to give 3-methylphenacylamine hydrochloride (3-4 g.), m. p. 175—176° (from 
ethanol-ether). The pficrate crystallized from 95% ethanol as yellow prisms, m. p. 170—170-5° 
(Found: C, 47-7; H, 3-7. C,;H,,O,N, requires C, 47-6; H, 3-7%). 

N -Acetyl-8-hydroxy-4-methylphenethylamine (V; R = p-tolyl).—4-Methylphenacylamine 
hydrochloride was converted into N-acetyl-4-methylphenacylamine as described by Buu-Hoi, 
Xuong, and Khoi.%® This (4-1 g.) in 95% ethanol (100 ml.) was shaken with Adams catalyst 
(0-115 g.) and hydrogen at atmospheric temperature and pressure until 1-1 mol. of hydrogen 
had been absorbed. The solution was then filtered and evaporated under reduced pressure. 
The hydroxy-amide (3-0 g., 72%) crystallized from tetrahydrofuran as rhombs, m. p. 150—151° 
(Found: C, 68-5; H, 7-6. C,,H,,;0,N requires C, 68-4; H, 7-8%). 

1,7-Dimethylisoquinoline.—The amide (V; R = p-tolyl) (2-5 g.) in dry xylene (50 ml.) was 
added to phosphoric oxide (20 g.) and phosphorus oxychloride (5 ml.), the mixture was boiled 
under reflux for 1 hr., then treated with ice, and the aqueous layer was separated and basified. 
The oil which separated was extracted with ether, dried (K,CO,), and distilled, giving 1,7-di- 
methylisoquinoline, b. p. 148—150°/15 mm., m. p. 35—37° (0-89 g., 44%) (Found: C, 83-8; 
H, 7:4; N, 8-9. C,,H,,N requires C, 84-0; H, 7-1; N, 8-9%). The picrate crystallized from 
ethanol as yellow prisms, m. p. 223—224° (Found: C, 53-3; H, 4-3. C,,H,,N,O, requires C, 
52-9; H, 3-7%). 

1,6-Dimethylisoquinoline.—3-Methylphenacylamine hydrochloride (2 g.) gave its N-acetyl 
derivative, needles, m. p. 79—80° (from ethyl acetate-light petroleum) (1-05 g.). 

The amide (IV; R = m-tolyl) (1-0 g.), reduced catalytically as described above, gave an 
oily hydroxy-amide (V; R = m-tolyl). This was dried at 95°/15 mm., and cyclized in xylene 
to 1,6-dimethylisoquinoline, b. p. 145—150° (bath temp.)/15 mm. (0-5 g., 61-5%). The picrate 
crystallized from ethanol as yellow needles, m. p. 225—227° (Found: C, 52-5; H, 3-4%). 

8-Hydroxy-B,4-dimethylphenethylamine (VII; R = p-tolyl)—Dry 4-methylphenacylamine 
hydrochloride (11-5 g.) was added to the stirred Grignard reagent from methyl iodide (60 g.), 
in ether (600 ml.). The mixture was stirred at the b. p. for 4 hr., then cooled and treated with 
ice-water, followed by 5N-hydrochloric acid. The aqueous layer was basified with aqueous 
ammonia (d 0-88), and the liberated base was extracted with ether. The dried (Na,SO,) 
ethereal solution was distilled, giving the hydroxyamine, b. p. 148—150°/20 mm. (2-6 g., 25-4%). 
The picrate crystallized from water as yellow prisms, m. p. 180—181° (Found: C, 49-1; H, 4-4. 
CygH,,O,N, requires C, 48-75; H, 46%). 

A solution of this hydroxy-amine (2-3 g.) in 90% formic acid (50 ml.) was heated on a boiling- 
water bath for 3 hr. The solution was concentrated under reduced pressure and diluted. The 
precipitated N-formylstyrylamide (VIII; R = p-tolyl) crystallized from ethyl acetate-light 
petroleum as prisms, m. p. 157—157-5° (0-25 g.) (Found: C, 75-0; H, 7:2. C,,H,,ON requires 
C, 75-4; H, 7-5%), Amax, 278 my (logy, ¢ 4°32) in 95% EtOH. 

The acid filtrate, after separation of the amide, was basified to give some amine, and this was 
further heated with 90% formic acid to give more amide (0-15 g.)._ Total yield of amide was 
0-4 g. (16-4%). 

4,7-Dimethylisoquinoline.—The amide (VIII; R = p-tolyl) (0-4 g.) was cyclized (as described 
for 1,7-dimethylisoquinoline above) to give 4,7-dimethylisoquinoline, b. p. 140° (bath-temp.)/15 
mm. (0-13 g., 36%). The picrate crystallized from ethanol as yellow prisms, m. p. 223° (Found: 
C, 52-6; H, 3-4%). 

o-Ethylbenzaldehyde.—Ethyl N-phenylformimidate 1” (8-5 g.) was added slowly, at room 
temperature, to the stirred Grignard reagent from o-ethyliodobenzene (14-8 g.) in ether (150 ml.), 
and the mixture was then boiled for 30 min. A mixture of ice and 5n-hydrochloric acid was 
added, and the ether was distilled off, the aqueous residue being heated on a boiling-water bath 
for 30 min. The cooled mixture was extracted with ether, and the combined ethereal extracts 
were dried (Na,SO,) and distilled. The yield of o-ethylbenzaldehyde, b. p. 88—90°/11 mm., 
was 3-5 g. (40-8%). 

8-Ethylisoquinoline.—o-Ethylbenzaldehyde (1-3 g.) was mixed at room temperature with 
amino-acetal (2 g.) and then heated on a boiling-water bath for 1 hr. Ether (10 ml.) was added 
to the cooled mixture, the water was separated, and the dried (Na,SO,) ethereal solution was 
distilled, giving the aldimine (X), b. p. 148°/2-5 mm. (1°56 g., 68-3%). 

The aldimine (2-5 g.), dissolved in concentrated sulphuric acid (22 g.) at 0—5°, was added 

16 Buu-Hoi, Xuong, and Khoi, J., 1951, 255. 

17 Roberts, J. Amer. Chem. Soc., 1949, 71, 3848. 
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slowly to a mixture of concentrated sulphuric acid (3 g.) and phosphoric oxide (5 g.) at 180°. 
The mixture was then cooled, diluted, and extracted with ether. The aqueous acid layer was 
basified and extracted with ether, evaporation of the ethereal extracts giving a small quantity 
of oil. This oil, with ethanolic picric acid, gave 8-ethylisoquinoline picrate, crystallizing from 
absolute ethanol as yellow prisms, m. p. 158—160° (some needles formed in the melt; these 
vanished at 183—184°) (Found: C, 52-9; H, 3-5%). 

8-Methylphenethylamine (XII; R = Ph, R’ = Me).—w-Hydroxyiminoacetophenone (10 g.) 
was added to the stirred solution of the Grignard reagent from methyl iodide (50 g.) in ether 
(500 ml.). The mixture was boiled for 1 hr., cooled, and treated with ice-water and then with 
2n-hydrochloric acid. The ethereal layer was separated, shaken with aqueous sodium hydrogen 
carbonate, dried (Na,SO,), and distilled. The hydroxy-oxime (XI; R = Ph, R’ = Me) (9 g., 
82%) had b. p. 136—140°/0-1 mm. 

Sodium (18 g.) was added to the vigorously boiling solution of the hydroxy-oxime (XI; 
R:= Ph, R’ = Me) (9 g.) in dry ethanol (150 ml.). When all the sodium had dissolved the 
solution was concentrated and then poured into water. The amine was extracted by ether, 
dried (K,CO,), and distilled. The amine (XII; R= Ph, R’ = Me) had b. p. 112°/27 mm. 
(3 g., 40-7%). The picrate had m. p. 181° (lit.,4* m, p. 179—181°), and the benzoate had m. p. 
84° (lit.,18 m. p. 85—87°). 

8,2-Dimethylphenethylamine (XII; R= o-tolyl, R’ = Me).—Prepared as above from 
o-tolylmagnesium bromide and hydroxyiminoacetone, the hydroxy-oxime had b. p. 132— 
134°/0-5 mm. (yield 42-7%). Reduction with sodium in ethanol gave the amine (XII; R = 
o-tolyl, R’ = Me), b. p. 86—88°/1-5 mm. (40%). The picrate crystallized from ethanol as 
yellow prisms, m. p. 173—173-5° (Found: C, 50-3; H, 4-65. C,.H,,0O,N, requires C, 50-8; 
H, 4:8%). 

B-Ethylphenethylamine (XII; R= Ph, R’= Et). Prepared as described above from 
hydroxyiminoacetophenone and ethylmagnesium bromide, the hydroxy-oxime (XI; R = Ph, 
R’ = Et) had b. p. 128—130°/0-2 mm. (yield 42%). Reduction with sodium in ethanol gave 
the amine, b. p. 114—120°/20 mm. (40%). The N-formyl derivative (XIII; R = Ph, R’ = Et), 
prepared by heating the amine and 98% formic acid at 190° for 4 hr., had b. p. 150—152°/1-5 
mm. (Found: N, 7-9. C,,H,,ON requires N, 7-9%). 

4-Ethylisoquinoline (XV; R’ = Et).—The amide (XIII; R = Ph, R’ = Et) (1-5 g.) was 
cyclized, as previously described, by means of phosphoric oxide (10 g.) in xylene (50 ml.). 
Working up gave the dihydroisoquinoline (XIV; R’ = Et) (0-3 g.), b. p. 110—115° (bath- 
temp.)/13 mm. 

The dihydroisoquinoline (0-3 g.) and palladized charcoal (0-3 g.) were heated together at 
190° for 4 hr. Distillation gave the isoquinoline (XV; R’ = Et), b. p. 145° (bath-temp.)/15 
mm. The picrate crystallized from ethanol as yellow prisms, m. p. 163—164° (Found: C, 53-2; 
H, 4:1%). 


UNIVERSITY COLLEGE OF NORTH STAFFORDSHIRE, 
KEELE, STAFFs. [Received, November 13th, 1959.] 


18 Tsukervanik and Grebenyuk, Doklady Akad. Nauk S.S.S.R., 1951, 76, 223 (Chem. Abs., 1951, 45, 
6604). 
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384. Mechanism of Saccharinic Acid Formation. Part I. Com- 
peting Reactions in the Alkaline Degradation of 4-O-Methyl-p-glucose, 
Maltose, Amylose, and Cellulose. 


By GREVILLE MACHELL and G. N. RICHARDs. 


In the alkaline degradation of the 4-O-substituted glucose derivatives, 
4-O-methyl-p-glucose, maltose, amylose, and cellulose, calcium hydroxide 
favours the formation of D-glucoisosaccharinic acid whereas, in sodium 
hydroxide, fragmentation predominates. Under certain conditions, the 
latter reactions yield mainly By-dihydroxybutyric and glycollic acid, which 
possibly arise from the «8-diketone postulated as precursor of D-glucoiso- 
saccharinic acid. 


Previous work! on the alkaline degradation of partially substituted reducing sugars % 
has resulted in formulation of a general mechanism of saccharinic acid formation (I —» V), 
which confirms Isbell’s hypotheses.2 There is evidence that both inductive and mass- 
law effects * favour the elimination (II —» III) of an ether-linked substituent (OY) relative 
to that of a hydroxyl group in aqueous alkali. Thus it was observed that alkaline de- 
gradation of suitably substituted reducing sugars often produced high yields of a particular 
type of saccharinic acid, whereas similar treatment of the parent sugar yielded a complex 
mixture of saccharinic acids. Such generalisations, however, have been based almost 
entirely on reactions in lime-water at room temperature, whereas a recent study of the 
action of 0-5N-sodium hydroxide at 100° on cellulose (which may be regarded as a 4-0- 
substituted glucose) has indicated the extensive occurrence of several competing reactions, 
possibly resulting from fragmentation of an intermediate such as (IV).4 Further, a dif- 
ferent type of mechanism may be responsible *® for the formation of D-glucosaccharinic 
acid from p-[1-C™}mannose. Further confirmation of the reaction scheme (I —» V) will 
therefore be sought, with the particular object of investigating the properties of the 
postulated «$-dicarbonyl intermediates (IV) and the role of calcium in this type of reaction. 


x { x Xx 
=0 ro 7 vo CO,H 
| 
H-C-OH C-OH C-OH C=O CX*OH 
== —_~—s_—is'| == | i | 
H-C-OY H-C-OY -“ GHs qe 
Z = Z+ YO" Z Z 
(I) (11) (111) (IV) (V) 


In accordance with the above generalisations, it was known that D-glucoisosaccharinic 
acid (XI) is the major product of degradation, by lime-water, of several 4-O-substituted 
p-glucose derivatives, including the 1,4-linked glucans, viz., disaccharides,* 4-O-methy]l- 
D-glucose,’ amylose, and cellulose.* In view of the relatively slow formation of saccharinic 
acid in these cases (compared with, ¢.g., 3-O-methyl-D-glucose °), this type of system 


1 Kenner and Richards, J., 1957, 3019 and earlier references. 

2 (a) Cf. Raymond, ‘‘ Organic Chemistry,” ed. Gilman, Wiley and Sons Inc., New York, 1942, 
Vol. II, p. 1648; (6) Isbell, J. Res. Nat. Bur. Stand., 1944, 32, 45. 

® Cf., e.g., Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” Bell and Sons Ltd., London, 
1953, p. 360. 

* Richards and Sephton, J., 1957, 4492. 

5 Sowden and Kuenne, J. Amer. Chem. Soc., 1953, 75, 2788; Sowden, Blair, and Kuenne, ibid., 
1957, 79, 6450. 
Corbett and Kenner, J., 1955, 1431, and earlier references. 
Kenner and Richards, J., 1955, 1810. 
Kenner and Richards, Chem. and Ind., 1954, 1483; Machell and Richards, J., 1958, 1199. 
Kenner and Richards, J., 1954, 278. 
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appeared most suitable for a study of competing reactions. It has been shown? that 
lime-water accelerates the alkaline degradation of 3-O-methyl-D-glucose, and the present 
results indicate a similar effect in the early stages of alkaline degradation of 4-O-methyl-p- 
glucose (VI) (Table 2), maltose (VII) (Table 3), and maltulose (IX) (Table 4). In addition, 
in the later stages of the reaction a significantly greater yield of acid was obtained in 
sodium hydroxide than in lime-water. In the degradation of 4-O-methyl-D-glucose by 
sodium hydroxide the final yield of acid was considerably greater than 1-0 equiv. per 
mole. It therefore seemed possible that calcium was catalysing some stage in the formation 
of the isosaccharinic acid (VI —» XI) at the expense of fragmentation which might yield 
more than one equivalent of acid. 

Qualitative paper chromatography of the acids produced in the early stages of such 
degradations in sodium hydroxide showed the presence of considerable amounts of glycollic 
and a dihydroxybutyric acid. The former was isolated by paper chromatography and 
identified as the 4-bromophenacyl] glycollate. The dihydroxybutyric acid reacted with 
sodium metaperiodate much more rapidly than «y-dihydroxybutyric acid and was also 
isolated by paper chromatography and shown to be D-fSy-dihydroxybutyric acid by com- 
parison with an authentic sample prepared from D-$y-dihydroxybutyraldehyde. This 
acid appears to be identical with the dihydroxybutyric acid obtained by Glattfeld e¢ al. 
by aeration of an alkaline solution of maltose. 


CHO H,‘OH CH,°OH CO,H 

H-C-OH C=O =O HOHYCHYOH 
HO-C-H HO-C-H C=0 CH, 

= — — 
H-C-OR H-C-OR Hs H-C-OH 
H-C-OH a tact H-C-OH CH,OH 
CH,‘OH CH,‘OH CH,"OH 

(VI) R= Me (IX) R = Glucosyl (X) (XI) 


(VII) R = Glucosyl 
(VIII) R = 1|,4-linked 


glucosan CH,°OH CO,H 
CO,XH + Hg 
(XI}) H-C-OH 
CH,OH (XIII 


The alkaline degradation of several 4-O-substituted glucose derivatives (VI—VIII) 
was next investigated in more detail by determining the relative yields of the predominant 
acids produced under various conditions (see Table 1). All these results, except for formic 
acid, were obtained by a quantitative paper chromatographic method in which the recovery 
of an acid is dependent on its concentration on the paper (cf. ref. 11). The resultant 
correction factors have been applied as far as possible, but the results of Table 1 are subject 
to an error of 10%. Certain generalisations are, however, possible. 

It is evident that the presence of calcium favours formation of isosaccharinic acid. 
We have already postulated! the catalysis by (CaOH)* of the elimination (II —» III) 
in alkaline degradation of 3-O-alkyl-p-glucoses. In the present case, however, it was 
possible to isolate a small amount of an intermediate, tentatively identified as the diketone 
(X), by action of sodium hydroxide on maltose. This product rapidly yielded D-gluco- 
isosaccharinic acid on treatment with lime-water, and was only detected in traces in the 

10 Glattfeld and Hanke, J. Amer. Chem. Soc., 1918, 40, 987; but cf. Glattfeld and Miller, ibid., 1920, 


42, 2314. 
11 Whistler, Chang, and Richards, J. Amer. Chem. Soc., 1959, 81, 3133, 4058. 
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degradation of maltose by lime-water. It seems possible, therefore, that specific cation- 
catalysis of the rearrangement (X —» XI) may also occur and this possibility will be 
further investigated. 

In each case reported in Table 1, alkaline degradation in sodium hydroxide solution 
yields mainly products of less than six carbon atoms, which we term fragmentation 
products. Among this type of product, p-Sy-dihydroxybutyric acid predominates at low 
temperatures and it seems possible that it is associated with the formation of glycollic 
acid, the two acids arising by scission of six-carbon units. The product most likely to 
undergo such scission is the postulated intermediate (X), and the alkaline degradation 
of this and of related «8-diketones will be further investigated. The dihydroxybutyric acid 
is usually obtained in excess of glycollic acid; this disparity is greater than is apparent 
from Table 1 since only the hydroxybutyrolactone was determined and the true yield 
of the dihydroxybutyric acid will be greater by the amount occurring as the free acid 
on the paper chromatograms. 


TABLE 1. Acids (yields as percentage of total acid) formed in alkaline degradation 
of 4-O-substituted glucose derivatives. 


p-Glucoiso- B-Hydroxy- 
Formic saccharinic Glycollic Lactic y-butyro- 
Conditions Substrate (%) (%) % %) lactone * 
0-04Nn-Lime-water; 25° Maltose 2 89 -— -= =: 
Cellulose 5 88 _— — —_— 
0-04n-Lime-water; 100° 4-O-Methyl-p- 12 63 x x x 
glucose 
Cellulose <9 65 x 2 x 
Amylose 12 73 3 x 
0-05n-NaOH; 25° Maltose 11 13 23 -- 33 
Cellulose 7 20 22 -— 25 
0-5n-NaOH; 100° 4-O-Methyl-p- 32 32 x x x 
glucose 
Cellulose 36 30 9 6 8 
Amylose 35 24 x 6 x 
x Not determined. — Not detected. * Corresponding free acid not determined. 


Table 1 also shows that more formic acid is produced in concentrated sodium hydroxide 
at higher temperatures, apparently at the expense of dihydroxybutyric and glycollic acid. 
Formation of lactic acid is also favoured by higher temperatures, in accordance with 
previous observations on degradation of cellulose.*!* 


EXPERIMENTAL 


The following solvents and sprays were used for paper chromatography with Whatman 
No. 1 paper at 25°: solvents A,!* ethyl acetate—acetic acid—water (10: 1-3: 1); B,1* butan-l- 
ol—pyridine—water (6: 4:3); C,!5 butan-l-ol-ethanol—water (4: 1-1: 1-9). Sprays a@,!* sodium 
metaperiodate—potassium permanganate; 6,}’ silver nitrate-sodium hydroxide; c,!5 naphtha- 
resorcinol; d,* diphenylamine; e,!* hydroxylamine-ferric chloride; f,)® B.D.H. “4-5” in- 
dicator; g,!® p-anisidine hydrochloride. Ry, refers to lactic acid. 

Effect of Calcium in Alkaline Degradation of 4-O-Methyl-p-glucose——A solution of 4-0- 
methyl-p-glucose 7 (0-194 g. + 0-001 g.) in oxygen-free 0-1N-sodium hydroxide (25 ml.) was 
diluted to 50 ml., with an oxygen-free aqueous solution of the appropriate amount of calcium 
chloride. The solution was kept at 25° + 0-1° and at intervals aliquot portions (4 ml.) were 
added to 0-05n-hydrochloric acid (5 ml.) and immediately titrated with 0-01N-sodium hydroxide 


12 Corbett and Richards, Svensk Papperstidn., 1957, 60, 791. 

13 Richtzenhain and Moilanen, Acta Chem. Scand., 1954, 8, 704. 
1# Jeanes, Wise, and Dimler, Analyt. Chem., 1951, 28, 415. 

18 Hough, Jones, and Wadman, /., 1950, 1702. 

16 Lemieux and Bauer, Analyt. Chem., 1954, 26, 920. 

17 Trevelyan, Procter, and Harrison, Nature, 1950, 166, 444. 

18 Abdel-Akher and Smith, J. Amer. Chem. Soc., 1951, 78, 5859. 
1% Nair and Muthe, Naturwiss., 1956, 48, 106. 
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to a transient phenolphthalein end-point. Nitrogen was bubbled through the reaction sclution, 
and the flask was then stoppered after each withdrawal. The results are summarised in Table 2. 


TABLE 2. 
Calcium added Final acid yield 
(equiv./mole) ter tes bes tog tos (equiv./mole) 
0 45 70 85 105 125 1-31 
2-0 12 27 45 65 86 ca. 1-1 


(4, = time in hr. to produce * equiv. of acid per mole.) 


Paper chromatography of the non-volatile acidic products of these two reactions gave 
results almost identical with those described in detail below, for the degradation of maltose 
by sodium hydroxide and lime-water respectively. 

Alkaline Degradation of 4-O-Methyl-p-glucose at 100°.—(a) By lime-water. Samples of 4-O- 
methyl-p-glucose (0-01 g.) were heated on the boiling-water bath with oxygen-free 0-04Nn-lime- 
water (3 ml.) for varying times, then cooled, 0-05n-hydrochloric acid (4 ml.) was added, and 
the solution titrated with 0-01N-sodium hydroxide. Some calcium hydroxide separated in 
the early stages of heating. Formation of acid was observed as follows: 0-90 (1 hr.), 0-94 
(2 hr.), 1-02 (4 hr.), 1-05 (6 hr.), 1-11 (20 hr.) equiv./mole. 

(b) By sodium hydroxide. 4-O-Methyl-p-glucose (0-015 g.) in oxygen-free 0-05N-sodium 
hydroxide (2 ml.) was heated at ca. 100° as above and acids determined as follows: 1-39 (1 hr.); 
1-37 (3 hr.) equiv./mole. 

Determination of Relative Acid Yields from Degradation of 4-O-Methyl-p-glucose by Lime- 
water at 100°.—(a) D-Glucoisosaccharinic acid. An oxygen-free aqueous solution of 4-O-methy]l- 
p-glucose (0-785 g., in 30 ml.) was heated with calcium hydroxide (1 g.) on the boiling-water 
bath in an atmosphere of nitrogen with occasional shaking for 4hr. After cooling, the solution 
was filtered, saturated with carbon dioxide, concentrated to ca. 10 ml., again filtered, and 
finally evaporated to dryness. An aqueous solution (5 ml.) of the residue was next treated 
with Amberlite resin IR-120(H) (7 ml.) at 60° for 10 min., and the solution was decanted, 
combined with washings (ca. 5 ml.), and centrifuged. The clear centrifugate was shown, by 
back-titration of the excess of alkali in an aliquot portion, to contain 0-355 milliequiv. of acid 
perml. An aliquot portion of this solution (4-50 ml.) was transferred to Whatman No. 3 mM 
paper, and afte relution with solvent A, p-glucoisosaccharinic acid was determined as described 
earlier.t The acidic band contained 0-102 milliequiv. (corr.) and the lactone band 0-956 
milliequiv. (corr.) of total acids, while the free acid in the latter corresponded to 0-074 milliequiv. 
(corr.). The yield of D-glucoisosaccharinic acid therefore corresponded to 63% of the total 
acid equivalents (see Table 1). 

Qualitative paper chromatography of the acidic products in solvent A indicated that the 
minor acidic products observed ‘ in the degradation of cellulose by sodium hydroxide were 
again produced, but in considerably smaller amount. In the present experiment, however, 
more of the unidentified acid (R;, 0-34) which reacted rapidly with spray a was apparently 
formed than in the cellulose-sodium hydroxide system. The major component on the chro- 
matogram again corresponded to p-glucoisosaccharinolactone (Ry, 0-58). 

(b) Volatile acids. A solution of 4-O-methyl-p-glucose (0-0461 g.) in oxygen-free 0-03N- 
lime-water (20 ml.) was heated under nitrogen on the boiling-water bath for 6 hr., cooled, and 
passed through Amberlite resin IR-120(H) (2 ml.). An aliquot portion of the resulting acidic 
solution was distilled as described earlier * for formic acid determinations, and the distillate 
was found to contain 12% of the total acidity (see Table 1). 

Determination of Relative Acid Yields from Degradation of 4-O-Methyl-p-glucose by Sodium 
Hydroxide at 100°.—(a) D-Glucoisosaccharinic acid. A solution of 4-O-methyl-p-glucose (0-657 
g.) in oxygen-free 0-5N-sodium hydroxide (30 ml.) was heated under nitrogen on the boiling- 
water bath for l hr. After cooling, the solution was passed through Amberlite resin IR-120(H) 
(25 ml.) and excess of aqueous ammonia added to the eluate and washings, which were evapor- 
ated to dryness. An aqueous solution (5 ml.) of the residue was then treated with Amberlite 
resin IR-120(H) (7 ml.), and the proportion of p-glucoisosaccharinic acid determined as de- 
scribed above. 1-719 milliequiv. of acids were transferred to the paper, and the acid and 
lactone bands contained 0-10 and 0-52 milliequiv. (corr.) of the total acid respectively, while the 
latter included 0-081 milliequiv. of free acid. The yield of p-glucoisosaccharinic acid therefore * 
corresponded to 32% of the total acid equivalents (see Table 1). 
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(b) Volatile acids. A solution of 4-O-methyl-p-glucose (0-110 g.) in oxygen-free 0-5n- 
sodium hydroxide (5 ml.) was heated in nitrogen on the boiling-water bath for 1 hr. The 
volatile acids, determined as described above, corresponded to 36% of the total acidity, while 
determination of formic acid as described earlier * accounted for 32% of the total acidity 
(see Table 1). 

Alkaline Degradation of Maltose at 25°.—(a) In lime-water. A solution of maltose mono- 
hydrate (1-712 g.) in oxygen-free 0-040N-lime-water (250 ml.) was kept at 25° while, at intervals, 
aliquot portions (10 ml.) were (i) run into 0-05n-hydrochloric acid (10 ml.) and immediately 
titrated with 0-01N-sodium hydroxide (phenolphthalein indicator), (ii) run on to freshly washed 
Amberlite resin IR-120(H) (1 ml.) to which a drop of phenolphthalein had been added. The 
resulting mixture was stirred at room temperature until the indicator was decolorised (1—2 
min.), then for a further 2 min. and immediately filtered, and the resin was washed with water 
(3 x 5 ml.). The filtrate and washings were titrated with 0-01N-sodium hydroxide. Pro- 
cedures (i) and (ii) gave identical results over the whole range of reaction studied, but use of 
larger amounts of resin or longer periods of contact with the resin caused appreciable lactonis- 
ation and consequent apparently low acid yields (cf. ref. 6). The results are expressed in 
Table 3. 

Paper-chromatographic examination of the lime-water solution in solvent B, with sprays 
b and c, after deionisation with mixed Amberlite resins IR-120(H) and IR-B(OH), indicated 
the rapid formation of maltulose (Rp 0-26), but glucose (Ry 0-37) was not detected until after 
1:5 hr. At the same time, very faint traces of the supposed intermediate (X) (Ry 0-74) were 
detected. This compound (X) had Ry 0-50 in solvent C and possibly corresponds to the major 
neutral product of the action of sodium hydroxide on cellulose.‘ The relative amount of 
glucose increased considerably with time, while that of compound (X) increased only slightly, 
At later stages of the reaction (ca. 24 hr.) traces were observed of a substance with the same 
Ry (0-53) and reaction with spray d as 2-deoxy-p-ribose. 

(b) In 0-05N-sodium hydroxide. A solution of maltose monohydrate (1-710 g.) in oxygen- 
free 0-05N-sodium hydroxide (250 ml.) was kept at 25° and examined as in the preceding ex- 
periment. Paper chromatography indicated that formation of maltulose was again rapid. 
Glucose was again detected after 1-5 hr. and increased progressively; but in this case more 
of the supposed intermediate (X) was present, and for the first 7 hr. of the reaction appeared 
to be of similar concentration to glucose, although at later stages the latter predominated. 
The neutral products at later stages of the reaction became more complex (see below). 

Alkaline Degradation of Maltulose at 25°.—(a) In lime-water. A solution of maltose (0-333 g.) 


TABLE 3. Alkaline degradation of maltose at 25°. 
0-04N-Lime-water 0-05N-Sodium hydroxide 

Acid produced Acid produced Acid produced Acid produced 
(equiv./mole) Time (equiv./mole) i (equiv./mole) i (equiv./mole) 

(i) (ii) (hr.) (i) (ii) . (i) ii : (i) (ii) 
0-001 0-005 29-5 0-908 0-899 , 0-264 _ 
0-010 0-014 54 1-15 ~ ° 0-383 — 
0-042 0-038 77 1-29 — ; 0-857 0-846 
0-102 _ 148 1:50 1-50 ° 1-15 — 
0-249 0-250 198 1-62 _ P 00 1-61 _— 
0-806 ~—— 


l 
018 1-93 — 


TABLE 4. Alkaline degradation of maltulose at 25°. 
0-04n-Lime-water 0-05n-Sodium hydroxide 
Acid produced Acid produced 
[«}p*® (equiv./mole) (i) [a]p*> (equiv./mole) (i) 
+ 63° 0-02 + 64° 0-005 
~- 0-05 - = 0-01 
+59 0-11 +63 0-02 
+50 0-24 +61 0-02 
+41 0-40 +60 0-025 
+36 0-51 +58 0-03 
+32 0-60 +56 0-05 
+27 0-67 +52 0-09 
+ 22:5 0-71 +48 0-125 
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in oxygen-free 0-039N-lime-water (50 ml.) was kept at 25° and examined as described above 
for maltose. The results are expressed in Table 4. 

(b) In 0-05N-sodium hydroxide. A solution of maltulose (0-333 g.) in oxygen-free 0-05n- 
sodium hydroxide (50 ml.) was treated as in the preceding experiment. Paper chromatography 
indicated more of the compound (X) in the early stages of the reaction (1—7 hr.) than in the 
preceding experiment. 

Acidic Products from Alkaline Degradation of Maltose at 25°.—(a) In lime-water. A solution 
of maltose monohydrate (35-0 g.) in oxygen-free 0-04N-lime-water (5 1.) was kept at 25° for 
3-5 hr., then saturated with carbon dioxide and concentrated to 200 ml. After filtration the 
solution was passed through Amberlite resin IR-120(H) (20 ml.) and stirred at room temperature 
overnight with De-acidite FF resin (25 g.; air dried; 200—400 mesh; low cross-linked, car- 
bonate form).2® The latter resin was next separated by filtration, washed continuously with 
water for 4 hr., and then eluted with N-aqueous ammonia (600 ml.). The eluate and washings 
were concentrated to 50 ml., and then passed through Amberlite resin IR-120(H) (20 ml.). 
An aliquot portion (100 ml. from 117 ml.) of the combined eluate and washings from this treat- 
ment was distilled for determination of formic and total volatile acids, and lactic acid was 
determined in a further sample, as described earlier.* 

Paper chromatography in solvent A with sprays a, e, and f, of the non-volatile acids indicated 
that p-glucoisosaccharinolactone (Ry, 0-58) was the major product, but an unidentified acid 
(Ry, 0-34, reacting readily with spray a) and a lactone (Ry, 0-69) corresponding to a 3-deoxy- 
p-pentonolactone, were also readily detected. 

The acidic residue from the distillation for determination of volatile acid was dissolved in 
water (10 ml.) and analysed for p-glucoisosaccharinic acid by paper chromatography as de- 
scribed above. 

The amount of free acidity in the lactone band was similar to that observed with the authentic 
saccharinic acid and was considerably less than that observed in a similar reaction in sodium 
hydroxide (see below). Results of the above determinations are recorded in Table 1. 

(b) In 0-05N-sodium hydroxide. A solution of maltose monohydrate (28-0 g.) in oxygen- 
free 0-05N-sodium hydroxide (4 1.) was kept at 25° for 6-5 hr., and the pH of the solution then 
reduced to 8 by stirring with Amberlite resin IR-120(H) (120 ml.). The resin was filtered off 
rapidly, and the filtrate evaporated to ca. 200 ml. under reduced pressure and 
passed through a column of Amberlite resin IR-120(H) (30 ml.) into a stirred suspension of 
Amberlite resin IRA-400(carbonate) (30 ml:). After overnight stirring, the resin was collected 
in a column, and the solution of neutral products rejected. Acids were then eluted from the 
resin with N-ammonium carbonate (2 1.) during 24 hr., and the eluate was evaporated to dryness 
at 70°/15 mm. to decompose the excess of eluant. The residue of ammonium salts was treated 
with Amberlite resin IR-120(H) (10 ml.) in a column, and the acidic effluent treated as described 
for the corresponding stage of the preceding reaction. Results for the yield of formic acid and 
other volatile acids are recorded in Table 1. 

Paper chromatography of the non-volatile acids as in the preceding experiment indicated 
the presence of the following components: (i) D-glucoisosaccharinic acid (Ry, 0-19); (ii), (iii) 
unindentified acids (R;, 0-32 and Ry, ca. 0-49); (iv) pD-glucoisosaccharinolactone (Ry, 0-58); 
(v) By-dihydroxybutyric acid (Ry, 0-61); (vi) glycollic acid (Ry, 0-76); (vii) B-hydroxy~y-butyro- 
lactone (Ry, 1:04). There were also smaller amounts of material corresponding to the two 
3-deoxy-p-pentonolactones (Ry, 0-70 and Ry, 0-78). A portion of the non-volatile acids was 
transferred to a Whatman No. 3 mm paper (56 x 61 cm.) developed with solvent A at 25° 
for 7 hr., and the components corresponding to glycollic acid and §-hydroxy-y-butyrolactone 
were eluted. The former yielded 4-bromophenacyl glycollate, m. p. and mixed m. p. 143— 
145°, while from the latter was prepared brucine fy-dihydroxybutyrate, m. p. 179—180°, 
mixed m. p. with authentic compound (see below) 177—178°, [aJ,,!”7 —27-25° (Found: N, 5-2. 
Calc. for C,,H,,0,N,: N, 545%). From this brucine salt, after treatment with Amberlite 
resin IR-120(H), was prepared the corresponding phenylhydrazide; on crystallisation from 
ethanol-ethyl acetate, this compound showed m. p. and mixed m. p. (see below) 98—99° 
(Found: N, 13-0. Calc. for C,gH,,N,O,: N, 13-3%). 

Quantitative analysis of the non-volatile acid mixture as previously described was carried 
out on a second portion of the mixture, and gave the results shown in Table 1. 

Periodate Oxidation of By-Dihydroxybutyric Acid.—The preceding experiment was repeated 


* Cf. Machell, J., 1957, 3389. 
3R 
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and part of the eluate from the paper chromatogram, containing B-hydroxy-y-butyrolactone 
(total acidity, 0-154 milliequiv. in 20 ml.), was treated with 0-1N-sodium hydroxide (2 ml.) at 
50° for 10 min. The solution was cooled and neutralised with hydrochloric acid, 0-1M-sodium 
metaperiodate (5 ml.) was added, and the whole was diluted to 50 ml. The consumption of 
periodate at room temperature was determined by reaction with acidic potassium iodide and 
titration with sodium thiosulphate as follows: 0-95 (0-5 hr.), 1-07 (1-5 hr.), 1-67 (4-5 hr.), 1-82 
(7 hr.), 2-7 (24 hr.) moles/equiv. 

A further sample of the lactone solution (0-154 milliequiv. in 20 ml.) was neutralised as 
above, 0-1m-sodium metaperiodate (3 ml.) added, and the whole kept at room temperature 
for 30 min. The solution was then stirred with an excess of a mixture of the resins Amberlite 
IR-120(H) and De-acidite G(OH) for 30 min., filtered, and treated with a saturated solution 
of 2,4-dinitrophenylhydrazine in 2N-hydrochloric acid (20 ml.). After being kept at 0° over- 
night the yellow precipitate was separated, washed with 2Nn-hydrochloric acid and then water, 
and dried (0-0249 g.). When recrystallised several times from ethanol, this material had m. p. 
164—166° alone or in admixture with the formaldehyde derivative. 

Neutral Products of the Action of 0-05N-Sodium Hydroxide on Maltose.—A solution of maltose 
monohydrate (7-10 g.) in oxygen-free 0-05N-sodium hydroxide (1 1.) was kept at 25° for 6-5 
hr., passed through a column of Amberlite resin IR-120(H) (80 ml.) and concentrated to 100 
ml. The resulting solution was stirred with Amberlite resin IRA-400(carbonate) (20 ml.) at 
room temperature for 1 hr. (final conductivity 3-5 umho), then filtered and evaporated to dry- 
ness. Paper chromatography of the colourless syrupy residue (R) (7-00 g.) in solvent B, with 
sprays 6 and c, indicated the presence of maltose (Rp 0-24, main component), maltulose (Rp 
0-26), glucose (Rp 0-37), traces of fructose (Rp 0-405) and psicose (Rp 0-43), and the supposed 
intermediate (X) (Rp 0-74, orange when heated with spray c). 

A small amount of the last component was isolated in the pure state by chromatography 
of (R) in solvent B on Whatman No. 3 MM paper, and treated with saturated lime-water at 
room temperature for 1 hr. No neutral products were ‘detected in the resulting solution and 
after treatment with Amberlite resin IR-120(H), chromatography in solvent A with sprays 
e and f indicated the presence of only p-glucoisosaccharinic acid (R,, 0-19) and its lactone 
(Ry, 0-58). 

Acidic Products from Alkaline Degradation of Cellulose.—(a) In lime-water at 25°. Hydro- 
cellulose was prepared as described elsewhere; * the material (50 g.) was suspended in 0-04n- 
lime-water (1 1.) in the absence of oxygen at 25° for 9 days. Undissolved hydrocellulose was 
then filtered off, and the acidic products formed (4-5 milliequiv.) were isolated as indicated 
in previous sections. Paper chromatography of the acids in solvent A with sprays e and f 
revealed components corresponding to D-glucoisosaccharinic acid (Ry, 0-18) and the related 
lactone (Ry, 0-58). Determination of these, and the volatile components of the mixture, gave 
the results shown in Table 1. 

(b) In lime-water at 100°. Hydrocellulose (10-6 g.) was heated at 100° with 0-04Nn-lime- 
water (500 ml.) for 1 hr. in nitrogen. The acidic products (9-16 milliequiv.) were isolated, 
and paper chromatography of the mixture as in (a) indicated the presence of the components 
reported in (a), but, in addition, an unknown acid (Fy; 0-30) (reacting rapidly with spray a), 
By-dihydroxybutyric acid (Ry, 0-60), glycollic acid (Ry 0-76), lactic acid (R;, 1-00), and #- 
hydroxy-y-butyrolactone (Ry 1-04) were detected. Smaller amounts of the two 3-deoxy-p- 
pentonolactones (Ry, 0-68 and 0-76) and an unknown lactone (Ry, 0-82) were also found. The 
proportions of the acids in the mixture were determined, and are reported in Table 1. 

(c) In 0-05N-sodium hydroxide. UHydrocellulose (50 g.) was treated with 0-05Nn-sodium 
hydroxide (1 1.) at 25° for 16 days. Paper chromatography of the acidic products (3-68 milli- 
equiv.) indicated the presence of D-glucoisosaccharinic acid (Ry, 0-18), D-glucoisosaccharino- 
lactone (Ry, 0-57), By-dihydroxybutyric acid (Ry, 0-61), glycollic acid (Ry, 0-77), and 6-hydroxy- 
y-butyrolactone (R, 1-03). There were indications of smaller amounts of an unknown acid 
(Ry ca, 0-45), the two 3-deoxy-p-pentonolactones (Ry; 0-68 and 0-76), and an unknown lactone 
(Ry, 0-83); lactic acid (Ry, 1-00) was not detected. The results of a partial quantitative analysis 
of the mixture of acids are given in Table 1. 

(d) In 0-5N-sodium hydroxide at 100°. The experiment of Richards and Sephton * was 
repeated: Hydrocellulose (10 g.) was treated with 0-5n-sodium hydroxide (100 ml.) in the 
absence of oxygen at 100° for 30 min. Paper chromatography of the acidic products (14-45 
milliequiv.) indicated the presence in the mixture of all the components reported under (c), 
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but also gave strong indications of lactic acid (Ry, 1-00). The proportions of the components 
in the mixture were determined and results are given in Table 1. ; 

Acidic Products from Alkaline Degradation of Amylose.—(a) In lime-water at 100°. Toa 
freshly prepared solution of amylose (1 g.) in water (100 ml.) was added solid calcium hydroxide 
(1 g.), and the mixture was then kept at 100° for 4 hr. in the absence of oxygen. Paper 
chromatography of the acidic products formed (1-86 milliequiv.) indicated that they were 
similar to those formed from cellulose under similar conditions; the proportions of the various 
acids are recorded in Table 1. 

Preparation of D-(—)-By-Dihydroxybutyraldehyde (2-Deoxy-D-tetrose).—The method used was 
essentially that of Venner.*4_ From p-xylose (50 g.) was obtained a mixture of calcium salts, 
which was degraded by the Ruff procedure with hydrogen peroxide (2 x 27 ml. portions) and 
ferric acetate (2-8 g.) (as catalyst). The filtered solution was then deionised by passage through 
successive columns of Amberlite resins IR-120(H) (500 ml.) and IR-45 (750 ml.). Evaporation 
of the solution under reduced pressure afforded a syrup (3-2 g.) which was examined by paper 
chromatography in solvent A. Spray e revealed lactones corresponding to the two 3-deoxy- 
p-pentonolactones, Ry 0-69 and 0-77, and $-hydroxy-y-butyrolactone, Ry, 1-03. The syrup 
was then dissolved in water (50 ml.) and stirred with De-Acidite FF (200—400 mesh; low 
cross-linked) (carbonate) (30 ml.) for 24 hr. to adsorb the lactones. After the resin had been 
filtered off, the solution was again evaporated to a syrup (1-8 g.), and shown by paper chroma- 
tography as above to contain only traces of lactone. Further chromatography in solvent B 
with spray b revealed material of Rp 0-67 corresponding to authentic D-(—)-Sy-dihydroxy- 
butyraldehyde *? (kindly supplied by Dr. D. C. C. Smith), and smaller amounts of impurities 
having Ry 0-25, 0-48, and 0-88. 

Oxidation of D-(—)-By-Dihydroxybutyraldehyde to D-(—)-By-Dihydroxybutyric Acid.—The 
crude p-(—)-Sy-dihydroxybutyraldehyde obtained above was oxidised with bromine water in 
the presence of excess of barium carbonate in the usual way. Unchanged bromine and barium 
carbonate were removed, and the colourless solution was run through a column of Amberlite 
IR-120(H) resin (100 ml.). The acidic effluent was neutralised with silver carbonate, the 
precipitate of silver bromide filtered off, and silver removed from the filtrate by passing it 
through a column of Amberlite IR-120(H) resin (50 ml.). Concentration of the effluent gave 
a syrup which was examined by paper chromatography in solvent A. Spray f revealed a 
main component corresponding to Py-dihydroxybutyric acid (Ry; 0-60), and smaller amounts 
of unknown acids having Ry, 0-32, 0-42, 0:76, and 0-91. Spray e revealed a single lactone spot 
corresponding to 8-hydroxy-y-butyrolactone (Ry, 1-04). 

The acid syrup was transferred to four sheets of Whatman No. 3 mM paper (56 x 61 cm.) 
and the chromatogram developed in solvent A for 7 hr. Elution of the lactone bands from 
each paper gave a total neutral solution which was shown by titration in the usual way to 
contain 5-75 milliequiv. of lactone. Paper chromatography of this lactone as described gave 
a single spot corresponding to §-hydroxy-y-butyrolactone (Ry 1-03). A portion of the lactone 
was converted into brucine p-Sy-dihydroxybutyrate which crystallised readily from ethanol 
and had m. p. 178—179°, [a], —21-6° (Found: C, 62-8; H, 6-7; N, 5-5. Calc. for C,,H,,0O,N,: 
C, 63-0; H, 6-6; N, 5-45%). Glattfeld e¢ al.1° gave m. p. 178°, [a],,2° —29-42°, for this salt, 
and {a],,2° —23-6° for the product obtained from maltose. 

From a second portion of the lactone was obtained p-Sy-dihydroxy-N-phenylbutyro- 
hydrazide, which after two crystallisations from ethyl acetate had m. p. 98—98° (Found: C, 
57-1; H, 6-6; N, 13-1. Calc. for C,)H,,N,O,: C, 57-2; H, 6-7; N, 13-3%). Glattfeld et al.1° 
record m. p. 102° for this phenylhydrazide. 


Thanks are offered to M. J. Blears for experimental assistance and to A. T. Masters 
for the microanalyses. This work and that in the three following papers form part of the 
programme of fundamental research undertaken by the Council of the British Rayon Research 
Association. 


British RAYON RESEARCH ASSOCIATION, HEALD GREEN LABORATORIES, 
WYTHENSHAWE, MANCHESTER, 22. (Received, September 17th, 1959.) 


*t Venner, Chem. Ber., 1957, 90, 121. 
2 Smith, J., 1957, 2690. 








1932 Machell and Richards: Mechanism of 


385. Mechanism of Saccharinic Acid Formation. Part II The 
a8-Dicarbonyl Intermediate in Formation of D-Glucoisosaccharinic Acid. 


By GREVILLE MACHELL and G. N. RICHARDS. 


4-Deoxy-3-oxo-p-fructose has been isolated after treatment of maltose 
with sodium hydroxide, and characterised. This product gives a 90% yield 
of p-glucoisosaccharinic acid in lime-water and yields a complex mixture 
of acidic products in sodium hydroxide. From a comparison of acid yields 
it is concluded that all 4-O-substituted D-glucose derivatives, including 
cellulose and amylose, are degraded in alkali mainly to 4-deoxy-3-oxo-p- 
fructose, which may subsequently yield several different acidic products. 
Presence of calcium catalyses the benzilic acid rearrangement of 4-deoxy-3- 
oxo-D-fructose to pD-glucoisosaccharinic acid and so reduces the relative 
yields of the other products. In dilute sodium hydroxide at 25°, considerable 
fragmentation to glycollic, By-dihydroxybutyric, and formic acid occurs. 


In the preceding paper! we reported the detection of a supposed intermediate in the 
degradation of maltose by dilute sodium hydroxide at 25°. By using similar conditions 
we have now isolated this intermediate and shown it to be 4-deoxy-3-oxo-D-fructose (I). 
a8-Dicarbonyl compounds have often been postulated as intermediates in the alkaline 
degradation of carbohydrates to saccharinic acids, but have never previously been isolated 
from this type of reaction. The proof of structure is based on elemental analysis, pre- 
paration of a 2,4-dinitrophenylosazone in fair yield under very mild conditions, acetylation 
of the 2,4-dinitrophenylosazone, and oxidation by hydrogen peroxide.?_ Glycollic (II) and 
®y-dihydroxybutyric acid (III) were identified as the major products of the oxidation, but 


H,*OH CH,*OH 
| (II) 
¢ CO,H 
7° [ol = 
—> 
qs sad 
eae rus 
CH,°OH H-C-OH (III) 
(1) CH,°OH 


the quantitative results (Table 1) were complicated by overoxidation, particularly of 
glycollic acid. The yield of By-dihydroxybutyric acid (82°) under optimum conditions 
confirms that the product is essentially 4-deoxy-3-oxo-p-fructose, but since it was isolated 


TABLE 1. Acids formed on oxidation of 4-deoxy-3-0x0-D-fructose 
(2-5 millimol.) with hydrogen peroxide. 


Duration of oxidation (hr.) ..............sceeeeeees 1 2-5 5 
Total acid (milliequiv.)  .............scseeeeeeeeees 4-84 4-99 4-32 
Formic acid (milliequiv.) ................ssssseseses 0-33 0-70 0-96 
Other volatile acids (milliequiv.) ............... 0-21 0-45 0-72 
Glycollic acid (milliequiv.) ............ccseeeeeeees 1-22 1-35 } 2-64 
By-Dihydroxybutyric (milliequiv.) ............... 1-33 * 2-05 " 


* Lactone only; corresponding free acid not determined. 


from an alkaline solution it is very probable that small amounts of isomers, resulting from 
tautomerisation, are present. Further, the product isolated will almost certainly exist 
1 Part I, Machell and Richards, preceding paper. 


2 Boeseken, Rec. Trav. chim., 1911, 30, 142. 
% Hatcher and Holden, Trans. Roy. Soc. Canada, 1926, 20, 407. 
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mainly as a mixture of cyclic forms and hydrates derived from (I), by analogy with the 
sugar osones. 

Treatment of 4-deoxy-3-oxo-pD-fructose with lime-water at 25° gave p-glucoiso- 
saccharinic acid in 90% yield, and so confirmed the view that the former compound is 
an intermediate in formation of this acid. The high yield, however, does not necessarily 
mean that the product isolated has 90°% purity, since the possible tautomeric contaminants 
would also be converted by way of (I) into D-glucoisosaccharinic acid in alkali. The 
acidic products resulting from degradation under various conditions of alkalinity and 
temperature were determined and are shown in Table 2. Comparison of these results 
with those from similar alkaline degradations of 4-O-methyl-p-glucose, maltose, amylose, 
and cellulose! shows considerable qualitative and quantitative similarity. We may 
therefore conclude that the alkaline degradation of all of the 4-O-substituted glucose 
derivatives so far studied proceeds mainly by elimination of the 4-O-substituent to yield 
the diketone (I), which subsequently is degraded by various mechanisms to give complex 
mixtures of acidic products. 


TABLE 2. Acids (% total acid equiv.) from 4-deoxy-3-0x0-D-fructose in alkali. 


0-04N-Lime- 0-05n-Sodium 0-5n-Sodium 

Acid water; 25° hydroxide; 25° hydroxide; 100° t¢ 
UN * Sccducesavtnnatpcuietinncanrendciben 1-7 19 20 
Other volatile acids ............ssseeeees 0-7 1 4: 
pD-Glucoisosaccharinic ...........0ss000+ 90 23 33 
NE ne ccthcerstencndeccesnssuatevwosoene x 19 6 
By-Dihydroxybutyric [ ............55- x 26 16 
BE Sidiidvndemeyitinxsasbclighensdupdeteved — — 6 

* Short-term (24 hr.) reaction. + Reaction carried out on neutral products from short-term 

treatment with 0-05n-sodium hydroxide (previous column). x Not determined. -— Not detected. 


t Lactone only; corresponding free acid not determined. 


TABLE 3. Rate of acid formation from 4-deoxy-3-ox0-D-fructose 
in 0-04N-lime-water at 25°. 


Time Acid formed Time Acid formed Time Acid formed Time Acid formed 
(hr.) (equiv./mole) (hr.) (equiv./mole)  (hr.) (equiv./mole) (hr.) (equiv./mole) 
0-25 0-61 3 0-82 48 0-86 664 0-91 

0-5 0-74 7 0-84 120 0-88 1628 0-94 

1 0-78 24 0:85 288 0-89 


TABLE 4. Rate of acid formation from 4-deoxy-3-0x0-D-fructose 
in 0-O5N-sodium hydroxide at 25°. 


Time Acid formed Time Acidformed Time Acid formed Time Acid formed 
(hr.) (equiv./mole) (hr.) (equiv./mole) (hr.) (equiv./mole) (hr.) (equiv./mole) 
0-5 0-07 7-5 0:37 120 0-84 1152 1-18 

2 0-17 24 0-67 288 0-90 1656 1-21 

4:5 0-27 48 0-76 648 1-13 


A comparison of the rate of acid formation from 4-deoxy-3-oxo-D-fructose in lime-water 
(Table 3) and in 0-05N-sodium hydroxide (Table 4) at 25°, shows very much more rapid 
development of acidity in the former case. In view of the high yield of D-glucoisosaccharinic 
acid in lime-water, and of the known catalysis by calcium salts of the benzilic acid re- 
arrangement of glyoxal, we interpret these results as due to catalysis of the benzilic acid 
rearrangement of the diketone (I) to D-glucoisosaccharinic acid, possibly by (CaOH)*. 
This is evidently the reason for the failure to detect this intermediate in previous studies 
of lime-water degradation of 4-O-substituted glucoses (see references cited earlier 1). 

The isolation of glycollic and #y-dihydroxybutyric acid from alkaline degradation of 
4-deoxy-3-oxo-p-fructose confirms the earlier suggestion } that in the alkaline degradation 
of 4-O-substituted glucoses these products arise by fragmentation of the diketone. The 
mechanism of the alkaline scission in «$-dicarbonyl compounds is, however, unknown. In 

* Machell and Richards, following paper. 
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the aromatic «$-diketones the scission has usually been assumed to be hydrolytic, whereas 
for diacetyl it has been suggested that it may occur by a redox mechanism.' This type 
of reaction is reviewed elsewhere ® and in the present case a decision between the two 
types of scission is not possible. The neutral products which would result from hydrolysis 
have not been detected. Glycollaldehyde would result from this type of scission and its 
2,4-dinitrophenylhydrazone has therefore been prepared and attempts made to isolate 
the latter from treatment of the neutral products of alkaline degradation of the diketone 
(I). The results indicate that glycollaldehyde is not present in more than traces, but a 
preliminary investigation of the behaviour of glycollaldehyde in dilute sodium hydroxide 
at 25° showed rapid disappearance so that it may still be a primary product of alkaline 
degradation of the diketone (I). 

Lactic acid was not detected as a product of short-term treatment of the diketone (I) 
with dilute sodium hydroxide at 25°; but, when the neutral products of such a reaction 
were isolated and treated with sodium hydroxide at 100°, a considerable amount of lactic 
acid was obtained (Table 1). These experiments suggest that the lactic acid is derived 
from a primary neutral product of alkaline degradation of the diketone, but they are not 
in accordance with the earlier suggestion ? of the intermediate formation of a ketohexose, 
since such an intermediate would yield lactic acid comparatively rapidly. 

Considerable quantities of formic acid were obtained on treatment of the diketone 
with sodium hydroxide. The source of this acid is not known, but it may be associated 
with the formation of the 3-deoxy-D-pentonic acids which have repeatedly been detected 
by paper chromatography. 


EXPERIMENTAL 

The following solvents and sprays were used for chromatography on Whatman No. 1 paper 
at 25°: solvents; A, butan-l-ol—pyridine—water (6: 4:3); B,* ethyl acetate—acetic acid—water 
(10: 1-3: 1); C, butan-l-ol-ethanol—water (4: 1-1: 1-9). Sprays: a,® silver nitrate-sodium 
hydroxide; 0b, a saturated solution of 2,4-dinitrophenylhydrazine in 2N-hydrochloric acid; 
c,” B.D.H. 4:5 indicator; d,!1 hydroxylamine-ferric chloride; e,!* naphtharesorcinol—2n- 
hydrochloric acid. 

Total acids in solutions containing lactonisable acids were determined by adding a two-fold 
excess of alkali, storing the mixture for 30 min. at room temperature, and titrating it with acid 
to pH 9. Free acids in the same solutions were titrated directly to a transient end-point with 
phenolphthalein. 

Degradation of Maltose in 0-05N-Sodium Hydroxide at 25°.—(a) Reaction vate. Maltose 
monohydrate (4:49 g.) was dissolved in an equivalent amount (250 ml.) of 0-05Nn-sodium 
hydroxide in the absence of oxygen, and the solution kept at 25°. Aliquot portions (20 ml.) 
were withdrawn at intervals, added to excess of 0-05n-hydrochloric acid (20 ml.), and titrated 
immediately with 0-01N-sodium hydroxide. The amount of acid formed was: 0-002 (1 hr.), 
0-006 (2 hr.), 0-009 (3 hr.), 0-012 (4 hr.), 0-016 (5 hr.), 0-018 (6 hr.), and 0-022 (7 hr.) equiv./mole. 

Further samples (1 ml.) were withdrawn at 1 hr. intervals, treated with Amberlite IR-120(H) 
resin (0-5 ml.), and the resulting solutions examined by paper chromatography in solvent A. 
Spray a revealed maltose, Ry 0-24, glucose, Rp 0-37, and a component, Rp 0-74, which also 
reacted rapidly with spray 6. Visual estimation indicated that the concentration of the latter 
component reached a maximum after reaction for 5 hr. 

(b) Isolation of neutral products. Maltose monohydrate (81 g.) was treated with 0-05N- 
sodium hydroxide (4-5 1.) as described under (a). After 5 hr., the pH of the solution was 
quickly reduced to 8 by the step-wise addition of Amberlite IR-120(H) resin (ca. 135 ml.) with 
stirring, the resin filtered off, and the filtrate evaporated under reduced pressure to ca. 250 ml. 
von Euler and Hasselquist, Arkiv Kemi, 1949, 1, 325. 

Machell, /., 1960, 683. 

Richards and Sephton, J., 1957, 4492. 

Richtzenhain and Moilanen, Acta Chem. Scand., 1954, 8, 704. 
Trevelyan, Procter, and Harrison, Nature, 1950, 166, 444. 

10 Nair and Muthe, Naiurwiss., 1956, 48, 106. 


1 Abdel-Akher and Smith, J. Amer. Chem. Soc., 1951, 78, 5859. 
* Hough, Jones, and Wadman, /J., 1950, 1702. 
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The concentrate was then deionised by adding, with stirring, a mixture of the Amberlite resins 
IR-120(H) (20 ml.) and IRA-400 (carbonate) (40 ml.), the pH of the solution being kept above 
4:5 by a suitable rate of addition. The final conductivity of the solution was <10 umho. 
After removal of the resins by filtration, the solution was evaporated to a syrup under reduced 
pressure, and the syrup dried to constant weight (77 g.) over phosphoric oxide in vacuo. Paper 
chromatography of the syrup as in (a) indicated the presence of small amounts of the component 
of Ry 0-74. 

Attempts were made to extract this carbonyl compound from the syrup by using solvent 
mixtures, é¢.g., methanol—ether and methanol-acetone in various proportions. However, even 
in the most favourable case, the extent of enrichment was more than offset by the small amount 
of extract obtained. The whole of the syrup was then transferred to a large cellulose column 
(75 x 4:5 cm.) and eluted with 98% ethanol. Paper chromatography of the eluate fractions 
indicated that virtually all the desired carbonyl compound was contained in the initial 1-5 1. 
of eluate. However, traces of glucose and an unknown compound, of Rp 0-80 (solvent A), were 
also present. Evaporation of the eluate, followed by drying of the residue over phosphoric 
oxide in vacuo, yielded a syrup (0-7 g.). 

Three batches of impure carbonyl compound were isolated in this way, combined, and 
transferred to a smaller cellulose column (60 x 3 cm.). Elution with ethyl methyl ketone- 
water azeotrope afforded a component, Rp 0-74 (solvent A), which was free from impurities. 
The dried residue of carbonyl compound was taken up in water (20 ml.) and stored at 0° over- 
night, and then a small amount of white solid was filtered off. The filtrate was then evaporated 
under reduced pressure and, after drying over phosphoric oxide at 50°/0-1 mm., there was 
obtained, as a yellow-green hygroscopic syrup, 4-deoxy-3-ox0-D-fructose (1-35 g.), [a],2* —24-1° 
(c 3-32 in H,O), Amex. 2780 A (ec 80) (Found: C, 44-3; H, 6-65. C,H,,O, requires C, 44-4; H, 
62%). A methanolic solution of this compound gave no colour with a solution of ferric chloride 
in the same solvent; after the addition of pyridine, however, a wine-red colour resulted (cf. 
4-hydroxypentane-2,3-dione) .¥ 

Preparation of Derivatives.—Crude 4-deoxy-3-oxo-D-fructose (0-55 g.) was added to a satur- 
ated solution (800 ml.) of 2,4-dinitrophenylhydrazine in 2Nn-hydrochloric acid at 20°. An 
orange-red precipitate was formed immediately; after 1 hr., this was filtered off and extracted 
with boiling alcohol to remove the monohydrazone impurity. The residue (0-78 g.), crystallised 
twice from anisole, afforded 4-deoxy-3-ox0-p-fructose bis-2,4-dinitrophenylhydvazone, m. p. 256° 
(Found: C, 41-6; H, 3-5; N, 21-6. C,,;H,,0,,N, requires C,41-4; H, 3-45; N, 21-5%). 

A portion of this hydrazone (0-2 g.) was dissolved in dry pyridine (1 ml.), and acetic anhydride 
(0-7 ml.) was added. After 24 hr. at room temperature, the product was poured into water, 
and the precipitate collected. After crystallisation from ethyl acetate-ethanol and recrystallis- 
ation from ethyl acetate alone, the triacetate had m. p. 200—201° (Found: C, 44-1; H, 3-8; 
N, 17-0. C,..H,,0,,N, requires C, 44-4; H, 3-7; N, 17-3%). 

Oxidation of 4-Deoxy-3-o0x0-D-fructose with Hydrogen Peroxide.—(a) Identification of products. 
4-Deoxy-3-oxo-p-fructose (0-4 g.) in water (4 ml.) was treated with 30% hydrogen peroxide 
(4 ml.) at 100° for 2-5 hr. Unchanged peroxide was then decomposed by adding a trace of 
catalase to the diluted acidic product, and the acids were separated, by distillation of the 
aqueous solution at 50°/12 mm., into volatile and non-volatile fractions. The presence of 
formic acid in the former was established by qualitative tests, while the same fraction gave 
a precipitate with a saturated solution of 2,4-dinitrophenylhydrazine in 2N-hydrochloric acid. 
Crystallisation of this hydrazone precipitate from glacial acetic acid afforded a dark red solid 
(ca. 20 mg.), m. p. 270° (decomp.), which was not examined further. 

Paper chromatography of the solution of non-volatile acids with solvent B and sprays c 
and d revealed components corresponding to fy-dihydroxybutyric acid (Ry, 0-60), glycollic 
acid (Ry, 0-76), and $-hydroxy-y-butyrolactone (Ry, 1-03). Traces of two unknown acids, 
R;, 0-65 and 0-82 severally, were also present (subscript L refers to lactic acid). A portion 
of the acid solution was transferred to a Whatman No. 3 mM paper (56 x 61 cm.) and de- 
veloped in solvent B. The components corresponding to (i) glycollic acid and (ii) B-hydroxy- 
y-butyrolactone were separately eluted with water. From eluate (i) was prepared 4-bromo- 
phenacyl glycollate, having m. p. and mixed m. p. 141—143° after two crystallisations from 
benzene. Eluate (ii) was treated with excess of brucine at 100°, and the brucine By-dihydroxy- 
butyrate produced crystallised from ethanol (m. p. and mixed m. p. 179—180°). 


13 Hesse and Stahl, Chem. Ber., 1956, 89, 2414. 
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(b) Rate of formation of acidic products. With the amounts indicated under (a), three 
further oxidation experiments were carried out for the following reaction times: (i) 1 hr., 
(ii) 2-5 hr., (iii) 5 hr. In each case, the proportions of volatile and non-volatile acids, and the 
formic acid in the former fraction, were determined. Paper chromatography of the non- 
volatile acids as in (a) gave similar results to those reported therein, except that the product 
from (i) contained a larger amount of the unknown acid, Ry 0-65. In case (ii), a portion of the 
non-volatile acid was separated on a Whatman No. 3 mM paper as described, and the propor- 
tions of glycollic and By-dihydroxybutyric acid + its lactone were determined as described else- 
where. In case (i), the presence of a significant amount of the acid, Ry, 0-65, prevented de- 
termination of the free By-dihydroxybutyric acid, and only the yield of the corresponding lactone 
is reported. Owing to the high proportion of volatile acids obtained in case (iii), analysis of the 
non-volatile fraction was not undertaken. MResults are recorded in Table 1. 

Action of Lime-water on 4-Deoxy-3-0x0-p-fructose at 25°.—(a) Rate of acid formation. A 
solution of 4-deoxy-3-oxo-p-fructose (0-196 g.) in water (5 ml.) was diluted to 100 ml. with 
0-042N-lime-water, then kept at 25° + 0-1° in the absence of oxygen, the initial deep yellow 
colour being gradually discharged. It was not possible to measure the rate of acid formation 
by back-titration as described earlier, since it was too fast for a reliable ‘‘ blank ’’ to be de- 
termined for 0 hr. Consequently, aliquot portions (5 ml.) of solution were withdrawn and 
stirred with Amberlite IR-120(H) resin (0-5 ml.) for 5 min., the resin was quickly filtered off, 
and the acid in the filtrate titrated immediately with 0-01N-sodium hydroxide. Results are 
shown in Table 3. 

(b) Isolation of products. 4-Deoxy-3-oxo-p-fructose (1-34 g.) was added to oxygen-free 
0-042N-lime-water (1 1.) at 25°. After 24 hr. at this temperature, the solution was neutralised 
by carbon dioxide, and then evaporated to ca. 100 ml. under reduced pressure. The filtered 
concentrate was passed through a column of Amberlite IR-120(H) resin (30 ml.) directly into 
a stirred suspension of De-Acidite FF resin (200—400 mesh; low cross-linked) (30 g., air-dried) 
in the carbonate form. After 24 hours’ stirring the resin was filtered off and washed with 
water, and the combined filtrate and washings were evaporated under reduced pressure. 
Further drying over phosphoric oxide in vacuo afforded a syrup (45 mg.) which was examined 
by paper chromatography in solvent C. Spray b revealed components of Rp 0-29, 0-38, 0-49 
(unchanged starting material), 0-59, 0-67, and 0-75, while additional components of Rp 0-09 
and 0-14 were developed by spray a. This complex mixture was not investigated further. 

Acids were eluted from the De-Acidite resin by N-ammonium carbonate (600 ml.) in 4 hr., 
the eluate evaporated to dryness under reduced pressure, and the residue finally heated at 
70°/15 min. to decompose the excess of eluent. The residue of ammonium salts was taken 
up in water (25 ml.), the solution treated with Amberlite IR-120(H) resin (15 ml.) in a column, 
and the acidic effluent diluted to 100 ml. Titration of an aliquot portion of this solution 
established the presence of 7-50 milliequiv. of total acid. An initial separation of the acids 
in this solution by methods previously described gave the following results on an equivalent 
basis: formic acid, 1-7%; other volatile acids, 0-7%; non-volatile acids, 97-6%. 

Paper chromatography of the non-volatile acids in solvent B with sprays c and d revealed 
components corresponding to p-glucoisosaccharinic acid, Ry, ca. 0-15, and p-glucoisosaccharino- 
lactone, Ry, 0-58. With very heavy loading, traces of material corresponding to glycollic acid, 
Ry, 0-75, and 8-hydroxy-y-butyrolactone, Ry, 1-04, were also detected. A portion (5 milliequiv.) 
of the non-volatile acid was heated with excess of calcium hydroxide at 80° for 10 min. Unused 
hydroxide was then filtered off, and the filtrate neutralised with carbon dioxide, and re-heated 
at 80° for 10 min. After filtration from calcium carbonate, the solution of calcium salts was 
concentrated to 20 ml. under reduced pressure, and then stored at 2° for several days. The 
crystals of calcium «-p-glucoisosaccharinate (0-13 g.) obtained were collected, then dissolved 
in water, and treated with Amberlite IR-120(H) resin (5 ml.) in a column. Evaporation of 
the effluent to dryness under reduced pressure, followed by drying over phosphoric oxide in 
vacuo to induce lactonisation, yielded a syrup (0-11 g.). This was extracted with boiling ethyl 
acetate, and from the extract, after recrystallisation from ethyl acetate-light petroleum, was 
obtained a-p-glucoisosaccharinolactone, m. p. and mixed m. p. 90—92°. 

A further portion of the solution of non-volatile acids was transferred to a Whatman No. 3 
MM paper, and the proportion of p-glucoisosaccharinic acid + lactone determined as previously 
described, and found to be 90% of the total acid produced in the original alkaline treatment. 
Action of Sodium Hydroxide on 4-Deoxy-3-ox0-p-fructose at 25°.—(a) Rate of acid formation. 
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A solution of 4-deoxy-3-oxo-p-fructose (0-205 g.) in water (ca. 5 ml.) was diluted to 100 ml. with 
0:05n-sodium hydroxide, then kept at 25° with oxygen absent, the original pale yellow colour 
changing to brown. Aliquot portions (5 ml.) of the solution were at intervals added to 0-05n- 
hydrochloric acid (5 ml.), the excess of acid being titrated immediately with 0-01N-sodium 
hydroxide. Asa check, several similar portions of solution were examined by the resin method 
detailed above; satisfactory agreement was obtained. Results are recorded in Table 4. 

(b) Isolation of products from short-term reaction. 4-Deoxy-3-oxo-p-fructose (1-35 g.) was 
treated with 0-05N-sodium hydroxide (250 ml.) under oxygen-free conditions at 25°. After 
24 hr., the neutral (see d below) and acidic (5-50 milliequiv.) products were separated as 
described for the lime-water reaction, and the acidic products then separated further into 
volatile and non-volatile fractions. The volatile acid readily yielded 4-bromophenacy] formate, 
which, crystallised from aqueous ethanol, had m. p. and mixed m. p. 138—139°. The proportion 
of formic acid in the volatile fraction was then determined. Paper chromatography of the 
non-volatile acid fraction in solvent B with sprays c and d revealed components corresponding 
to p-glucoisosaccharinic acid, Fy, 0-17, and the related lactone, Ry, 0-58, By-dihydroxybutyric 
acid, Ry, 0-60, glycollic acid, Ry, 0-76, and §-hydroxy-y-butyrolactone, Ry, 1-04. There was also 
a trace of an unknown acid, Ry ca. 0-55, and small amounts of two lactones, Ry, 0-69 and 0-78 
respectively, which correspond to the two 3-deoxy-pD-pentonolactones. Even with very heavy 
loading of the chromatogram, lactic acid (Ry, 1-00) was not detected. 

A portion of the non-volatile acid solution was separated on a Whatman No. 3 Mm paper, and 
the components corresponding to 8-hydroxy-y-butyrolactone eluted with water. From the 
eluate was prepared brucine fy-dihydroxybutyrate, m. p. and mixed m. p. 180°. . From a 
second portion of the solution of non-volatile acids, the proportions of the acids were determined 
by chromatography on Whatman No. 3 mM paper. The results obtained under this heading 
are now summarised, the proportions of the acids produced being: formic, 19% ; other volatile 
acids, 1%; D-glucoisosaccharinic, 23%; glycollic, 19%; and @-hydroxy-y-butyrolactone, 26%. 
It was not possible to determine the free ®y-dihydroxybutyric acid owing to the complexity 
of the mixture. 

(c) Long-term reaction. 4-Deoxy-3-oxo-p-fructose (0-021 g.) was treated with 0-05N-sodium 
hydroxide at 25° as described under (b), but the reaction time was increased to 1500 hr. Paper 
chromatography of the non-volatile acids then produced revealed components corresponding 
to those obtained in the 24 hr. reaction, but, in addition, material corresponding to lactic acid, 
Ry, 1-00, was readily detected. 

(d) Neutral products. The neutral products from (b) were examined by paper chromato- 
graphy in solvent A; spray 6 revealed components of Ry 0-56, 0-63, and 0-70. Application 
of spray e produced a single vivid blue spot, Ry 0-56; with the same spray, Py-dihydroxy- 
butyraldehyde (kindly provided by Dr. D. C. C. Smith) gave a purple spot, Rp 0-68, and glycoll- 
aldehyde a vivid blue spot, Rp 0-73. 

A portion (0-36 g.) of the neutral products was treated with a solution of 2,4-dinitrophenyl- 
hydrazine (1-0 g.) in 0-5N-hydrochloric acid (500 ml.). Slow precipitation commenced after 
5 min., but the mixture of products was not resolved. 

Action of Sodium Hydroxide on the Neutral Products at 100°.—A second batch of neutral 
products was obtained by repetition of the short-term sodium hydroxide reaction described 
above. This material was treated with 0-5N-sodium hydroxide for 1 hr. at 100° in the absence 
of oxygen, and, after cooling, the dark brown product was separated into acidic (3-16 milli- 
equiv.) and neutral fractions, the latter being rejected. Paper chromatography of the acids 
revealed components corresponding to those recorded for the sodium hydroxide reactions 
already described, including lactic acid, Ry 1-00. Analysis of the acidic solution afforded the 
following results for the proportions of acids present: formic, 20%; other volatile, 4%; p- 
glucoisosaccharinic, 33%; glycollic, 6%; and lactic, 6%. The proportion of $-hydroxy-y- 
butyrolactone (free acid not determined) was 16%. 

Reaction of Glycollaldehyde with 2,4-Dinitrophenylhydrazine.—Glycollaldehyde (0-068 g.) was 
treated with a solution of 2,4-dinitrophenylhydrazine (0-2 g.) in 0-5N-hydrochloric acid (150 ml.). 
The flocculent yellow precipitate was filtered off after 15 min., and after crystallisation first 
from hot water, and then from ethanol, gave orange needles (0-160 g.) of glycollaldehyde 2,4- 
dinitrophenylhydrazone, m. p. 162—163° (Found: C, 39-7; H, 3-3; N, 23-4. C,H,O,N, requires 
C, 40-0; H, 3-3; N, 23-3%). 

Action of Sodium Hydroxide on Glycollaldehyde at 25°.—Glycollaldehyde (0-076 g.) was 
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dissolved in 0-05N-sodium hydroxide (250 ml.) at 25° in the absence of oxygen. Aliquot 
portions (25 ml.) of this solution were withdrawn at intervals, and deionised with a mixture 
of Amberlite resins IR-120(H) (2-5 ml.) and IRA-400(carbonate) (5 ml.). Paper chromato- 
graphy of the resulting solutions in solvent A with spray a indicated that the glycollaldehyde 
(Ry 0-73) had reacted rapidly with the alkali, and after 4 hr. appeared to have been almost 
completely consumed. The solution then remaining was complex, containing components 
with the following Ry values: 0-28, 0-36, 0-44, 0-56, and 0-60, the last two also reacting with 
spray b. 


Thanks are offered to A. T. Masters, of this Association, and Mrs. B. Evans, of British Nylon 
Spinners, for the microanalyses. 


British RAYON RESEARCH ASSOCIATION, HEALD GREEN LABORATORIES, 
WYTHENSHAWE, MANCHESTER, 22. (Received, September 17th, 1959.] 


386. Mechanism of Saccharinic Acid Formation. Part III.* The 
«-Keto-aldehyde Intermediate in Formation of D-Glucometasaccharinic Acid. 


By GREVILLE MACHELL and G. N. RICHARDS. 


An a-keto-aldehyde intermediate has been isolated after treatment of 
3-O-benzyl-p-glucose with sodium hydroxide, and shown by the preparation 
of derivatives and oxidative degradation to be 3-deoxy-p-glucosone. It 
rearranges in alkali to give an almost quantitative yield of p-glucometa- 
saccharinic acids; rearrangement is faster in lime-water than in sodium 
hydroxide. 


In the foregoing paper was described the isolation, in very small yield, of the precursor 
of p-glucoisosaccharinic acid formed from maltose by sodium hydroxide. Isolation of 
the corresponding postulated precursor (II) of D-glucometasaccharinic acid (III) would be 
expected to be more difficult, since the formation of D-glucometasaccharinic acid from 
3-O-substituted glucose derivatives (I) is known to be faster than that of the iso-acid from 
4-O-substituted glucose derivatives. It would therefore be of advantage to enhance the 
rate of the elimination step (I —» II) relative to that of the subsequent rearrangement 
(II —» III). The rate of the elimination is governed, inter alia, by the nature of the 
substituent group, R, being highest when R is benzyl;+ 3-O-benzyl-p-glucose (I; R = 
CH,Ph) was thus chosen as the starting material for this work. The formation of acid 
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HO ?= CO,H H-CO,H 
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from a solution of 3-O-benzyl-p-glucose in lime-water was faster than in sodium hydroxide 
solution of comparable normality (Table 1), indicating the same type of catalysis by 
calcium as was observed with 3-O-methyl-p-glucose.1_ Sodium hydroxide was therefore 





* Part II, preceding paper. 
1 Kenner and Richards, J., 1957, 3019. 
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used in attempts to isolate the D-glucometasaccharinic acid precursor. In conditions 
similar to those used for isolation of the D-glucoisosaccharinic acid precursor, 3-deoxy-D- 
glucosone (II) was obtained in 3-7% yield, while 72% of the 3-O-benzyl-p-glucose was 
recovered unchanged and some D-glucometasaccharinic acid was also obtained. The 





TABLE 1. Rate of acid formation in action of alkali on 3-O-benzyl-D-glucose at 25°. 


Acid formed (equiv./mole) Acid formed (equiv./mole) 


Time Time 
(hr.) 0-04N-Lime-water 0-05n-NaOH (hr.) 0:04N-Lime-water 0-05n-NaOH 
0-5 0-070 0-034 4 0-510 0-264 
1 0-150 0-066 5 0-578 0-330 
2 0-290 0-150 7-5 0-715 0-450 
3 0-418 0-196 24 0-910 0-736 


product (II) gave a satisfactory elemental analysis; it was amorphous and presumably 
contained derived cyclic forms believed to be present in glucosone.? 

The product (II) rapidly formed a bis-2,4-dinitrophenylhydrazone at room temperature 
and acetylation of the bishydrazone gave a triacetate. More complete proof of the 
structure resulted from oxidation with hydrogen peroxide. In absence of pH control a 
complex mixture of products was obtained, but when pH 8 was maintained during the 
oxidation, under the conditions previously found to be most suitable for oxidation of 
pyruvaldehyde,* formic and 2-deoxy-p-ribonic acid were obtained. The phenylhydrazide 
of the latter acid was identical with the phenylhydrazide of authentic 2-deoxy-p-ribonic 
acid prepared by oxidation of 2-deoxy-D-ribose with bromine. 

With lime-water or with 0-05n-sodium hydroxide at 25°, 3-deoxy-D-glucosone very 
rapidly yielded p-glucometasaccharinic acids in almost theoretical yield (Table 2), together 
with very small amounts of formic acid. Thus the present work provides the first direct 
verification of the postulated mechanism ! for formation of D-glucometasaccharinic acids 
from alkaline degradation of 3-O-alkyl-p-glucoses. By analogy, this evidence also 
provides convincing support of Isbell’s mechanism of formation of metasaccharinic acids 
from the unsubstituted hexoses.4 The more rapid formation of acid from 3-deoxy-p- 
glucosone in lime-water than in 0-05N-sodium hydroxide (Table 3) indicates catalysis of 


TABLE 2. Acids (% of total acid equiv.) formed in alkali treatment of 3-O-benzyl- 
D-glucose and 3-deoxy-D-glucosone at 25°. 
p-Glucometa- 


saccharinic 
Alkali Substrate a B Formic 
0-04Nn-Lime-water 3-O-Benzyl-p-glucose 36 60 2 
ie 3-Deoxy-p-glucosone 37 50 + 
0-05n-NaOH 3-O-Benzyl-p-glucose 19 73 4 


TABLE 3. Rate of acid formation in action of alkali on 3-deoxy-D-glucosone at 25°. 


Acid formed (equiv./mole) Acid formed (equiv./mole) 


Time Time 
(hr.) 0-04n-Lime-water 0-05n-NaOH (hr.) 0-04N-Lime-water 0-05n-NaOH 
0-5 0-56 0-31 4 0-73 0-65 
1 0-63 0-43 7 0-77 0-72 
2 0-68 0-53 24 0-90 0-85 


the benzilic acid rearrangement (II —» III) by calcium, similar to that observed with 
glyoxal.5 Further, the fact that alkaline degradation of 3-deoxy-D-glucosone to D-gluco- 
metasaccharinic acid (Table 3) is much faster than the corresponding degradation of 3-0O- 
benzyl-p-glucose (Table 1)-is consistent with the earlier suggestion } that the elimination 


2 Bayne and Fewster, Adv. Carbohydrate Chem., 1956, 11, 43. 
3 Friedemann, J. Biol. Chem., 1927, 78, 331. 

* Isbell, J. Res. Nat. Bur. Stand., 1944, 32, 45. 

5 O’Meara and Richards, Part IV, this series. 
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(I —» II) is rate-controlling. Consequently the suggestion ! of catalysis of the elimin- 
ation by calcium remains an additional possibility to the now established calcium-catalysis 
of the subsequent rearrangement (II —» III). 

A significant difference was observed (Table 2) in the relative amounts of «- and $-pD- 
glucometasaccharinic acid obtained in the alkaline degradation of 3-O-benzyl-p-glucose by 
lime-water and by sodium hydroxide, while the same ratio of isomers was obtained from 
3-0-benzyl-p-glucose as from 3-deoxy-D-glucosone in lime-water. The stereospecificity of 
the benzilic acid rearrangement (II —» III) thus appears to be influenced by cationic 
catalysis. There is considerably less fragmentation in alkaline degradation of both 
3-0-benzyl-D-glucose and 3-deoxy-D-glucosone than of 4-O-substituted glucose derivatives 
and 4-deoxy-3-oxo-D-fructose (Part II). This is no doubt due at least in part to the 


CHN*NH*CgHy(NO,)s HO CH!N-NH+C,H,(NO 
2 


CH:OMe a pensions 
| 
CH 


H*NH*NH'C,H,(NO,)s 
H-C-OH 
H-C-OH 


CH,*OH 
(VI) 


relatively faster overall reaction in the former cases, and may be compared to the alkaline 
degradation of glyoxal ® where only the rearrangement type of reaction was detected. 

In an earlier paper® the product (V) of alkaline degradation of 2,3-di-O-methyl-p- 
glucose was treated with 2,4-dinitrophenylhydrazine, and the resulting derivative 
tentatively identified as (VI). This derivative has now been found to be identical with 
the 3-deoxy-D-glucosone bis-2,4-dinitrophenylhydrazone described above. It is concluded 
therefore, that under the prevailing conditions, the aldehyde (V) probably suffered 
acidic hydrolysis of the vinyl ether grouping (cf. ref. 7) to yield the enol (VII) of 3-deoxy-p- 
glucosone, which would readily yield the bishydrazone (VIII). 

The bishydrazone (VIII) has been reported § to be produced by prolonged treatment of 
3-deoxy-D-mannose with 2,4-dinitrophenylhydrazine in 2N-hydrochloric acid at 100°. 
The product of this reaction (A; m. p. 206°), however, was evidently not the same as the 
3-deoxy-D-glucosone bis-2,4-dinitrophenylhydrazone (VIII) (m. p. 273°) obtained in the 
present work. Repetition of the experiment of Foster e¢ al.8 yielded a product of similar 
melting point (212°) and nitrogen content to those reported for (A), but the analysis of this 
product for carbon and hydrogen and its molecular weight did not correspond to the value 
required for (VIII). Similar treatment of 3-O-methyl-p-glucose with acidic 2,4-dinitro- 
phenylhydrazine at 100° yielded a product very similar to (A). The products of these 
reactions have not been identified, but it is possible that they are mixtures and that their 
formation involves acidic degradation of the original carbohydrate moiety. 


EXPERIMENTAL 


Paper chromatography was carried out with Whatman No. 1 paper at 25° and the following 
solvents and sprays. Solvents: A, butan-l-ol—pyridine-water (6:4:3); B, ethyl methyl 
ketone—water azeotrope; C,° ethyl acetate—acetic acid—water (10: 1-3: 1). Sprays: a,!° silver 


* Kenner and Richards, J., 1956, 2921. 

7? Zahorka and Weimann, Monatsh., 1938, 71, 229. 

8 Foster, Overend, Stacey, and Vaughan, J., 1953, 3308. 

® Richtzenhain and Moilanen, Acta Chem. Scand., 1954, 8, 704. 
1 Trevelyan, Procter, and Harrison, Nature, 1950, 166, 444. 
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nitrate-sodium hydroxide; b, a saturated solution of 2,4-dinitrophenylhydrazine in 2N-hydro- 
chloric acid; c,#4 B.D.H. 4-5 indicator; d }* hydroxylamine-ferric chloride. 

Preparation of 3-O-Benzyl-p-glucose.—A modification of the method of Adams é¢ al.!* was 
employed. A mixture of 1,2:5,6-di-O-isopropylidene-p-glucose (80 g.), powdered potassium 
hydroxide (100 g.), and toluene (200 ml.) was heated (reflux), and benzyl chloride (200 ml.) added 
during 3 hr. with stirring. After cooling and storage overnight, the 3-O-benzyl-1,2:5,6-di-O- 
isopropylidene-D-glucose was isolated in the usual manner, and purified by distillation (b. p. 
126°/<0-01 mm.) (Found: C, 65-5; H, 7-3. Calc. for CjgH,,0,: C, 65-2; H, 7-4%). Acidic 
hydrolysis of this compound afforded a product which crystallised readily from ethyl methyl 
ketone-light petroleum, to give 3-O-benzyl-p-glucose (50 g., 61%), m. p. 127—129°, [a],,2° +-41-9° 
(24 hr. equil.; ¢ 1-5 in H,O) (Found: C, 57-9; H, 6-4. Calc. for C,,H,,0,: C, 57-8; H, 6-65%). 

Paper chromatography of the crystalline product with solvent A and spray a established its 
purity further. 

Degradation of 3-O-Benzyl-p-glucose in 0-05N-Sodium Hydroxide at 25°.—(a) Reaction rate. 
3-O-Benzyl-p-glucose (0-27 g.) was dissolved in an equivalent amount (20 ml.) of 0-05N-sodium 
hydroxide in the absence of oxygen at 25°. Aliquot portions (1 ml.) of the solution were with- 
drawn at intervals, added to an excess of 0-01N-hydrochloric acid (5 ml.), and titrated im- 
mediately with 0-01N-sodium hydroxide. Results are given in Table 1. 

Further aliquot portions (1 ml.) withdrawn at similar intervals were deionised by treatment 
with a mixture of the Amberlite resins IR-120(H) (0-5 ml.) and IRA-400(carbonate) (1 ml.). 
Paper chromatography of the deionised solutions in solvent A with spray a revealed unchanged 
3-O-benzyl-p-glucose, Rp 0-78, and a component, Ry 0-50, which reacted rapidly with spray b. 
The concentration of the latter component appeared to reach a maximum after 3 hours’ 
reaction. 

(b) Isolation of products. 3-O-Benzyl-p-glucose (27 g.) was treated with 0-05Nn-sodium 
hydroxide (2 1.) as described under (a). After 3 hr., the pH of the solution was quickly reduced 
to 8 by the step-wise addition of Amberlite IR-120(H) resin (ca. 50 ml.) with stirring, the resin 
filtered off, and the filtrate evaporated under reduced pressure to 100 ml. The concentrate was 
then deionised by adding with stirring a mixture of the Amberlite resins IR-120(H) (30 ml.) and 
IRA-400(carbonate) (70 ml.), the pH of the solution being kept above 4-5 by adjusting the rate 
of addition. When the conductivity of the solution had fallen to 10 umho, the mixed resins, on 
which were adsorbed the acidic products of the reaction, were filtered off and further treated 
as under (ii). The filtrate containing the neutral products was examined as under (i). 

(i) Neutral products. The solution was evaporated under reduced pressure, and paper 
chromatography of the resulting syrup in solvent B with spray a revealed a component, Rp 
ca. 0-13, which reacted rapidly with spray b, and unchanged 3-O-benzyl-p-glucose, Rp 0-70. 
The whole of the syrup was transferred to a cellulose column (75 x 4:5 cm.) and eluted with 
ethyl methyl ketone—water azeotrope. Evaporation of the initial 2 1. of eluate afforded pure 
3-O-benzyl-p-glucose (19-5 g.), which crystallised readily. Further elution gave the desired 
carbonyl compound; on drying over phosphoric oxide at 50°/0-01 mm., the initial syrup frothed 
to give, in a light, extremely hygroscopic form, 3-deoxy-D-glucosone (0-63 g.), [a),7° 0° + 1° (c 2in 
H,O) (Found: C, 44-8; H, 6-3. C,H,.O; requires C, 44-4; H, 6-2%). The absorption spectrum 
of this material in water showed no peak in the range 2200—3400 A. 

(ii) Acidic products. The mixed resins used in the deionisation above were eluted with N- 
ammonium carbonate (2-5 1.) during 24 hr., and the eluate was evaporated to dryness at 
70°/15 mm. to decompose the excess of eluant. An aqueous solution of the residue was then 
passed through a column of Amberlite IR-120(H) resin (100 ml.) and the acids (18-5 milliequiv.) 
in the effluent were separated into volatile (0-92 milliequiv.) and non-volatile (17-58 milliequiv.) 
fractions by distillation. Formic acid (0-74 milliequiv.) in the former was then determined." 
Paper chromatography of the non-volatile fraction in solvent C with sprays c and d revealed 
components corresponding to the p-glucometasaccharinic acids, Ry ca. 0-15, and the related 
a- and B-lactones, Ry 0-55 and 0-62 respectively (subscript L refers to lactic acid). 

A portion (2-54 millieqyiv.) of the solution of non-volatile acids was transferred to two 
Whatman No. 3 mM papers (56 x 61 cm.), and the chromatograms were developed in solvent 


11 Nair and Muthe, Naturwiss., 1956, 48, 106. 

12 Abdel-Akher and Smith, J. Amer. Chem. Soc., 1951, 78, 5859. 
18 Adams, Reeves, and Goebel, J]. Biol. Chem., 1941, 140, 653. 
4 Richards and Sephton, J., 1957, 4492. 
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C.145 Subsequent application of spray d showed that the two lactones were almost completely 
separated, and that there appeared to be a much larger amount of the 8- than of the a-lactone. 
Consequently, only the former lactone was isolated, and freed from paper extractives by 
repeated extraction of the lactone with ethyl acetate. Crystallisation of the product from 
ethyl acetate then gave 8-p-glucometasaccharinolactone, m. p. and mixed m. p. 90—92°. 

A further portion (1-27 milliequiv.) of the non-volatile acid fraction was transferred to a 
Whatman No. 3 MM paper and the chromatogram developed as above. The fractions corre- 
sponding to the p-glucometasaccharinic acids and the related «- and #-lactones were then 
separately eluted, and the respective amounts determined by titration. After application of the 
approximate correction for loss on the paper, the following results were obtained: D-gluco- 
metasaccharinic acids, 0-20; a-lactone, 0-21; 8-lactone, 0-82; total 1-23 milliequiv. 

From these results the proportions of all the acids produced, on an equivalent basis, were as 
follows: formic, 4%; other volatile acids, 1%; «-p-glucometasaccharinic, 19%; 8-pD-gluco- 
metasaccharinic, 73%. 

Derivatives of 3-Deoxy-D-glucosone.—3-Deoxy-D-glucosone (0-049 g.) was added to a saturated 
solution of 2,4-dinitrophenylhydrazine in 2N-hydrochloric acid (200 ml.) at 20°. A flocculent 
orange-red precipitate was formed at once, and after 15 min. this was collected; the filtrate gave 
virtually no further precipitate during the ensuing 24 hr. The solid was washed with hot 
ethanol to remove any monohydrazone, and the dried residue (0-126 g., 80%) crystallised from 
anisole, yielding red needles of 3-deoxy-p-glucosone bis-2,4-dinitrophenylhydrazone, m. p. 273— 
274° (Found: C, 41-2; H, 3-7; N, 21-5. (C,,H,,0,,N, requires C, 41-4; H, 3-45; N, 21-5%). 
When this compound was mixed with the bis-2,4-dinitrophenylhydrazone from the product of 
alkaline degradation of 2,3-di-O-methyl-p-glucose * the mixture had m. p. 267—-269° (decomp.), 
and the two bishydrazones gave very similar X-ray powder photographs. 

The bishydrazone (0-037 g.) was treated in pyridine with an excess of acetic anhydride for 
24 hr. at 20°. After isolation in the usual way and crystallisation from ethyl acetate-ethanol, 
the triacetate had m. p. 183° (Found: C, 44-4; H, 3-8. C,,H,,0O,,N, requires C, 44-4; H, 3-7%). 

Oxidation of 3-Deoxy-p-glucosone with Hydrogen Peroxide.——(a) At 100°. 3-Deoxy-p- 
glucosone (0-025 g.) was treated with 30% hydrogen peroxide (0-5 ml.) in water (0-5 ml.) for 
1 hr. at 100°. After cooling, the solution was diluted with water (25 ml.) and the unused 
peroxide destroyed by catalase. The acidic products (0-29 milliequiv.) were separated into 
volatile (0-13 milliequiv.) and non-volatile (0-16 milliequiv.) fractions, and formic acid (0-10 
milliequiv.) in the former was determined. 

Paper chromatography of the non-volatile acids in solvent C with sprays c and d revealed 
two unknown acids, Ry, 0-59 and 0-79 severally, and a component corresponding to 2-deoxy-p- 
ribonolactone, Ry, 0-83 (see below). 

(b) At 20° in presence of alkali. 3-Deoxy-p-glucosone (0-253 g.) was dissolved in a mixture 
of 30% hydrogen peroxide (5 ml.) and water (10 ml.). To this was added 0-1N-sodium 
hydroxide, the rate of addition being controlled to maintain the pH of the reaction mixture at 8. 
After 26-8 ml. of alkali had been added in 45 min., the pH of the solution began to increase, 
and the reaction was judged to be complete. The solution was treated with catalase, then 
with Amberlite IR-120(H) resin (5 ml.), and the resulting mixture of acids separated into 
volatile (0-78 milliequiv.) and non-volatile (1-35 milliequiv.) fractions. The former appeared 
to contain formic acid only, identified as 4-bromophenacyl formate, m. p. and mixed m. p. 
138—139°. 

Paper chromatography of the non-volatile fraction as above indicated that the main com- 
ponent corresponded to 2-deoxy-p-ribonolactone, Ry, 0-83. There were also traces of unknown 
lactones, Ry, 0-51 and 0-63, and a trace of an unidentified acid, Ry, 0-43. The whole of the non- 
volatile fraction was transferred to a Whatman No. 3 mM paper, and the component, Ry, 0-83, 
isolated in the pure state by chromatography and subsequent elution. Attempts to crystallise 
this lactone were unsuccessful, and the whole of the product was treated with phenylhydrazine 
(0-3 ml.) for 30 min. at 100°. After removal of unchanged base in ice-cold ether, the residue 
was crystallised from ethanol—ethyl acetate, affording 2-deoxy-p-ribonic phenylhydrazide, 
m. p. and mixed m. p. 147—149° (see below for authentic compound) (Found: C, 54-9; H, 
6-8; N, 11-3. Calc. for C,,H,,0,N,: C, 55-0; H, 6-7; N, 11-65%). (Overend e¢ al.** give m. p. 


18 Cf. Machell and Richards, J., 1957, 4500. 
1® Deriaz, Overend, Stacey, Teece, and Wiggins, J., 1949, 1879. 
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145—146° for the corresponding compound of the L-series, whereas Gakhokidze 1” reports m. p. 
176—178° for the D-compound.) 

Action of Lime-water on 3-Deoxy-p-glucosone.—(a) Rate of acid formation. 3-Deoxy-p- 
glucosone (0-0652 g.) was added to 0-043N-lime-water (20 ml.) in the absence of oxygen at 25°. 
A deep yellow solution resulted but the colour disappeared as reaction proceeded. At intervals, 
aliquot portions (3 ml.) of the solution were added to 0-05n-hydrochloric acid (3 ml.), and the 
excess of mineral acid was immediately titrated with 0-01N-sodium hydroxide. Results are 
shown in Table 3. 

(b) Isolation of products. 3-Deoxy-p-glucosone (0-34 g.) was treated with 0-043Nn-lime-water 
(200 ml.) for 48 hr. asin (a). The solution was then neutralised with carbon dioxide, evaporated 
under reduced pressure to ca. 25 ml., and passed through a column of Amberlite IR-120(H) resin 
(10 ml.) on to a stirred suspension of De-acidite FF resin (200—400 mesh; low cross-linked) 
(carbonate) (10 g.).1 After 2 hours’ stirring the resin was filtered off and washed with water, 
and the acids were eluted with N-ammonium carbonate (200 ml.) during 3 hr. The acids 
(1-71 milliequiv.) were isolated from the eluate as described earlier, and separated into volatile 
(0-16 milliequiv.) and non-volatile (1-55 milliequiv.) fractions; the former contained formic 
acid (0-07 milliequiv.). 

Paper chromatography of the non-volatile acids as above indicated the presence of the 
p-glucometasaccharinic acids and their lactones only. As there appeared to be comparable 
amounts of the «- and £-lactones, the isolation of both by preparative paper chromatography 
was undertaken. The $-lactone obtained was crystallised from ethyl acetate (m. p. and mixed 
m. p. 91—92°), while the «-lactone crystallised readily from ethyl acetate-light petroleum 
(m. p. and mixed m. p. 104—106°). 

A further portion of the non-volatile acids was separated on Whatman No. 3 MM paper, and 
the proportions of the acids and lactones were determined as above. All the results under this 
heading are now summarised as follows: formic, 4%; other volatile acids, 5%; «-p-glucometa- 
saccharinic, 37%; §-p-glucometasaccharinic acid 50%. 

Action of Sodium Hydroxide on 3-Deoxy-D-glucosone at 25°.—The rate of acid formation from 
3-deoxy-D-glucosone (0-080 g.) in 0-05N-sodium hydroxide (25 ml.) was followed as for the lime- 
water reaction, and gave the results recorded in Table 3. The solution (2 ml.) remaining from 
the sampling was treated with Amberlite IR-120(H) resin; paper chromatography of the 
resulting non-volatile acids as described showed the presence of the p-glucometasaccharinic 
acids and their lactones only. 

Degradation of 3-O-Benzyl-p-glucose in n Lime- water at 25°.—(a) Rate of acid formation. 3-0- 
Benzyl-p-glucose (0-54 g.) was dissolved in an equivalent amount of 0-04N-lime-water (50 ml.), and 
the rate of acid formation followed as described in earlier sections. Results are given in Table 1. 

(b) Isolation of products. 3-O-Benzyl-p-glucose (1-35 g.) was treated with an excess of 
0-04Nn-lime-water (250 ml.) for 72 hr., and the acidic products (4-65 milliequiv.) were isolated as 
detailed previously. The acids were then separated by distillation into volatile (0-80 milliequiv.) 
and non-volatile (4-57 milliequiv.) fractions; quantitative analysis of the latter gave the follow- 
ing results for the proportions of acids produced in the original reaction: volatile (mainly 
formic), 2%; «-p-glucometasaccharinic, 36%; §-p-glucometasaccharinic, 60%. 

Preparation of 2-Deoxy-p-ribonic Acid.—A portion (7-2 g.) of 3-O-benzyl-p-glucose, recovered 
from the column-chromatographic procedure described above, was treated with oxygen-free 
0-04n-lime-water (2 1.) for 42 hr. at 25°. The mixture of calcium a- and 6-p-gluco- 
metasaccharinate formed was degraded by the Ruff procedure, and crude 2-deoxy-p-ribose 
(1-75 g.) isolated as a syrup. Oxidation of the latter in water (10 ml.) with bromine (3-5 ml.) 
in the presence of an excess of barium carbonate afforded 2-deoxy-p-ribonic acid, which was 
converted into the lactone (1-63 g.) by drying over phosphoric oxide at 50°/0-01 mm. Paper 
chromatography of the lactone syrup with solvent C and sprays c and d gave a main lactone 
spot, Ry, 0-83, with traces of unknown lactones, Ry, 0-64 and 1-02, and a trace of an unidentified 
free acid, Ry, 0-58. 

A portion (0-25 g.) of the crude lactone was purified by chromatography on Whatman 
No. 3 mM paper, and then “converted, as described above, into 2-deoxy-p-ribonic phenyl- 
hydrazide, m. p. 148—149° (Found: C, 55-1; H, 6-7; N, 11-4%). 

1” Gakhokidze, Zhur. obshchei Khim., 1945, 15, 539. 


18 Cf. Machell, J., 1957, 3389. 
1 Richards, J., 1954, 3638. 
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Interaction of 3-Deoxy-p-mannose and 3-O-Methyl-p-glucose with 2,4-Dinitrophenylhydrazine, 
—The experiment of Foster et al.* was repeated. 3-Deoxy-D-mannose was treated with 2,4-di- 
nitrophenylhydrazine (3 mol. equiv.) in 2N-hydrochloric acid containing 1% of methanol for 
6 hr. at 100°. The dark red product had m. p. 212° after recrystallisation from nitrobenzene 
(Foster et al. report m. p. 206°) [Found: C, 45-1; H, 3-1; N, 21-5%; M, 367 (Rast). Calc. for 
3-deoxy-p-mannose 2,4-dinitrophenylosazone, C,,H,,0,,Ns: C, 41-4; H, 3:5; N, 215%: 
M, 522]. This compound gave an X-ray powder photograph different from that of 3-deoxy-p- 
glucosone bis-2,4-dinitrophenylhydrazone. 

Similar treatment of 3-O-methyl-p-glucose with 2,4-dinitrophenylhydrazine in hydrochloric 
acid yielded a product, m. p. 218° (Found: C, 45-4; H, 3-3; N, 21-3%), identical in appearance 
and with a very similar X-ray powder photograph to that of the product obtained from 
3-deoxy-D-mannose. 


Thanks are offered to Dr. H. R. Cooper for helpful discussion, to Dr. J. Mann for the X-ray 
powder photographs, and to Mr. A. T. Masters for the microanalyses. 


BRITISH RAYON RESEARCH ASSOCIATION, HEALD GREEN LABORATORIES, 
WYTHENSHAWE, MANCHESTER, 22. [Received, September 17th, 1959.} 
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387. Mechanism of Saccharinic Acid Formation. Part IV.* Influence 
of Cations in the Benzilic Acid Rearrangement of Glyoxal. 


By D. O’MEara and G. N. RIcHARDs. 


a8-DICARBONYL compounds have repeatedly been postulated * as intermediates which 
undergo the benzilic acid rearrangement to yield sactharinic acids in the alkaline degrad- 
ation of carbohydrates. Glyoxal has therefore been studied as a simple model of the 
saccharinic acid precursors. It is known to yield glycollic acid very rapidly in aqueous 
alkali, and Salomaa? has shown that the reaction is of the first order with respect to 
glyoxal and of the second order with respect to hydroxy] ion, in contrast with the analogous 
rearrangement of benzil which is of first order with respect to both benzil and hydroxyl 
ion. We have now investigated the influence of different cations on the hydroxyl-ion- 
catalysed rearrangement of glyoxal to glycollic acid and the results are shown in the 
Table. In these experiments, 2,3-dihydroxy-1,4-dioxan, the cyclic hemiacetal of glyoxal 
and ethylene glycol,? was used as a convenient, crystalline source of glyoxal and the 
assumption is made that its rate of conversion into glyoxal has no effect on the overall rate 
of reaction. Glycollic acid was the only product detected, and colorimetric and 
acidimetric determinations gave the same results. It seems therefore that fission of the 
a8-dicarbonyl grouping which competes with the benzilic acid rearrangement in saccharinic 
acid formation * does not occur with glyoxal. 

The influence of a range of metallic salts, excluding calcium, on the reactions of benzil 
in alkali has been studied previously, and thallium salts were found to be the most 
effective. The Table shows, however, that the rearrangement of glyoxal is only slightly 
catalysed by thallium salts, to an extent similar to that caused by the barium salt. Much 
more marked acceleration was observed with the calcium salt, and this probably indicates 
a difference in critical ion-size requirements for complex formation with the two af-di- 
carbonyl compounds. Calcium has long been recognised as a specific cationic catalyst in 
the alkaline degradation of carbohydrates to saccharinic acids, and the results of the 


* Part III, preceding paper. 
1 Salomaa, Acta Chem. Scand., 1956, 10, 311. 

2? Head, /J., 1955, 1036. 

* Pfeil, Geissler, Jacquemin, and Lémber, Chem. Ber., 1956, 89, 1210. 
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Table provide the first indication that this effect arises at least in part from catalysis of the 
benzilic acid rearrangement. The most likely hypothesis to account for this would involve 
formation of a chelate complex between (CaOH)* and an anion derived from glyoxal or 
its hydrate, but the available evidence does not permit further conclusions. These results 


Effect of added metallic salts on rearrangement of 0-005m-glyoxal in 
0-005N-sodium hydroxide at 25°. 


ba. * to. ® 


0-5 0- 
Salt added (sec.) Salt added (sec.) Salt added (sec.) 
BE scesssacccenssanes 310 0-01m-LiNO, ............ 290 O-00GB-T1SO, ..ceccccrscsccees 160 
Se. spviaivesasniannnt 300 0-005m-BaCl, ............ 170 Dre coressiccccccsconsons 82 


(Reaction in 0-005N-lime-water 92) 


* t)., = time required to develop 0-5 equiv. of acidity per mole. 


do not necessarily invalidate the earlier conclusion * that calcium also catalyses the elimin- 
ation which occurs in alkaline degradation of 3-O-methyl-p-glucose, particularly since the 
latter reaction is almost certainly rate-determining. 


Experimental.—2,3-Dihydroxy-1,4-dioxan was prepared from crude glyoxal and ethylene 
glycol solution and purified by Head’s method ? (Found: C, 40-0; H, 6-6. Calc. for C,H,O,: 
C, 40-0; H, 6-7%). 

Samples of 2,3-dihydroxy-1,4-dioxan (0-06 g.) were dissolved in oxygen-free water (50 ml.) at 
25° and then oxygen-free 0-0IN-sodium hydroxide (50 ml.) at 25° was added. After mixing, 
10 ml. samples were added at intervals to 0-01N-hydrochloric acid (5 ml.) and back-titrated with 
0-01n-sodium hydroxide in the usual manner. In other experiments, a 0-02Mm- or 0-01m-solution 
of the required metallic salt was used instead of water to prepare the original 2,3-dihydroxy- 
1,4-dioxan solution. In several experiments the glycollic acid yield was determined by Calkins’s 
method § and in all cases these results agreed with the total acid yield determined by titration. 


BriTIsH RAYON RESEARCH ASSOCIATION, HEALD GREEN LABORATORIES, 
WYTHENSHAWE, MANCHESTER, 22. (Received, September 17th, 1959.) 


* Kenner and Richards, J., 1957, 3019. 
5 Calkins, Analyt. Chem., 1943, 15, 762. 





388. Ring Fission of Two Mesoionic Compounds of the Anhydro- 
thiazolium Hydroxide and -pyridino-oxazolium Hydroxide Type. 


By ALEXANDER LAwson and D. H. MILEs. 


THE mesoionic compound anhydro-(4-acetyl-5-hydroxy-3-methyl-2-phenylthiazolium 
hydroxide) 152 (I) reacts with benzylamine apparently less simply than the sydnones do.® 
Further attempts at ring fission have shown that with ethanolic ammonia the substance 
gives 1-methyl-2-phenylimidazol-4-one (III) in high yield, presumably by the mechanism 
(I)—(III). The structure of this imidazolone was confirmed by synthesis from methyl- 
benzamidine and glycine ester. 

A ring fission, analogous to the first stage of the above, is also shown by anhydro-[4- 
acetyl-5-hydroxypyridino(2’,1’-2,3)oxazolium hydroxide] ? (IV) with benzylamine, giving 
N-benzyl-1,2-dihydro-2-oxo-l-pyridylacetamide (V), the structure of which was con- 
firmed by preparation from ethyl 1,2-dihydro-2-oxo-l-pyridylacetate and benzylamine. 
This amide (V) was readily hydrolysed by dilute hydrochloric acid to the parent acid. 


1 Lawson and Searle, J., 1957, 1556. 
* Lawson and Miles, J., 1959, 2865. 
* Baker, Ollis, and Poole, J., 1949, 307. 
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Notes. 







The product obtained from N-phenylglycine-o-carboxylic acid and acetic anhydrid 
for which a mesoionic structure was suggested ? has proved to be ON-diacetylindoxyl. 
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Experimental.—Ring fission of anhydro-(4-acetyl-5-hydroxy-3-methyl-2-phenylthiazolium 
hydroxide) with ammonia. The anhydro-compound (0-5 g.) was heated for 1-5 hr. in boiling 
ethanol (100 ml.) through which anhydrous ammonia was passed. Hydrogen sulphide (1 mol) 
was evolved. The yellow solution was evaporated under reduced pressure and the residue 
extracted with ether. Removal of the ether left an oil which, after dissolution in concentrated 
hydrochloric acid and evaporation, gave 1-methyl-2-phenylimidazol-4-one hydrochloride, crystallis- 
ing from ethanol-ether in colourless needles, m. p. 219° (decomp.) (60%) (Found: C, 56-8; 
H, 5-2; N, 13-7; Cl, 17-5. CygH,gON,,HCl requires C, 56-9; H, 4-7; N, 13-3; Cl, 17-1%). 

3-Methyl-2-phenylimidazol-5-one. Toa chloroform solution of methylbenzamidine prepared 
from the hydrochloride (5-0 g.) was added glycine ethyl ester (3-0 g.), and the chloroform was 
then evaporated. After being warmed to 100° for 1 hr., during which ammonia was evolved, the 
resulting oil was acidified with dilute hydrochloric acid. Evaporation under reduced pressure 
gave the hydrochloride (76%) identical with the above material. 

Ring fission of anhydro-[4-acetyl-5-hydroxypyridino(2’,1’-2,3)oxazolium hydroxide] with 
benzylamine. The anhydro-compound (0-1 g.) was heated under reflux with benzylamine 
(5 ml.) for Lhr. Addition of light petroleum (b. p. 80—100°) to the cooled solution precipitated 
an oil which crystallised. Recrystallisation from benzene—light petroleum (b. p. 40—60°) 
and then from acetone gave N-benzyl-1,2-dihydvo-2-0xo0-1-pyridylacetamide, needles, m. p. 199— 
200° (0-1 g.) (Found: C, 69-2; H, 5-6; N, 11-5. C,,H,,O,N, requires C, 69-4; H, 5-8; N, 
11-6%). 

1,2-Dihydro-2-oxo-1l-pyridylacetic acid was esterified with ethanol and the resulting oil 
warmed with ethanolic benzylamine. Removal of the solvent under reduced pressure gave an 
oil which solidified and then crystallised from acetone (m. p. 201°), being identical with the 
above product. 
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389. Atom and Bond Populations in Nitrogen Heterocyclics. | 
By T. E. PEAcock. 


In a recent paper! the charge populations of the atoms and bonds in naphthalene were 
discussed. It was shown that the charge and bond order matrix P using a basis of carbon 
2p, atomic orbitals is related to that P in an orthogonalized 2, basis as follows: 


P=S?PSs? 


where § is the matrix of overlap integrals. The electron “ population” of an atom ga 
is given by Py and of a bond i-j by 2P,;S;; (real orbitals being assumed). 


oe 





1 Peacock, J., 1959, 3241. 





boiling 
(1 mol) 
> residue 


Vol. 1960, page 1947, Table. Numbering of the pyridazine ring should be clockwise from the nitrogen 
atom at present numbered 1, and not anticlockwise 


, line 1 ings: 12, 11, § 22, 23. 
Vol. 1960, page 1947, line 29. Pyvazine. For column headings: 12, 11, 22, 33, read 11, 12, 
ol. A , - 


Vol. 1960, page 1947, line 12. For Q, read Qaaax- 














(1960) Notes. 1947 


The transformation and the calculations of populations have been extended. to the 
nitrogen-heterocyclic derivatives of benzene. 
Populations in Benzene Heterocyclics.—The values of the overlap integrals used here are: 


Sis Sis Su 
0-260 0-039 0-018 
0-022 0-009 
0-012 0-005 


The matrix S# was computed by rewriting S as (1 + x) and expanding this as a matrix 
power series, six terms giving adequate accuracy. 

The x-charge populations in benzene and the heterocyclic compounds are here tabulated, 
together with the values? of Pj and Pj (the numberings shown with the formule are 
those used in the Table). 


Pyridine 
a 


Pyridazine 
4 


‘f 3 
6 © oe 


' 
Pyrimidine 


Pyrazine 
| ie 23 


4 

5 N. 3 Pi, . 0-670 0-656 
[ y . 0-517 0-474 
nN? 2 0-208 0-247 


1 
1,3,5-Triazine Benzene 
4 12 
sN~SN3OD, ' 0-662 


MDs ae 
! 


Oscillator Strengths—An expression for calculation of the oscillator strength of a 
transition in a non-orthogonal basis has already been given. The oscillator strength 
for a transition ©, —» ®, is given ® by: 


fag = 1-085 x 10% VQ? 
Where ¥ is the frequency (in wave numbers) of the transition and Q%,,. is given by: 
» Pap = Paap + Purp + Qeap 
. * N = 
where Ceti [6 ¥ x, 5,d 
i=1 


* McWeeny and Peacock, Proc. Phys. Soc., 1957, A, 70, 41. 
* Mulliken and Rieke, Reports Progr. Physics, 1941, 8, 231. 





1948 Notes. 


In the orthogonal basis for a transition from orbital A —» A’ 


On4a’) = /2 trX Pu 
where Pay = TT ,t and X,, = [$e x Od 


= Xr (r = S) (%rr is the centroid of ortho- 
ganalized atomic orbital r) 


=Q@0 (rs) 


In the non-orthogonal basis 
0; a /2 tr XP ua 
where Puv = S*P,,S+* and x, = [oe xX dit = 2255 


where x,, is the centroid of orbital r and x,, that of bond rs, and for ordinary 2/-orbitals 
these centroids are at the atom and the bond mid-point; calculation in the non-ortho- 
gonal basis is straightforward. It is customary, however,‘ to make similar assumptions 
when dealing with the orthogonalised orbitals which are implicitly accepted as a basis for 
the self-consistent field calculations. 
The oscillator strengths for the «, , 8, and @’ bands of pyridine were calculated. The 
results are: 
(i) (ii) (i) (ii) 
0-012 0-009 : 1-223 
0-022 0-016 


(i) Calc. from transition charge density. 
(ii) Calc. by assuming (orthonormalised) orbitals ant overlap distributions centrosymmetric. 


It is seen that the values of the oscillator strengths obtained by using the more con- 
venient basis without detailed analysis of the transition charge density agree well with 
those calculated more rigorously (this was also noted for naphthalene 4). 


I thank the Ramsay Memorial Fellowships Trust for the award of a Fellowship. 


UNIVERSITY COLLEGE OF NorRTH STAFFORDSHIRE, 
KEELE, STAFFS. (Received, June 30th, 1959.] 


* Pariser, J. Chem. Phys., 1956, 24, 250. 





390. The Structure of “ Monoacetyl Phosphite.” 
By J. A. CADE. 
To explain, in part, the simultaneous formation of hydrogen chloride and acyl chloride 


from a carboxylic acid and phosphorus trichloride, Brooks! proposed the following 
sequence, where the process (1) is supposed to go to completion: 
PCl, + 3R°*CO,H —— P(OH); + 3R°COCI oe «¢ « +s 3 
P(OH)s + R°COCI ——% R°CO*O*P(OH), + HCI. . - - . . - - 
An alternative consideration is that inter- or intra-molecular loss of hydrogen chloride 
from the unstable intermediates HP(O)Cl, or HP(O)Cl-OH, which result from the stepwise 
dechlorination of the phosphorus trichloride, competes successfully with their reaction 
with the carboxylic acid. Reasons adduced * for this have been that (a) acetylation of 
phosphorous acid by acetyl chloride is slow at temperatures (e.g., 20°) at which liberation 
of hydrogen chloride in reaction of acetic acid with phosphorus trichloride is fast and () 
1 Brooks, J. Amer. Chem. Soc., 1912, 34, 492. 
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the ratio of hydrogen chloride to acyl chloride obtained for a given acid does not vary 
significantly with temperature. 

The product of acetylation of phosphorous acid would probably have the P-acyl 
R-CO:P(O)-, rather than the mixed anhydride structure, R-CO-O-P-, because (a) mixed 
anhydrides of carboxylic acids with oxyacids of phosphorus are “ energy-rich ” and are 
not readily formed,? (6) compounds which undoubtedly contain a P-acyloxy-group undergo 
rapid deacylation by anhydrous hydrogen chloride * which does not however affect P-acyl- 
phosphonic acids,* (c) phosphorous acid contains P-H bonds, and the hydrogen atoms in 
such compounds, notably phosphine, are known to undergo substitution by an acyl group,® 
and (d) X-ray results ® can be better interpreted in terms of the P-acyl structure. 

The infrared spectrum (KBr disc) in the 2—15 » region was very complex, and it was 
not possible to assign many peaks unambiguously on account of the paucity of analogous 
spectral data. Some qualitative similarity between the spectra of ‘‘ monoacetyl phos- 
phite” and acetylphosphonic acid * were observed. Each had peaks at 763 (P-C), 858 
and 902 (C-C=O), 1250 (P=O), 1450 (asym C-Me stretch), and 1720 and 1790 (C=O stretch) 
cm.”, but the former showed some additional absorption, notably in the 2400 cm.* region, 
characteristic of P-H bond stretching. 

The melting points of acetylated phosphorous acid, acetylphosphonic acid and a 1: 1 
mixture of the two were 96—104°, 110—114°, and 98—112° respectively. Attempts to 
prepare amine salts of the two acids for comparison, from, ¢.g., cyclohexylamine, dicyclo- 
hexylamine, and #-toluidine, failed because the neutral salts were hydrolysed or decomposed 
on recrystallisation, while the acid salts decomposed without melting. 

Diazoethane in mild conditions gave recognisable esters of acetylphosphonic and 
acetoxyethane-1,1-diphosphonic acid, but it was clear that acetylated phosphorous acid 
is a complex mixture containing other components besides these acids. 

This mixture did not acetylate aniline, and passage of dry hydrogen chloride over the 
solid at 50° or through a solution of it in tetrahydrofuran produced no acetyl chloride; 
these facts indicate that it does not contain compounds having a P-acyloxy-group. 


Experimental.—Reagents were purified and solvents were dried. 

Acetylation of phosphorous acid. Brooks’ procedure?! did not give the product in a form 
suitable for ethylation. 

Phosphorous acid (40 g.) dissolved in acetic anhydride (200 c.c.) was shaken for 2 days with 
glass beads (200 g.), acetyl chloride (80 c.c.), and a few crystals of the crushed product from a 
previous reaction, in a flask closed with a drying tube. Decantating the supernatant liquid 
and washing with dry ether (5 x 200 c.c.) gave the product (50 g., 83%) which on paper 
chromatography in water gave a number of spots, two of which were identified severally with 
phosphorous and acetylphosphonic ‘ acid. However, the possibility of hydrolysis may invali- 
date this analysis. 

Ethylation of the product. Diazoethane ? (22 g.) in ether (1-51 1.) was dried (KOH) and then 
added at 5° to the ‘‘ monoacetyl phosphite ’’ (25 g.) dispersed on beads as described. The 
mixture was shaken, becoming decolorised overnight, but not all the solid dissolved. Solvent 
was removed at 20°/15 mm. from the separated liquid, and the residue (26 g.) was distilled at low 
pressure. Repeated fractionation gave diethyl acetylphosphonate (9-35 g., 26%), b. p. 106— 
108°/15 mm., »,?° 1-4220 (Found: P, 17-15. Calc. for CgH,,0,P: P, 17-2%) and tetraethyl 
acetoxyethane-1,1-diphosphonate (0-76 g., 21%), b. p. 98—100°/0-1 mm., m,”° 1-4320, d,?° 
155 (Found: P,17-2. Calc. for C,,H,,0,P,: P, 17-2%), and much undistillable residue (Found: 
P, 28-2%). The acylphosphonate was identified as its 2,4-dinitrophenylhydrazone (m. p. and 
mixed m. p. 132—133°) and the diphosphonic ester by molar refraction (Found: [Ry]p, 80-92. 


* Cade and Gerrard, J., 1954, 2030. 

* Cf. Cade, Thesis, London, 1955, pp. 73-77. 

* Cooke, Gerrard, and Green, Chem. and Ind., 1953, 351. 

5 Kosolapoff, ‘‘ Organophosphorus Compounds,” Wiley, New York, 1950, p. 14. 

* Stelling, Z. phys. Chem., 1925, 117, 194. 

? Analysed as described in Org. Synth., Coll. Vol. II, Wiley, New York, 1946, p. 166. 





1950 Notes. 


Calc. : [Ry]p, 80-82) and its infrared spectrum.’ Two other substances obtained, but not identified 
unambiguously, were considered to be tetraethyl pyrophosphate (1-4 g.), b. p. 104—108°/0] 
mm., ”,”° 1-4184 (Found: P, 20-8. Calc. for C,H,,0,P,: P, 21-35%), and tetraethy] chloro. 
ethane-1,1-diphosphonate (0-64 g.), b. p. 120—130°/0-1 mm., m,*° 1-4848 (Found: C, 35-9; 
H, 6-9; P, 18-0; Cl, 7-65. Calc. for C,gH,,0,CIP,: C, 35-7; H, 6-9; P, 18-4; Cl, 10-5%), 


This work was carried out in the Research Laboratories of Messrs. Albright and Wilson Ltd, 
Oldbury, Birmingham, during the period of an extra-mural contract with that Company in 
1955—1956. 


CHEMISTRY Division, ATOMIC ENERGY RESEARCH ESTABLISHMENT, 
HARWELL, Dipcot, BERKs. [Received, August 11th, 1959.] 


§ Cf. Arbusov and Azanovskaya, Doklady Akad. Nauk S.S.S.R., 1947, 58, 1961. 





391. The Identity of Chakranine with Isocorydine Methochloride, and 
a Note on Strong Hydrogen Bonding between Methoxyl and Hydroxyl 
Groups in the 4,5-Positions of Phenanthrene. 


By A. R. Katritzky, RicHarp A. Y. Jones, and S. S. BHATNAGAR. 


BHATNAGAR and his co-workers! described the isolation from the roots of Bragantia 
wallichit of an alkaloidal salt, chakranine; this has now been shown to be identical with 
isocorydine methochloride (I) which has been isolated from Fagara coco.2 (The neutral 
alkaloid isocorydine has been isolated from several sources; for a summary and references 
see Riiegger *.) Chakranine showed no mixed melting-point depression with an authentic 
sample of isocorydine methochloride, and had an identical infrared spectrum. The ultra- 
violet spectra and molecular rotations also corresponded, as did the melting points of the 
derived iodide and picrate and the properties of the first (II) and second (III) Hofmann 
degradation products. 


H H 
j Cc. 
MeO MeO “CH, MeO ‘CH, 
MeO MeO MeO 
Ah yes i? 
HO HO HO 
MeO MeO 
(I) (II) (111) 


During this work it became evident that strong hydrogen-bonding occurred between 
the hydroxyl group of compounds (I—III) and a methoxyl group. Thus the O-H 
stretching frequency was observed at values below 3300 cm. (see Experimental section), 
indicating that in (I—III) the steric congestion forces the hydroxyl close to the methoxyl 
group, giving a strong hydrogen bond. The degree of planarity is (III) > (I) > (II), 
which is reflected in the observed values. By contrast, in guaiacol the hydroxyl group 
absorbs at 3510 cm." (e,, 85) in chloroform. 

The proton nuclear magnetic resonance spectra of compounds (I—III) are readily 
interpreted on the basis of these structures. The positions of the hydroxyl peaks are at 


1 Kamat, Divekar, Vaz, Fernandes, and Bhatnagar, Ind. J]. Med. Res., 1958, 46, 3. 
* Comin and Deulofeu, J. Org. Chem., 1954, 19, 1774. 

* Riiegger, Helv. Chim. Acta, 1959, 42, 754. 

* Katritzky and R. A. Jones, unpublished work. 
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high negative values which again shows that they are strongly hydrogen-bonded,® and in 
the order (III) > (I) > (II). 

The values of pK, were determined spectrophotometrically to be: (I), 10-8; (II), 
11-8; (III), 12-4. These high values indicate that the hydroxyl group is strongly hydrogen- 
bonded in all three compounds (cf. phenol, pK, 10-0) and most strongly in (III). Com- 
pound (I) is more acid than (II), presumably because of the presence of the positive charge. 


Experimental.—The m. p. of the quaternary salts were values obtained with rapid heating; 
they depend on the rate of heating. Ultraviolet spectra were measured for water—ethanol 
(10: 1) and 0-1N-aqueous sodium hydroxide solutions; maxima are quoted in mp with log e 
values in parentheses. 

Chakranine. This quaternary chloride had m. p. 235° (decomp.), [a],,"* (in H,O) 162°, and 
Amaz. 300 (3-76), 268 (4-16), and 220 (4-59) in neutral solution and 342 (3-93) and 226 (4-54) at 
pH 13. On treatment with potassium iodide it gave the iodide, m. p. 238—240°, and with 
picric acid the picrate, m. p. 201—203°. The reported ? values for isocorydine methochloride 
are m. p. 235°, [a],°° 168-6°, and for the methiodide and methopicrate, m. p. 231—-232° and 
202—204° respectively. An authentic specimen of isocorydine methochloride had Aggy 300 
(3°76), 267 (4-16), and 217 (4-62) in neutral solution and 343 (3-89) and 225 (4-53) at pH 13 
(cf. isocorydine methiodide *? 270 (4-16) and 303 (3-81), and isocorydine hydrobromide * 220 
(4-6), 270 (4-1) and 303 (3-8)]. 

The first Hofmann degradation product (II) of chakranine had m. p. 124—124-5°, [aj,* 
—197°, a pale blue fluorescence, and A,»,x 307 (3-65) and 228 (4-53) in neutral solution and 342 
(3:77) and 243 (4-53) at pH 18. The corresponding product from isocorydine had? m. p. 
124—124-5°, [a,,2* —194-6°, and a pale blue fluorescence.*® 

The second Hofmann degradation product (III) had m. p. 118—119°, was orange with a 
strong blue fluorescence, gave a blue-green colour with concentrated sulphuric acid, and had 
Amax, 388 (3°61), 371 (3-60), 333 (4-21), 259 (4-57), and 227 (4-45) in neutral solution and 400 
(3-63), 300 (4-21), and 255 (4-45) at pH 13. The corresponding product from isocorydine was 
reported ® to have m. p. 115—-116° and identical colour reactions. 

Infrared spectra, These were measured on a Perkin-Elmer 21 spectrophotometer, fitted 
with a sodium chloride prism. The solutions were of 0-189m-concentration in 0-106 mm. 
compensated cells (except for chakranine in chloroform where 1 mm. cells were used for 
solubility reasons). Apparent extinction coefficients were recorded (cf. ref. 7). 

Complete spectra will be submitted to the D.M.S. records. 


Nujol mull Solution in CCl, Solution in CHC1, 
A (cm.~) A (cm.) eA A (cm.") fa 
I 3180 (Insol.) 3180 110 


II 3245 3255 120 3217 105 
III 3080 3160 120 3090 110 


Nuclear magnetic resonance spectra. Nuclear magnetic resonance spectra of hydrogen 
nuclei were obtained at 40Mc./sec. with a Varian Associates 4300B spectrometer and 12” electro- 
magnet, with flux stabilisation and sample spinning. Positions of the resonances are quoted 
as chemical shifts (o) on the H,O scale measured in parts per million relative to the solvent, 
chloroform, taken as = —1-88 relative to water. The o values may be effectively converted 
into t values based on the tetramethylsilane scale by adding 4-66 to each number. Strong 
absorption peaks are indicated by heavy type. Anentry “ atob” indicates a complex multiplet 
of ca. 5—8 peaks in the range given. 


OH Aromatic CH Olefinic CH Me NMe,, CH-N 
—3-07 —1-72 to —1-33 — -48, 1:53, 1:83 2:15, 2-67 
— 2-83 — 2-46 to -- 1-28 — 0-34 to +0-26 -49, 1:56, 1:74 2-42 to 2-83, 3-41 
—4:5 — 2-34 to —1-56 —0-39 to +0-20 -47, 1-50, 1°74 





5 Cf. Cohen and Reid, J. Chem. Phys., 1956, 25, 790. 
* Barger and Sargent, J., 1939, 991. 
? Katritzky and co-workers, J., 1958, 2182, 4155. 
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We thank Professor Sir Alexander Todd, F.R.S., for his interest, Prof. V. Deulofeu for a 
sample of isocorydine methochloride, and the D.S.I.R. for a Research grant (to R. A. Y. J), 


THE UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. 
Carus RESEARCH LABORATORY, 
St. XAvIER’s COLLEGE, BomBAy. (Received, September 25th, 1959.} 





392. Biuret Complexes of Bivalent Metal Chlorides. 
By M. NARDELLI and I. CHIERICI. 


In a neutral medium biuret and bivalent metals form co-ordination compounds of formula 
M"'X,,2C,H,O,N, [MUX, = CuCl,, CuSO,, Cu(NOg),, NiCl,, NiSO,,1 CdCl,*]. The simi- 
larity between biuret and urea suggests that co-ordination occurs through the oxygen 
atom.’ 

For the biuret molecule two planar configurations, (I) and (II), should be possible, 
With (I) the biuret can co-ordinate as a bidentate ligand on the same metal atom, whereas 
in (II) the oxygen atoms are not equivalent and cannot be co-ordinated by the same metal 
atom. The exceptionally high value of the dipole moment (nearly twice of that of urea) 
which can be calculated for (I), and the possibility of formation of an intramolecular 
hydrogen bond for (II), indicate that the latter configuration is more probable. 


H ‘ H 
HN N NH H,N - 
2 ¥ . 2 2 YY 

Oo 9 ie) 7 


(I) “H a (II) 


The correctness of configuration (II) is also indicated by the crystallographic data of 
bis(biuret)cadmium chloride: this crystallizes in the monoclinic system, and the smallest 
repeat distance, a, in the lattice is nearly the same (~3-7 A) as that which we have found 
to be characteristic of an octahedral co-ordination around the cation of four chlorine atoms 
and two oxygen atoms. Each chlorine atom is shared by the co-ordination polyhedra of 
two adjacent metal atoms, which run in chains parallel to [100]. A structure of this kind 
is possible only for (II) with the biuret molecule bonded to one metal atom only. The 
complete structural study of this compound, which will be reported elsewhere, has given a 
further confirmation of these views. 


Experimental._—Biuret was recrystallized from ethyl alcohol. The other compounds were 
prepared by slow evaporation of aqueous solutions containing biuret and the chlorides of the 
bivalent metals. 

Metals were determined as sulphate (except that Cu was determined electrolytically), chlorine 
as silver chloride, and nitrogen by Dumas’s method. Crystal densities were found by flotation. 

Crystal data were deduced from rotation and Weissenberg photographs (Cu-K, radiation). 

Biuret, C,H;N,O,, M = 103-08, monoclinic prismatic, a = 3-66 + 0-01, b = 17-77 + 0-03, 
c = 7-99 + 0-01 A, B = 100-0° + 0-2°, U = 512 A’, Z = 4, D, = 1-34 (Z was calculated by 
assuming that D,, for biuret is not very different from that of urea). Space-group P2,/c (Ci, 
No. 14). Optically biaxial needles. The small value of the parameter a indicates that the 
plane of the molecule is nearly parallel to (100). 

Bis(biuret)manganese(1) chloride, M = 332-0. Small, distorted, colourless cubes, probably 


1 Schiff, Annalen, 1898, 299, 243. 

2 Schenck, Z. physiol. Chem., 1904, 48, 72. 

3 Nardelli, Cavalca, and Fava, Gazzetta, 1957, 87, 1232; Cavalca, Nardelli, and Coghi, Nuovo 
Cimento, 1957, 6, 278; Nardelli, Coghi, and Azzoni, Gazzetta, 1958, 88, 235. 





= 


— ith wre & - DM be ey O&O 


i di de teed 


formula 
1e simi- 
oxygen 


ossible, 
whereas 
e metal 
of urea) 
lecular 


data of 
smallest 
e found 
e atoms 
edra of 
Lis kind 
r, The 


given a 


ds were 
; of the 


chlorine 
otation. 
ion). 

+ 0-03, 
ited by 
Je (Cy 
hat the 


robably 


, Nuovo 


(1960) Notes. ‘ 1953 


triclinic, not suitable for X-ray single-crystal analysis (Found: Mn, 15-8; Cl, 21-4;.N, 25-4. 
Mn[C,H,N,;0,],Cl, requires Mn, 16-5; Cl, 21-4; N, 25-3%). 

Bis(biuret)cupric chloride, M = 340-6, orthorhombic, a = 7-99 + 0-01, b = 6-76 + 0-01, 
¢ = 10-69 + 0-01 A, U = 578 A’, Dy, = 1-95, Z = 2, D, = 1-96. Space-group, Pnnm (D}j, 
No. 58) or Pun2 (C42, No. 34). Short prisms, blue. Optically biaxial (Found: Cu, 18-6; Cl, 
90-5; N, 24-5. Cu[C,H,N,0,],Cl, requires Cu, 18-6; Cl, 20-8; N, 24-7%). There are certain 
similarities between the crystal data of this compound and those of the zinc analogue; it is likely 
therefore that the centrosymmetrical space-group is the true one. 

Bis(biuret)zinc chloride, M = 342-5, monoclinic prismatic, a = 8-02 + 0-01,b = 7-26 + 0-01, 
¢ = 11-54 + 0-01 A, 8 = 124-7° + 0-2°, U = 552 AS, D,, = 2-04, Z = 2, D, = 2-06. Space- 
group, P 2,/c (C3,, No. 14). Small, colourless, very short prisms. Optically biaxial (Found: 
Zn, 19-3; Cl, 20-7; N, 24-7. Zn[{C,H;N,0,],Cl, requires Zn, 19-1; Cl, 20-7; N, 246%). The 
space-group shows that the co-ordination around the Zn atom must be centrosymmetrical 
(probably octahedral). 

Bis(biuret)cadmium chloride, M = 389-5, monoclinic prismatic, a = 3-704 + 0-005, b = 
19-96 + 0-03, c = 820+ 0-01 A, 8 = 111-1° + 0-2°, U = 566 A3, D, = 2-0, Z=2, Do = 
2-28. Space-group P2,/c (C3,, No. 14). Very slender and flattened colourless needles. 
Optically biaxial, usually twinned on (001) (Found: Cd, 29:3; Cl, 186; N, 21-2. 
Cd[(C,H,N,0,],Cl, requires Cd, 28-9; Cl, 18-2; N, 21-6%). 

Bis(biuret)mercury(11) chloride, M = 477-7, monoclinic prismatic, a = 3-768 + 0-004, b = 
20-56 + 0-02, c = 816 + 0-01 A, 8 = 109-1° + 0-3°, U = 597 A’, Dy = 2-59, Z = 2, Dp = 
2-65. Space-group P2,/c (C3,, No. 14). Isostructural with the analogous Cd compound. 
Small, flattened, colourless prisms. Optically biaxial (Found: Hg, 42-4; Cl, 14:0; N, 17-8. 
Hg[C,H,N,0,],Cl, requires Hg, 42-0; Cl, 14-8; N, 17-6%). 

Note added in proof.—The trans configuration for biuret has been confirmed by two private 
communications. W. D. Kumler found for the dipole moment of biuret in dioxan a value 
(3:27 p) considerably less than that of urea (4-56 p) and of acetamide (3-90 D), indicative of 
intramolecular hydrogen-bonding. E. W. Hughes, H. L. Yakel, and H. C. Freeman found the 
same configuration in the crystal structure of biuret hydrate (with a variable water content). 
The crystal data now reported correspond to those found for biuret hydrate, therefore the 
phase we studied is to be considered as the hydrate. 


STRUCTURAL CHEMISTRY LABORATORY, INSTITUTE OF CHEMISTRY, 
UNIVERSITY OF PARMA, ITALY. (Received, September 28th, 1959.) 





393. Characterisation of Amino-acids as p-p'-Nitrophenylazobenzoyl 
Derivatives. 


By Et S. AmIN. 


p-p'-NITROPHENYLAZOBENZOYL CHLORIDE was used for identification and separation of 
alcohols,’ aliphatic amines,? aromatic amines,’ and thiols,‘ transforming them into 
sparingly soluble, well-crystallised coloured derivatives. It has now been similarly 
applied to amino-acids. The chloride has given acyl derivatives in fairly good yields from 
eight amino-acid methy] esters in pyridine at 60°. The acyl derivatives melt sharply and 
at much higher temperatures than do other derivatives.> They are insoluble in water, 
more or less soluble in organic solvents. Moreover, the m. p.s differ sufficiently to be 
useful criteria. 


Experimental.—Evaporations were under reduced pressure at 50°. 
Preparation of acyl derivatives. The amino-acid methyl ester (0-5 mmole), prepared by the 


1 Hecker, Chem. Ber., 1955, 88, 1666; Amin and Hecker, ibid., 1956, 89, 695. 
* Amin, J., 1957, 3764. 

? Amin, J., 1959, 1619. 

* Amin, J., 1958, 4769. 

5 Karrer, Keller, and Szényi, Helv. Chim. Acta, 1943, 26, 38. 
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action of methyl alcohol and hydrogen chloride, was dissolved in dry hot pyridine (20 ml.), and TI 
p-p’-nitrophenylazobenzoyl chloride! (0-725 mmole) added in small portions to the warm furth¢ 
solution (40—60°), which became red and was then kept at 60° for 2 hr. The mixture was small 
treated with water and extracted with several portions of benzene (150 ml.). The extract was (Four 
washed with 20% sulphuric acid, filtered, washed with water, 0-05N-sodium hydroxide solution, 2,4-di 
and water, dried (Na,SO,), and filtered through activated alumina. The product was crystal- A 
lised from acetone. The derivatives shown in the Table were thus prepared. benza 
requil 
M. p. of 
Amino-acid ester derivative Formula Found: N (%) Reqd.: N (%) TI 
TS een 161° CysH,,O,N, 16-3 16-4 
RIOD “0 cevgnspscecscnewndedids 181 Cy,7HyO5N, 15°5 15-7 Di 
il tte cat eat 171 CypHooO5N, 14-5 14-6 
pi-Leucine ..... i CyoH.,0,N, 13-9 14-1] 
Phenylalanine 179 CysHagO5N, 12-7 13-0 
Aspartic acid 183 C,9H,,0,N, 13-5 13-5 
Glutamic acid 161 CopHy,0,N, 13-0 13-1 
pi-Methionine ................++ 152 C,sH,,0,N,S 13-8 14-0 
395. 
Chromotography. A mixture (10 mg.) of the above derivatives of glycine, L-alanine, L-valine, 
and pt-leucine in ligroin—benzene solution was passed down a column of basic zinc carbonate 
and thereby separated into pure components. 
ALEXANDRIA UNIVERSITY, Ecypt. [Received, October 2nd, 1959.} B 
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394. Preparation of 2-p-Nitrophenylbenzofuran. o 
By K. B. L. MAtTHuR and H. S. MEHRA. show 
ape! 
CYCLISATION of o-benzyloxybenzaldehyde to 2-phenylbenzofuran (I—» II; R =H) a 


failed until sodium was used as condensing agent in an atmosphere of hydrogen; } even 
then the yield was poor. We have found that reaction of salicylaldehyde with 4-nitro- of th 
benzyl bromide in methyl alcohol in the presence of potassium carbonate gives mainly 





(80%) a product which from its ultraviolet absorption (resembling that of trans-4-nitro- _ 
T 
CHO CH diosn 
— n 

@ oa uae ee 
(I) (II) const 
stilbene *), analysis, and colour reaction with sulphuric acid is considered to be 2-p-nitro- ; : 
phenylbenzofuran (II; R= NO,). A small amount of o-4-nitrobenzyloxybenzaldehyde = 90 
was also isolated. This appears to be the first case of smooth cyclisation in such a reaction. Rp vi 
However, in a similar reaction 4-chlorobenzyl bromide gave only o-4-chlorobenzyloxy- T 
benzaldehyde. the n 
simil: 
Experimental.—Salicylaldehyde (1-25 g.) and 4-nitrobenzyl bromide (2-25 g.) were heated in prese 
methyl alcohol (10 c.c.) with freshly ignited potassium carbonate (1-6 g.) for 6 hr., then cooled The c 
and filtered. The solid was washed with methyl alcohol (2 x 10 c.c.), triturated with water 0-2% 
(25 c.c.) (to remove potassium carbonate) and collected again (1-8 g.). Crystallisation from ation 

acetic acid yielded 2-p-nitrophenylbenzofuran as needles, m. p. 182° [Found: C, 70-2; H, 4:0%; 
M (Rast), 238. C,,H,O,N requires C, 70-3; H, 38%; M, 239], Amax in EtOH 250 (ce 12,200), * 
345 (e 25,350), and 370 my (¢ 19,860), giving with concentrated sulphuric acid a yellowish-brown ‘ 
colour slowly changing to green. : 
1 Stoermer, Ber., 1903, 36, 3979. ; 


* Cf. Wiegand and Markel, Med. u. Chem., 1942, 4, 585; Chem. Abs., 1944, 38, 5144. 
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The acetic acid mother-liquor from the first crystallisation, upon slight dilution, gave a 
further 0-1 g. of the furan, m. p. 182°. Further dilution gave an oil, which crystallised from a 
small amount of hot 70% acetic acid. This gave 0-4-nitrobenzyloxybenzaldehyde, m. p. 118° 
(Found: C, 64:2; H, 4-35. C,,H,,0O,N requires C, 65-4; H, 43%). It gave a precipitate with 
2,4-dinitrophenylhydrazine. 

A similar experiment with 4-chlorobenzyl bromide (2-15 g.) gave only 0-4-chlorobenzyloxy- 
benzaldehyde (1-5 g.), m. p. 80—81° (from alcohol) (Found: C, 68-8; H, 5-0. C,,H,,0,Cl 
requires C, 68-2; H, 45%). It gave a precipitate with 2,4-dinitrophenylhydrazine. 


The authors thank Professor T. R. Seshadri for his interest in this work and facilities. 


DEPARTMENT OF CHEMISTRY, UNIVERSITY OF DELHI, 
DeEui-8. INpIA. [Received, October 26th, 1959.]} 





395. Sophora Alkaloids. Part VI.* The Alkaloids of the Bark and 
Flowers of 8. microphylla, and the Isolation of Diosmin from the 
Flowers. 


By Linpsay H. Brices, R. C. Cambie, R. H. HoLtpGatTe, and R. N. SEELYE. 


In Part I! the alkaloids of the seeds of Sophora microphylla Ait., syn. Edwardsia micro- 
phylla (Maori name “ Kowhai”’) were shown to be methylcytisine, «-matrine, cytisine, 
and two unidentified bases. One of the latter, which also occurs in S. tetraptera® and 
S. chrysophylla, was later named sophochrysine.? The same alkaloids have now been 
shown to be present in the basic fractions from extracts of the bark and the flowers by 
paper-chromatographic comparison with authentic samples. A further alkaloid, present 
only in the flowers, was identified as anagyrine, previously isolated from the related 
Hawaiian species, S. chrysophylla3 «-Matrine and methylcytisine, the principal alkaloids 
of the bark of S. microphylla, were isolated in low yield by methods similar to those de- 
scribed in Parts I? and II,? but no attempt was made to separate the bases from the 
flowers. 

The principal compound isolated from the flowers was identified as the flavone glycoside, 
diosmin, by comparison (mixed melting point and infrared spectrum) with an authentic 
sample and by hydrolysis to diosmetin, glucose, and rhamnose. The isolation of diosmin 
constitutes the first report of this compound from Sophora species. 


Experimental.—Analyses are by Dr. A. D. Campbell, University of Otago, N.Z. Infrared 
spectra were measured as KBr discs and ultraviolet spectra were measured for EtOH solutions. 
White’s method * was used for paper chromatographic investigation of alkaloid fractions and 
Ry values for known Sophora alkaloids agreed with his results. 

The bark. Dried and ground bark (450 g.) was extracted (Soxhlet) with methanol, and 
the residue obtained on removal of solvent im vacuo was worked up for alkaloids by methods 
similar to those previously described.» Comparative paper chromatography showed the 
presence of «-matrine, methylcytisine, cytisine, sophochrysine, and a further unidentified base. 
The crude bases on distillation afforded a mixture of alkaloids, b. p. 180—200°/0-5 mm. (750 mg., 
0-2%), which solidified. Extraction with light petroleum (b. p. <40°) and repeated crystallis- 
ation gave a-matrine (129 mg.), m. p. and mixed m. p. 76—77° (identical infrared spectrum). 


* Part V, Briggs and Mangan, /J., 1948, 1889. 


' Briggs and Ricketts, J., 1937, 1795. 

* Briggs and Taylor, J., 1938, 1206. 

* Briggs and Russell, J., 1942, 507. 

* White, New Zealand J. Sci. Technol., 1957, 38, B, 707. 
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Extraction with light petroleum (b. p. 80—100°) and repeated crystallisation gave methyl. 
cytisine (45 mg.), m. p. and mixed m. p. 138° (identical infrared spectrum). 

The flowers. Dried flowers (880 g.) were extracted (Soxhlet) in batches with methanol, 
and a colourless solid which separated during extraction collected. Repeated crystallisation 
from aqueous pyridine or aqueous dimethylformamide gave fine needles of diosmin hydrate, 
m. p. and mixed m. p. 283° (decomp.) (Found: C, 53-85, 53-7; H, 5-4, 5-4; OMe, 5:3. Cale. 
for C,,H5,0,,,H,O: C, 53-7; H, 5-4; LOMe, 5-0%), Amax, 255 (log ¢ 4:28), 268 (log © 4-25), and 
345 my (log e 4:30). The infrared spectrum was identical with that of an authentic sample. 

Hydrolysis of diosmin by boiling 10% sulphuric acid was slow and incomplete. Heating 
under reflux with 10% dry methanolic hydrogen chloride for 6 hr. or via the acetate by Arthur, 
Hui, and Ma’s method * and pouring the mixtures into water gave the aglycone (12 and 40% 
yield, respectively). Recrystallisation from 75% aqueous acetic acid gave yellow prisms of 
diosmetin, m. p. 257—258° (lit.,* m. p. 258—259°) (Found: C, 62-5; H, 3-9; OMe, 9-5. Cale, 
for C,gH,,0,,4H,O: C, 62-1; H, 4-2; 1OMe, 10-0%), Amax. 254 (log ¢ 4:26), 268 (log e 4-24), 
and 344 my (log ¢ 4:31), vmx, 3571 (OH) and 1661 (C=O) cm.+. The triacetate formed colourless 
needles, m. p. 195—196° (lit.,6 m. p. 195°) (Found: C, 62:3; H, 42. Calc. for C,,H,,0,: 
C, 62:0; H, 4:2%). 


Rhamnose and glucose were identified in the neutralised hydrolysate by co-chromatography 
with authentic samples. 

The basic fraction was obtained by the previous method and partially purified by absorption 
on Amberlite IRC-50 resin and displacement by 0-1N-aqueous ammonia. Co-chromatography 
of the crude alkaloids (8 g., 2%) with authentic samples showed the presence of «-matrine, 
methylcytisine, cytisine, anagyrine, sophochrysine, and a further, unidentified base. 


We are indebted to Dr. R. C. Cooper, Auckland Institute and Museum, for identification 
of the species and to Dr. H. R. Arthur, University of Hong Kong, for a sample of diosmin, 
Assistance is gratefully acknowledged from the Chemical Society, the Rockefeller Foundation, 
the Australian and New Zealand Association for the Advancement of Science, and the Research 
Grants Committee of the University of New Zealand. 


DEPARTMENT OF CHEMISTRY, 
UNIVERSITY OF AUCKLAND, NEW ZEALAND. [Received, November 2nd, 1959.} 


5 Arthur, Hui, and Ma, /., 1956, 632. 
® Horowitz, J. Org. Chem., 1956, 21, 1184. 


396. 5',6’-Dihydropyrano(2’,3’:7,6)chromone and its 2-Substituted 
Derivatives. 


By P. NAYLor and G. R. RAMAGE. 


PYRANOCHROMONE derivatives are of interest since they may show pharmacologica 
properties comparable to those shown by the naturally occurring furanochromone, khellin 
(III). 5’,6’-Dihydropyrano(2’,3’:7,6)chromone and several of its derivatives have been 
prepared by condensing 6-acetyl-7-hydroxychroman ! with ethyl oxalate or ethyl acetate 
and cyclising the product with ethanolic hydrogen chloride or a mixture of glacial acetic 
and concentrated hydrochloric acid. 

Condensation of 6-acetyl-7-hydroxychroman with ethyl oxalate, in the presence of 
sodium ethoxide, gave 6-(8-ethoxycarbonyl-{$-oxopropionyl)-7-hydroxychroman (I; 
R = CO-CO,Et). Ring closure of this material by ethanolic hydrogen chloride gave 


1 Naylor, Ramage, and Schofield, J., 1958, 1190. 
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ethyl 5’,6’-dihydropyrano(2’,3’:7,6)chromone-2-carboxylate (II; R= CO,Et), whereas 
ring closure by acetic and hydrochloric acid gave the corresponding acid (II; R = CO,H) 
which was characterised by its methyl ester (II; R = CO,Me). On melting, the acid was 
decarboxylated to form 5’,6’-dihydropyrano(2’,3’:7,6)chromone (II; R =H). Condens- 
ation of 6-acetyl-7-hydroxychroman with ethyl acetate, in the presence of powdered 


° 2 OMe 
HO R | 
1°) re) re) an re) . re) 
(I) (II) (III) . 


sodium, gave the @-diketone (I; R = Ac) which was ring-closed by acetic and hydrochloric 
acid to form 5’,6’-dihydro-2-methylpyrano(2’,3’:7,6)chromone (II; R = Me). 

Of the dihydropyranochromones that were pharmacologically tested, all were more 
active spasmolytics than khellin itself, especially the 2-methyl derivative (II; R = Me). 


Experimental.—Light petroleum used had b. p. 80—100°. 

6-(8-Ethoxycarbonyl-B-oxopropionyl)-7-hydroxychroman (I; R = CO-CO,Et). A solution of 
6-acetyl-7-hydroxychroman ! (1-92 g.) in warm dry ethyl oxalate (9-5 c.c.) was added to a 
solution of sodium ethoxide (made by adding 1-08 g. of sodium to 19 c.c. of ethanol), and the 
mixture heated on a steam-bath for 20 min. and cooled. Ether (90 c.c.) was added and the 
flask well shaken. The yellow sodium salt was filtered off, washed with a further quantity of 
ether (20 c.c.), and then stirred into N-acetic acid (70 c.c.). The product was collected, washed 
with water, and dried to give 6-(8-ethoxycarbonyl-B-oxopropionyl)-7-hydroxychroman (2-4 g., 
82%) which crystallised from ethanol as pale yellow plates, m. p. 132° (Found: C, 61-6; H, 5-3. 
C,;H,,0, requires C, 61-6; H, 5-5%). 

Ethyl 5’,6’-dihydropyrano(2’,3’-7,6)chromone-2-carboxylate (II; R= CO,Et). A _ solution 
of 6-(8-ethoxycarbonyl-8-oxopropionyl)-7-hydroxychroman (2-92 g.) in ethanolic hydrogen 
chloride (70 c.c.; 11% w/v) was refluxed for 14 hr., then cooled to —5° and filtered, and the 
residue was washed with a little cold ethanol. Crystallisation from light petroleum gave ethyl 
5’,6’-dihydropyrano(2’,3’-7,6)chromone-2-carboxylate (1-90 g., 69%) as needles, m. p. 129—130° 
(Found: C, 66-0; H, 5-2. C,,H,,0O; requires C, 65-7; H, 5-1%). 

5’,6’-Dihydropyrano(2’,3’-7,6)chromone-2-carboxylic acid (II; R= CO,H). A mixture of 
6-(8-ethoxycarbonyl-8-oxopropionyl)-7-hydroxychroman (2-92 g.), glacial acetic acid (20 c.c.), 
and concentrated hydrochloric acid (4 c.c.) was refluxed for 1} hr., cooled, and filtered. 
Crystallisation of the residue (2-31 g., 94%) from NN-dimethylformamide gave 5’,6’-dihydro- 
pyrano(2’,3’:7,6)chromone-2-carboxylic acid as prisms, m. p. 278° (decomp.) (pre-heated bath, 
m. p. 316°) (Found: C, 63-1; H, 4:2. C,,H,)O,; requires C, 63-4; H, 4:1%). 

5’,6’-Dihydropyrano(2’,3’:7,6)chromone-2-carboxylic acid formed a methyl ester (II; R= 
CO,Me), m. p. 132°, which crystallised from light petroleum as needles (Found: C, 64-6; H, 4-4. 
C,,H,,0, requires C, 64-6; H, 4:6%). 

5’,6’-Dihydropyrano(2’,3’-7,6)chromone (II; R=H). Pure 5’,6’-dihydropyrano(2’,3’:7,6)- 
chromone-2-carboxylic acid (0-27 g.) was carefully melted at atmospheric pressure to a black 
mass which was then distilled (115—140°/0-5 mm.) on to a cold finger. The resulting 5’,6’-di- 
hydropyrano(2’,3’:7,6)chromone (0-20 g., 90%) crystallised from light petroleum as plates, m. p. 
116-5° (Found: C, 71-0; H, 4:9. C,,.H,.O, requires C, 71:3; H, 5-0%). 

6-A cetoacetyl-7-hydvroxychroman (I; R= Ac). A solution of 6-acetyl-7-hydroxychroman 
(1-92 g.) in warm dry ethyl acetate (6-2 c.c.) was added to powdered sodium (1-2 g.) covered by 
dry benzene (10 c.c.). When the initial vigorous reaction had subsided, the mixture was 
heated on a steam-bath for 1} lir. with occasional shaking, and then left overnight. The 
mixture was macerated with benzene and filtered, and the residue stirred into crushed ice 
(20 g.) and glacial acetic acid (3-6 c.c.). The product (2-00 g., 85%) was collected, washed with 
water, and crystallised from methanol to yield 6-acetoacetyl-7-hydroxychroman as prisms, m. p. 
123° (Found: C, 66-8; H, 6-0. C,,H,,O, requires C, 66-7; H, 6-0%). 





1958 Notes. 


5’,6’-Dihydro-2-methylpyrano(2’,3’:7,6)chromone (II; R= Me). A mixture 6-acetoacety]- 
7-hydroxychroman (2-34 g.), glacial acetic acid (24 c.c.), and concentrated hydrochloric aci@ 
(6-4 c.c.) was refluxed for 2 hr. and the resulting solution cooled. The product was precipitated 
with water (160 c.c.), filtered, dried, and crystallised from light petroleum (charcoal) to yield 
5’ ,6’-dihydro-2-methylpyrano(2’,3’:7,6)chromone (2-10 g., 97%) as blades, m. p. 107° (Found: 
C, 71:9; H, 55. C,,;H,,O, requires C, 72-2; H, 5-6%). 


The authors thank the Governors of the Royal Technical College, Salford, for the award ofa 
College Demonstratorship (to P.N.) and Dr. L. Golberg (Benger Laboratories, Ltd.) for 
information relating to testing. 


RoyaLt TECHNICAL COLLEGE, SALFORD. [Received, November 5th, 1959.) 


397. Bromination of t-Butylbenzene. 


By J. D. BAackKHuRST. 


Direct halogenation of t-butylbenzene in the side chain was considered to be impossible 
until the chlorination was reported by Truce ef al. Previously, Kharasch and Fineman? 
obtained only nuclear bromination, although conditions found to be optimum for the 
bromination of neopentane were employed. Tal’kovskii* used a pseudo-gas-phase re- 
action to prepare 1-bromoethylbenzene from ecm without the presence of organic 
peroxides or other catalysts. 

The side-chain bromination of t-butylbenzene is now reported. It was accomplished 
in the gas phase with irradiation by a mercury arc, the reactants giving ~40% yields. 
Reaction in the dark gave a 21% yield, of which 75% was the side-chain monobromide, 
the remainder being nuclear-substituted. Reaction between bromine and refluxing 
t-butylbenzene, whilst the reactants were illuminated, also yielded both side-chain and 
nuclear bromides. 

It is notable that no significant amount of rearranged product was detected. Search 
for this was made by studying a kinetically controlled hydrolysis of the product in 80% 
aqueous ethyl alcohol. The sample hydrolysed was a fraction collected between the b. ps 
of the unchanged t-butylbenzene and £$-dimethylphenethyl bromide when the product 
was fractionated through a long, vacuum-jacketed column, and would have contained any 
aa-dimethylphenethyl bromide produced. Hydrolyses were carried out at 25-0° and 
73-05° and first-order rate coefficients were calculated. About 0-9% of “ fast’ (more 
readily hydrolysed) bromide was found (k,25 = ca. 6 x 10° sec.“!), and this agrees with 
similar results of Fainberg and Winstein ® who found 0-6% of “‘ fast” bromide in @8-di- 
methylphenethyl bromide. At 73-05° k,%° = 2-42 x 10% sec.1, in agreement with the 
value quoted for 88-dimethylphenethyl bromide. 


Experimental.—The apparatus used for the gas-phase reaction has been described.*?_ The 
optimum contact time was about 30 sec. Variation of the temperature between 190° and 
270° had no effect upon the yield and the reaction proceeded smoothly over this range. The 


! Truce, McBee, and Alfieri, J. Amer. Chem. Soc., 1949, 71, 752. 

* Kharasch and Fineman, J]. Amer. Chem. Soc., 1941, 68, 2776. 

% Tal’kovskii, J]. Gen. Chem. (U.S.S.R.), 1948, 18, 103. 

* Backhurst, Hughes, and Ingold, J., 1959, 2742. 

> Grunwald and Winstein, J. Amer. Chem. Soc., 1948, 70, 846. 
Fainberg and Winstein, J. Amer. Chem. Soc., 1956, 78, 2763. 
Backhurst, J., 1959, 3497. 
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molar ratio of hydrocarbon to bromine was usually about 5-5. The excess of bromine and the 
hydrogen bromide formed were removed by bubbling nitrogen through the reaction product. 

The preparation and physical properties of t-butylbenzene have been described elsewhere.‘ 
“ AnalaR ” bromine was used without further purification. 

An authentic sample of 6$-dimethylphenethyl bromide, b. p. 91-3—91-5°/4 mm., ,* 
1:5457 (cf. ref. 6) (Found: C, 56-5; H, 6-2; Br, 37-0. Calc. for CjgH,,Br: C, 56-4; H, 6-2; 
Br, 37:2%), was prepared by coupling 2-methylallyl bromide with benzene, in the presence of 
sulphuric acid. The compound was characterised by the preparation of 6-methyl-$-phenyl- 
butyranilide, m. p. 122—123°, from the Grignard reagent and phenyl isocyanate. 

aa-Dimethylphenethyl bromide, prepared by the action of hydrogen bromide on the alcohol, 
had b. p. 85—86°/4 mm., n,** 1-5364. 

Illuminated gas-phase reaction. After reaction of t-butylbenzene (5-3 mol.) and bromine 
(1 mol.) at 226° with a contact time of 35 sec., fractionation gave main fractions: b. p. 46— 
47°/8 mm., ,,** 1-4905 (329-4 g.); b. p. 90-4—90-9°/4 mm., m 1-5448 (20-2 g.); b. p. 90-9— 
91-0°/4 mm., 1-5458 (13-3 g.) (Found: C, 56-3; H, 6-2; Br, 36-7. Calc. for C,jH,,Br: C, 56-4; H, 
6-2; Br, 37:2%) (gives @-methyl-$-phenylbutyranilide; therefore §$-dimethylphenethy] 
bromide); b. p. 91-0—92-0°/4 mm., m,,* 1-5457 (12-0 g.). 

Hydrolyses. These were carried out by standard techniques. The liberated hydrogen 
bromide was determined by titration with sodium ethoxide solution, and lacmoid as indicator. 

Reaction between bromine and refluxing t-butylbenzene. Bromine was added to the vapour 
of refluxing t-butylbenzene during several hours, until the hydrocarbon : bromine was 4-0 (mol.) ; 
throughout, the reagents were illuminated. The product was fractionally distilled and, besides 
unchanged t-butylbenzene, was mainly ®f-dimethylphenethyl bromide, with a small amount 
of material from which fractional freezing yielded p-, m. p. 15-5°, m,** 1-5314 (Found: C, 56-4; 
H, 6-2; Br, 37-1%), and m-bromo-t-butylbenzene, b. p. 98°/10 mm., ,** 1-5336. 


The author is indebted to Professor Sir Christopher Ingold, F.R.S., and Professor E. D. 
Hughes, F.R.S., for their interest and encouragement. 


WILLIAM RAMSAY AND RALPH ForRSTER LABORATORIES, 
UNIVERSITY COLLEGE LONDON, 
GOWER STREET, Lonpon, W.C.1. [Received, November 23rd, 1959.] 





398. Triphenylphosphine Sulphide and Selenide as Ligands. 


By E. BANNISTER and F. A. Cotton. 


So far as we are aware the literature ! contains no reports of complexes of Ph3PS or PhgPSe 
or of any other phosphine sulphides or selenides. Since we have recently prepared a 
variety of interesting complexes ? of Ph,PO, we made a cursory exploration of the inter- 
action of triphenylphosphine sulphide and selenide with a few transition-metal salts and 
Lewis acids. Although the results on hand are rather scanty, we report them at this 
time since we do not expect an early opportunity to extend them. 

The compounds prepared, PdCl,,2Ph,PS, PdCl,,2Ph,PSe, and SnCl,,2Ph,PSe, are 
thermally rather stable, but too insoluble to permit the usual studies which would elucidate 
their structures. 


Experimental.—PdCl,,2Ph,PS. Triphenylphosphine sulphide (1 mol.), suspended in 
alcohol, was added to a solution of palladous chloride (1 mol.) in 18% hydrochloric acid. There 
was an immediate colour change and, on boiling, a light brown precipitate. This complex 


1 See, e.g., Kosolapoff, ‘‘ Organophosphorous Compounds,” John Wiley and Sons, Inc., New York, 


rg J. R. Van Wazer, ‘‘ Phosphorus and Its Compounds,” Interscience Publ., Inc., New York, 1958, 
ol. I. 


* Bannister and Cotton, J., 1960, 1878. 
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was filtered off, washed with methylene chloride (in which the ligand is appreciably soluble), 
and dried ina vacuum; it had m. p. 236° (decomp.) (Found: C, 55-3; H, 4-0. PdCl,,2Ph,Ps 
requires C, 56-4; H, 3-95%). 

PdCl,,2Ph,;PSe. Similar reaction with the selenide gave an orange-brown complex (Found: 
C, 49-3; H, 3-4. PdCl,,2Ph,PSe requires C, 50-3; H, 3-5%). 

SnCl,,2Ph,PSe. When stannic chloride was added to a solution of triphenylphosphine 
selenide in benzene, a dark brown colour appeared and, on boiling, a dark brown sludge was 
formed. However, adding the chloride carefully with stirring to diethyl ether afforded a crystal- 
line precipitate of SnCl,,2Et,0, and when the selenide was then added the etherate rapidly 
dissolved to give a yellow solution. On concentration of this solution, a pale yellow precipitate 
of complex, m. p. 168°, was formed (Found: C, 47-4; H, 3-2. SnCl,,2Ph,PSe requires C, 45-85; 
H, 3-2%). 

Triphenylphosphine sulphide did not appear to react with SnCl,,2EtO. Neither the sulphide 
nor the selenide appeared to displace ether from BF;,Et,O in ether: evaporation gave only 
unchanged starting materials. No complexes were obtained with cobalt, mercuric, or cupric 
chloride. 


DEPARTMENT OF CHEMISTRY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
CAMBRIDGE 39, Mass., U.S.A. [Received, November 23rd, 1959.] 
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399. Acyl Isothiocyanates. Part IV.* The Reaction between 
Acetaldehyde Ammonia and some Isothiocyanates. 


By D. T. ELmore and J. R. OGLE. 


The products of the reaction between acetaldehyde ammonia and alkoxy- 
carbonyl isothiocyanates, claimed by Dixon and Taylor? to be NN’-ethyl- 
idenethioureas (I), are found to be 1,1-difalkoxycarbonyl(thioureido) Jethanes 
(III). Acetaldehyde ammonia and phenyl isothiocyanate, however, afforded 
perhydro-4,6-dimethyl-1-phenyl-2-thio-1,3,5-triazine (V), as suggested by 
Dixon.?. The mechanisms of these reactions are briefly discussed. 


Drxon and TAyLor? studied the reaction between acetaldehyde ammonia and several 
acyl isothiocyanates. The NN’-ethylidenethiourea structure (I) was ascribed to the 
products, partly on analytical grounds, and partly from consideration of the products of 
hydrolysis. We felt that this structure was erroneous for several reasons, not the least 
being the discovery by Lund ® that acetaldehyde ammonia is the trihydrate of perhydro- 
2,4,6-trimethyl-1,3,5-triazine (II), a suggestion made long ago by Delépine.t Methoxy- 
and ethoxy-carbony] isothiocyanates with acetaldehyde ammonia gave crystalline products, 
which had m. p.s almost identical with those quoted by Dixon and Taylor,? and thus 
appeared to be the same compounds. We were unable, however, to reproduce the sulphur 
and nitrogen analyses reported’ by these workers; our results led conclusively to the 
empirical formule C,H,O,N,S and C;H,O,N,S, respectively. Confirmation was forth- 
coming from potentiometric titration with tetrabutylammonium hydroxide in dry 
pyridine. Cryoscopic determination of molecular weights in urethane solution, however, 
revealed that the molecular formule were C,H,,0,N,S, and C,)H,,0,N,S,. These results 
strongly suggested that the compounds were 1,1-di{alkoxycarbonyl(thioureido) |ethanes 
(III; R= Me or Et). Further, their ultraviolet absorption spectra (Table) closely 
resembled those of methyl and ethyl thioallophanates and N-cyclohexylthioallophanates, 
with the exception that the extinction coefficients were approximately double, a result 
which is explained by the presence of two identical, isolated chromophores. 


Ultraviolet absorption data in 95°%, ethanol. 


Compound A (mp) and ¢ (in parentheses) 
(III; R = Me) 259(29,500) 233(6700) 
(III; R = Et) 259(29,500) 233(6300) 
(IV; R = Me) 262(15,000) 227(300) 
(IV; R = Et) 262(16,800) 227(400) 
Methyl N-cyclohexylthioallophanate 262(15,300) 233(1200) 212(13,000) 
Ethyl N-cyclohexylthioallophanate 262(14,100) 232(3100) 213(13,900) 


Examination of the infrared spectra of the compounds (III) afforded additional 
evidence of structure. The presence of two vNH bands is compatible with the structure 
(III) but not with that proposed by Dixon and Taylor. A single vC:O band appeared 
at 1724 cm. in chloroform but two peaks were observed in the spectra of Nujol mulls of 
both compounds. The significance of this is not clear, especially since the additional peak 
was at a frequency higher than 1724 cm.+ for the methyl derivative and lower than 
1724 cm.! for the ethyl homologue. Strong absorption at 1523—1535 cm." is assigned 


* Part III, J., 1959, 2286. 


? Dixon and Taylor, J., 1916, 109, 1244. 
* (a) Dixon, J., 1888, 58, 411; (b) Idem, J., 1892, 61, 509. 
> Lund, Acta Chem. Scand., 1958, 12, 1768. 
* Delépine, Bull. Soc. chim. France, 1898, 19, 15. 
3s 
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to the “ thioureide’’ band.5 Fuller data for both compounds and for the thioallophanates 
and their N-cyclohexyl derivatives are included in the Experimental section. 

Dixon and Taylor ! reported that their compounds were hydrolysed by hot, dilute acid 
to acetaldehyde and the corresponding alkyl thioallophanate. This was regarded as 
confirmatory evidence for the structure (I; R = OMe or OEt). We have confirmed this 
observation qualitatively, but it should be noted that lability to acid might be expected 
for either structure. Quantitatively, however, we found that the yields of thioallophanates 
and acetaldehyde (isolated as the dimedone derivative) approximated to those required by 
structure (III). Dixon and Taylor’ reported that the products from alkoxycarbonyl 
isothiocyanates and acetaldehyde ammonia were hydrolysed by cold, strong alkali to 
inorganic thiocyanate. Earlier observations by these and other authors ® had indicated 
that such lability was characteristic of NN-disubstituted thioureas, particularly when one 
substituent was an acyl group. This observation was therefore important evidence in 
favour of the structure proposed. Our compounds, however, were quite stable under 
these conditions, and it is possible that Dixon and Taylor obtained different products, 
Unfortunately, no further comparison was possible, but in view of the agreement of m. ps, 
we believe that our compounds are the same as those isolated by Dixon and 
Taylor, but that the products of the latter were slightly impure. A trace of thiocyanate 
would have been sufficient to have given a pronounced reaction with ferric chloride, 

Dixon also studied the reactions of acetaldehyde ammonia with acetyl isothio- 
cyanate,)™ and benzoyl isothiocyanate.” Acetyl isothiocyanate afforded two compounds, 
to which the formule C;H,ON,S (I; R= Me) and C,H,,0,N,S were ascribed, while 
benzoyl isothiocyanate yielded N-benzoylthiourea as the only identifiable product. We 
have not so far succeeded in isolating any crystalline material from these reactions, but, in 


COR : 
FN NH-CS‘NH-CO,R 
MeHC Js MeHC — > MeCHO + = 2NH,°CS-NH-CO,R 
N NH-CS-NH-CO,R 
Hy (III) (IV) 


H - a H 
N a N 


(I) 


[Me- CH(OH) -NPh-CS-NH:CHMe], NH 


Mele” ‘cH Me 
HN NPh 
(V) cs 


(VI) 


i; RO-CO-N:C:S ii; H,;OF iii; Ph-N:C:S 


view of the results with alkoxycarbonyl isothiocyanates, the compound (I; R = Me) 
must be regarded with suspicion. Dixon ? also made an extensive study of the reaction of 
alkyl and aryl isothiocyanates with aldehyde ammonia derivatives. He concluded that 
all the products were derivatives of perhydro-2-thio-1,3,5-triazine. Thus, phenyl isothio- 
cyanate and acetaldehyde ammonia gave perhydro-4,6-dimethyl-1-phenyl-2-thio-1,3,5-tr- 
azine (V). Earlier, Schiff? suggested the open-chain structure (VI) for this compound. 
Repetition of this work has enabled us to confirm the structure suggested by Dixon. 
Apart from analytical data, the infrared spectrum contained no bands definitely assignable 
to voy vibrations, as would be expected from Schiff’s formula. We do not agree, however, 
with the mechanism suggested by Dixon for the reaction. We suggest that the reactions 


5 Elmore, J., 1958, 3489 (and references cited therein). 

* Hugershoff, Ber., 1899, 32, 3649; Wheeler, Amer. Chem. J., 1902, 27, 270; Dixon and Hawthorne, 
J., 1907, 92, 122; Dixon and Taylor, J., 1908, 93, 18. 

7 Schiff, Ber., 1876, 9, 565. 
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of alkoxycarbonyl and phenyl isothiocyanates with acetaldehyde ammonia proceed 
according to the mechanisms summarised below: 


H 
(a) 
R-CO-N mene” ‘cue N-CO-R 
: ¢ HN. NH . c (II) 
Gs CMe 5° 


(b) H H 7 
ym. aon 


MeHC wen CHMe Mee Gen CHMe 


Cc 
a 

HN A i 
eae 








Presumably, the greater basicity of the nitrogen atom in PhN= in the intermediate of 
scheme (b), compared with that in R-CO-N= in scheme (a), favours nucleophilic attack 
at Cw). 


EXPERIMENTAL 


Ultraviolet absorption spectra were measured on a Carey recording spectrophotometer, 
model 14. Infrared spectra were measured on a Perkin-Elmer spectrophotometer, model 21, a 
sodium chloride prism being used, with the sample as a Nujol mull or dissolved in hexachloro- 
butadiene. Carbonyl bands were also located in some cases with the sample dissolved in chloro- 
form. Equivalents were determined by potentiometric titration against tetrabutylammonium 
hydroxide in pyridine. Molecular weights were determined cryoscopically in urethane. 

1,1-Di[{methoxycarbonyl(thioureido) jethane (III; R = Me).—A mixture of methyl chloro- 
formate (9-85 g.) and potassium thiocyanate (10-4 g.) in dry acetone (100 c.c.) was heated under 
reflux for 15 min. To the cooled and filtered solution was added a solution of acetaldehyde 
ammonia (6-1 g.) in acetone (100 c.c.). After several hours at 0°, the product (2-99 g.) was 
crystallised from ethanol, and then had m. p. 187-5—188-0° (Dixon and Taylor?! report m. p. 
187:5°) (Found: C, 32-7; H, 4:9; N, 18-9; S, 218%; Equiv., 148; M, 272. C,H,,0O,N,S, 
requires C, 32-6; H, 4-8; N, 19-0; S, 21:8%; Equiv., 147; M, 294) The infrared spectrum 
had the following bands: 3220 (vNH), 3170 (vNH), 3030 (vCH), 1736 and 1726 in Nujol but 1724 
in chloroform (vC=O), 1523 (thioureide), 1449 (8CH), 1380 (C—Me), 1303, 1264, 1244, 1210, 1163, 
1130, 1098, 1034, 966, 935, 803, 773, 744, and 722cm.1. This compound (294 mg., 0-001 mole) was 
heated in 2N-sulphuric acid (13 c.c.) for 4 hr. under a warm-jacketed reflux condenser. A slow 
stream of nitrogen carried acetaldehyde into a saturated solution of dimedone in 10% aqueous 
ethanol. Several hours after completion of the reaction, the dimedone derivative (244 mg., 
0-0008 mole) was collected; it had m. p. and mixed m. p. 140-0—140-5°. Starting material 
dissolved during the reaction, and methyl thioallophanate (168 mg., 0-00125 mole) crystallised 
from the cooled hydrolysate. After recrystallisation from water, it had m. p. and mixed m. p. 
165-0—165-5° (decomp.). Identity was confirmed by comparison of infrared spectra, which had 
the following bands: 3310 (vNH), 3290 (vNH), 3240 (vNH), 3170 (vNH), 2955 (vCH), 2860 (vCH), 
2710, 1717 (vC=O), 1615 (SNH), 1607 (NH), 1527 (thioureide), 1447, 1224, 1097, 995, 951, 824, 
774, and 718 cm.*}. 

1,1-Difethoxycarbonyl(thioureido) jethane (III; R = Et).—A mixture of ethyl chloroformate 
(21-7 g.) and potassium thiocyanate (20-8 g.) in dry acetone (100 c.c.) was heated under reflux 
for 15 min. To the cooled, filtered solution was added a solution of acetaldehyde ammonia 
(12-2 g.) in acetone (200 c.c.). Next day, water (600 c.c.) was added, and the solution was left 
at 0°. The ethane (8-55 g.) had m. p. 153-5—154-5° after recrystallisation from ethanol (Dixon 
and Taylor! report m. p. 152—153°) (Found: C, 37-2; H, 5-7; N, 17-8; S, 193%; Equiv., 
159; M, 323. C,9H,,O,N,S, requires C, 37-3; H, 5-6; N, 17-4; S, 199%; Equiv., 161; M, 
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322). The infrared spectrum had the following bands: 3280 (vNH), 3180 (vNH), 2990 (vCH), 
2740, 1727, and 1696 in Nujol but 1724 in chloroform (vC=O), 1535 (thioureide), 1450 (3CH), 
1386 (C—Me), 1334, 1303, 1262, 1239, 1206, 1142, 1098, 1035, 948, 890, 877, 773, and 725 cm." 
This compound (644 mg., 0-002 mole), heated in 2N-sulphuric acid (25 c.c.) under reflux as 
described above, afforded the dimedone derivative (200 mg., 0-00065 mole) of acetaldehyde, 
m. p. and mixed m. p. 139-5—140°, and ethyl thioallophanate (450 mg., 0-00304 mole), m. p. 
and mixed m. p. 139-5—140° after two recrystallisations from water. Identity was confirmed 
by comparison of infrared spectra, which had the following bands: 3340 (vNH), 3250 (vNH), 
3170 (vNH), 2990 (vCH), 2720, 2210, 2110, 1897, 1702 (vC=O), 1617 (8NH), 1540 (thioureide), 
1477, 1463, 1446, 1403, 1376, 1313, 1270, 1221, 1114, 1100, 1017, 997, 893, 764, and 727 cm.*}. 

Methyl N-Cyclohexylthioallophanate-——A mixture of methyl chloroformate (9-45 g.) and 
potassium thiocyanate (10-7 g.) in dry acetone was heated under reflux for 15 min. Cyclo- 
hexylamine (9-9 g.) was added slowly with cooling, and the mixture was left for 2 hr. It was 
poured into ice—water (1500 c.c.), and the product (8-0 g.) was collected and twice recrystallised 
from ethanol (charcoal); it then had m. p. 124—125° (Found: C, 50-3; H, 7-6; N, 13-0%; 
Equiv., 213. C,H,,0O,N,S requires C, 50-0; H, 7-5; N, 130%; Equiv., 216). The infrared 
spectrum had the following bands: 3410 (vNH), 3225 (vNH), 2930 (vCH), 2850 (vCH), 1720 
(vC=O), 1546 (thioureide), 1532, 1450, 1434, 1404, 1354, 1343, 1302, 1272, 1260, 1241, 1198, 1174, 
1152, 1115, 1075, 1032, 988, 945, 891, 822, 768, 725, and 692 cm."}. 

Ethyl N-Cyclohexylthioallophanate.—A mixture of ethyl chloroformate (10-8 g.) and potass- 
ium thiocyanate (10-7 g.) in dry acetone (100 c.c.) was heated under reflux for 15 min. Cyclo- 
hexylamine (9-9 g.) was added slowly with cooling, and the mixture was left for 2 hr. and filtered, 
Concentration under reduced pressure gave a gum which was shaken with water, and the 
suspension was extracted with three portions of ethyl acetate. The dried extracts (Na,SO,) 
were evaporated to an oil which crystallised after cooling and being scratched. Recrystallised 
from ethanol and then from aqueous ethanol, the product (13-0 g.) melted indefinitely between 
63° and 67° depending on the rate of heating (Found: G, 52-1; H, 7-8; N, 12-2%; Equiv., 248. 
C,9H,,0,N,S requires C, 52-1; H, 7-9; N, 12-2%; Equiv., 230). The infrared spectrum had 
bands: 3410 (vNH), 3240 (vNH), 2940 (vCH), 2860 (vCH), 1723 (vC=O), 1547 (thioureide), 1454, 
1408, 1387, 1347, 1305, 1253, 1236, 1203, 1185, 1173, 1150, 1115, 1096, 1039, 974, 887, 846, 820, 
772, 754, and 684 cm."!. 

Perhydro-4,6-dimethyl-1-phenyl-2-thio-1,3,5-triazine (V).—A solution of acetaldehyde am- 
monia (3-05 g.) in acetone (50 c.c.) was treated with phenyl isothiocyanate (6-76 g.). 
Considerable heat was evolved, and crystals rapidly separated. After 1 hr. at 0°, the product 
(4-1 g.) was crystallised from acetonitrile; it then had m. p. 160-5—161-0° (Dixon ? reports m. p. 
148—149° after recrystallisation from ethanol; we found that the m. p. was lowered to ca. 150° 
by this treatment) (Found: C, 60-0; H, 6-9; N, 19-1. C,,H,;N,S requires C, 59-6; H, 6-8; N, 
19-0%). Apart from a shoulder at 236 my (e 12,400), the ultraviolet spectrum was featureless 
down to 210 muy. The infrared spectrum had bands: 3275 (vNH), 3185 (vNH), 3065 (vC,,H), 
2990 (vCH), 2945 (vCH), 1598 (aromatic ring), 1530 (thioureide), 1498 (aromatic ring), 1483, 
1449 (8CH), 1373 (C—Me), 1333, 1308, 1273, 1228, 1156, 1130, 1107, 1074, 1062, 1028, 1003, 972, 
930, 910, 895, 865, 800, 755, and 693 cm.*?. 


We thank Professor Sir Alexander Todd, F.R.S., for laboratory facilities. Some of this work 
was carried out during the tenure (by J. R. O.) of a Senior D.S.I.R. Fellowship. We are also 
grateful to Imperial Chemical Industries Limited for financial assistance. 
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400. Picrotoxin and Tutin. Part X.1 
By R. M. CarMAN, R. G. CoomBE, R. B. Jonns, and A. D. Warp. 


Preparation of the monomethyl ether of apopicrotoxinic dilactone is 
described, and experiments are reported which uniquely determine the 
position and nature of the ether system in picrotoxinin. 


Part IX ! described experiments which confirmed the position of the 3-hydroxyl group 
in a-picrotoxinic acid (I; R =H). Concurrently with those investigations, and with the 
same objective, an alternative approach was developed via the methyl ether of §-bromo- 
picrotoxinic acid. From these experiments a neutral dilactone was isolated and identified 
as the monomethy] ether of apopicrotoxinic dilactone.? Our investigations on the methyl 
ether, which appear to be somewhat more detailed than those for the parent dilactone 
and are reported here, confirm the postulated structure of the dilactone and uniquely 
prove the position of the picrotoxinin epoxide to be between carbon atoms 12 and 13. 


OH 
oc 
oO \ 
OHC OH us 


MeO-HC (CH, RO co 


° 


\ 
(IT) (ILI) (IV) 


The methyl ether of 8-bromopicrotoxinic acid may be debrominated, to give the methyl 
ether of «-picrotoxinic acid (I; R = Me). Alkaline degradation of the dihydro-derivative 
would be expected to yield, on the basis of the Conroy structure, acids (II) and (III or 
the corresponding dicarboxylic acid). Acid (ITI) could be identified with certainty. This 
result is in accord with those previously obtained.1 Methylation of §-bromopicrotoxinin 
directly with dimethyl sulphate gave, in varying yield, the easily crystallised methyl 
ether of 8-bromopicrotoxinic acid, together with a water-soluble oil. Debromination of 
this intractable oil led to a neutral compound, C,,H.04,, m. p. 279°, which was unexpectedly 
alkali-stable. An alternative method of preparation, developed later, was by alkaline 
hydrolysis of the methyl ether of 8-bromopicrotoxinic acid with subsequent debromination. 
Apopicrotoxinic dilactone was independently reported and formulated * as (IV; R = H) 
a little later, and from a comparison of infrared and chemical data it was evident that 
our derivative was probably the methyl ether of apopicrotoxinic dilactone (IV; R = Me). 
The method of preparation suggests that its formation is the result of alkaline hydrolysis 
rather than of a transformation during debromination, i.e., analogous to the formation 
of the parent dilactone. The methyl ether as well as the acid? (V), m. p. 251°, are of 
particular interest, because they are derivatives of picrotoxinin in which the oxiran ring 
is present as a potential vicinal glycol unit; this unit, by its nature, facilitates a test of 
structure. (Other derivatives, in which the oxiran ring has been shown as open, but which 
led to sequestration of the 12-oxygen atom in ketal or acetal groups, }4 have not proved 
amenable to further investigation and confirmation.) 

The methyl ether may be unambiguously placed at position 3. Infrared hydroxyl 
absorption (3458 and 3368 cm.~) in the methyl ether and in its monoacetate (3429 cm.*), 
which is readily formed on acetylation, necessitates at least two free hydroxyl groups 
in the methyl ether. They cannot be vicinal since the compound is unreactive to periodic 
acid, but one must be either activated or secondary. That the former is the correct 


1 Part IX, J., 1959, 130. 

* Slater, J., 1949, 806. 

* Conroy, J. Amer. Chem. Soc., 1957, 79, 1726. 

* Burkhill, Holker, Robertson, and Taylor, J., 1957, 4945. 
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alternative is demonstrated by formation of a dimethyl ether with diazomethane; this 
still shows hydroxyl absorption (3360 and 3494 cm.'). The neutral nature of the mono- 
methyl ether eliminated the presence of a carboxyl group; the presence of two lactones 
(one a y-, the other a 8-lactone) is required by the infrared spectrum (1806 and 1732 cm.*), 
varying slightly in the dimethyl ether (1771 and 1737 cm.) and acetate (1793 and 1718 
cm."). The isopropenyl group is present, as deduced both from the spectrum (1653 cm.>) 
and from normal unsaturation tests. The seven oxygen atoms may therefore be assigned 
functions as two lactones, one methoxyl, and two non-vicinal hydroxyl groups. - 

The high frequency of the y-lactone band of the monomethyl ether and its acetate 
suggests strongly that this is due to the 14-carbonyl group in the same lactone as in picro- 
toxinin * (1795 cm.) and picrotoxic acid (1795 cm.~), the evidence for which in the latter 
case is certain. If this view is correct, the 15-carbonyl group may close on to position 
12 or 13 in order to give a 8-lactone. The activated hydroxyl group must be at position 
13, quite apart from possible steric considerations precluding closure, and hence the altern- 
ative is position 12. Such a hypothesis should be amenable to verification. 

The incorporation of a molecule of water in picrotoxinin, whilst still maintaining a 
dilactonic structure, requires in the first instance, rupture of the ether linkage irrespective 
of the actual nature of such a system. It has been assumed above that the activated 
hydroxyl group is present at position 13 which corresponds to one end of the ether link 
in picrotoxinin.*5* Earlier work }3 has clearly shown that a hydroxyl group can arise 
at position 13 during reduction, and in picrotoxic acid * this hydroxyl group is present 
in the molecule. In our own case, reduction of the ether (IV; R = Me) with sodium 
borohydride yields a monolactonic (1728 cm.) hemiacetal possessing one glycol unit. 
This last group can be formed only if, in this instance, there was a free hydroxyl group 
a to an original lactone, t.e., at position 13. Hence closure of the 15-carbonyl group must 
be on to carbon 12. This argument in itself lends strong support for the presence of an 
oxygen function at position 12 not originally present in either of the picrotoxinin lactones, 
Absolute confirmation is provided from the following periodate studies. 

Neither apopicrotoxinic dilactone (IV; R = H) nor its methyl ether (IV; R = Me) 
reacts with periodic acid. After alkaline hydrolysis, however, when both lactones are 
open, uptake of sodium periodate is of the expected order; the rate of oxidation of apo- 
picrotoxinic dilactone is about twice that of the monomethy] ether in which one potential 
glycol unit is removed by methylation of the 3-hydroxyl group. The position of this 
remaining glycol unit in the monomethyl ether was indicated by attempted periodate 
oxidation of the dimethyl ether. No oxidation occurred at an acid pH, but at an alkaline 
pH, and after hydrolysis of the two lactones, in contrast to the cases with the monomethyl 
ether and the parent dilactone, reaction with sodium metaperiodate was negligible; 1.¢., 
in the ether (IV; R = Me) in which the 13-hydroxyl group is free, alkaline hydrolysis 
releases one vicinal glycol unit, but in the dimethyl ether, when the 13-hydroxyl group 
is sequestered in a methyl ether no potential vicinal glycol remains. Consequently, in 
apopicrotoxinic dilactone and its methyl ethers there must be a potential hydroxyl group 
at position 12 forming part of a lactone system in these compounds. Further, this must 
represent the second position of attachment of the ether system in picrotoxinin, thus 
providing unique confirmatory evidence, from a stepwise attack on the molecule, determin- 
ing the exact nature of the ether ring in picrotoxinin as an epoxide falling between positions 
12 and 13. 

A feature of the chemical properties of apopicrotoxinic dilactone and its derivatives 
has been their stability in alkali. We have found this test useful as a convenient means 


* It is reasonable to assume that the 6-hydroxyl group released by debromination has remained free 
in the resulting relactonisations. The axial conformation precludes any possible reaction with the 
14-carbonyl group. 

5 Conroy, J. Amer. Chem. Soc., 1951, 78, 1889. 
* Johns, Slater, and Woods, J., 1956, 4715. 
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of distinguishing qualitatively between the mono-methy] ethers of «-picrotoxinic acid and 
apopicrotoxinic dilactone, and similarly between the acid of m. p. 251° (V), which is stable 
to alkali, and the acid of m. p. 219° (VI), which is degraded by hot alkali? Comparison 
of the structures of compounds (IV; R = H, Me), (V), and (VII) suggests that previously 
held prerequisites for degradation require amending. In these compounds, the 6-hydroxyl 
group is free, a structural feature defined ’ much earlier and still holding without exception. 
Picrotoxinin, dihydropicrotoxinin, and picrotin titrate in cold alkali as dibasic substances, ® 





OH OH 
HO,C oc 
(eo) ie) 
HO on OH 
° ae CO,H 
A 
(V) (VI) (VII) 


ie., both lactone groups are opened but in the last two cases they are closed again on 
acidification. In warm alkali all three readily undergo degradation. These facts do not 
support the contention that the 15-carbonyl group must be present in a lactone for de- 
gradation to occur, and indeed, compounds (IV; R =H, Me) and (V) do fulfil this 
requirement although they are alkali-stable. The stability of the lactone is desirable, if 
at all, for the first dealdolisation only [see (i) in scheme below]. This is clear from a 
consideration of the mechanism of degradation proposed by Conroy ® for «-picrotoxinic 
acid, which adequately explains that of picrotoxinin also. 
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An elaboration of this mechanism (route B) by Burkhill e a/.4 in which compound 
(VIII) is considered an intermediate appears unlikely, because both the lactones (IV) 
and (V) in alkaline solution possess certain structural features similar to those in (VIII) 
but are stable under these conditions. The crucial point in our view is emphasized by a 
a comparison of the mechanistic path which it is suggested (VIII) must follow, compared 
with (IX), leading to (II) and (III). The development of a positive charge at position 
13 is facilitated by the scission of the C-O bond made possible by the presence of a 12,13- 
epoxide. Such a scission would be expected, and provides a driving force for the concerted 
mechanism envisaged in the second dealdolisation (A, ii). Such motivation is not present 
and would not be expected from an intermediate of the nature of (VIII). We regard this 
as a sufficient explanation of the stability of lactones (IV) and (V) to alkali and for that 


* Benstead, Gee, Johns, Martin-Smith, and Slater, J., 1952, 2292. 
® Benstead, Brewerton, Fletcher, Martin-Smith, Slater, and Wilson, J., 1952, 1042. 
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of picrotoxic acid, although in the last case the steric rigidity enforced by the oxide ring 
and other steric factors as suggested by Conroy ® probably play a major réle. The sole 
exception to this generalisation is picrotoxinindicarboxylic acid. This compound has been 
formulated ® as (X) and, whilst having an epoxide and free 2- and 6-hydroxyl groups, is 
still stable to hot alkali. There is at present remarkably little published chemistry of 
this derivative and we prefer to withold further comment at this stage. 

The structure of acid (V) and!its formation from (VI) deserve further comment. The 
two-dimensional representation of (V) shows a formal resemblance to (IV). Compound 
(IV; R =H) is formed as a result of alkaline treatment of 8-bromopicrotoxinic acid 
before debromination.* Similar treatment with alkali is necessary in the preparation of 
the ether (IV; R = Me). By contrast, formation of the acid (V) proceeds simply via the 


fe) 
HO,C HO: re HO-H,C 
HO 
OH 
HO CO,H 
. CH,Br CH,Br ‘CH, Br 
(X) 


(XI) (XII) X= CH,OH (XII) X=CH,-OH 


epoxide (VI) which is itself unstable to warm alkali. Debromination of methyl §-bromo- 
oxopicrotoxinate leads, in a manner analogous to the formation of the parent acids, to 
the methyl esters of acids (V) and (VI) in a yield dependent upon the time of reaction. 
This result confirms the original formulations, particularly in so far as it indicates the 
14-carbonyl group to be in the carboxyl group in the free acids. 

The formation of acid (VI) by debromination of 8-bromo-oxopicrotoxinic acid involves 
movement of a potential By-double bond into conjugation with the cyclic ketone, and is 
best regarded as an example of a “‘ three-carbon ” system, where the «$-unsaturated form 
would be expected to predominate exclusively..° The further conversion (VI) —» (V) 
is the result of interplay of several factors. Movement of the double bond to an endocyclic 
position can occur after, or more probably simultaneously with, isomerisation of the 
15-carbonyl group to a 8-lactone closing at position 12 (this presumably occurs by rearward 
attack * of the carbonyl group on the epoxide ring). Such an isomerisation receives a 
driving force from the favoured movement of the double bond from an exo- to an endo- 
cyclic position." This explains the ready formation of the lactone (V) under normal 
debromination conditions which leave the lactone in «-picrotoxinic acid unaffected. The 
probable conformations of acids (V) and (VI) are in harmony with their chemical reactivities. 
The conformation of (VI) will be little altered by the presence of the exocyclic double 
bond from that suggested by Conroy for «-picrotoxinic acid. The closure of the 15- 
carbonyl group in a 8-lactone permits the four carbon atoms at positions 2, 3, 4, and 5 to 
assume more readily a planar or near-planar conformation and, in so doing, removes the 
isopropylidene group further from the axial 6-hydroxyl group. This explains the non- 
bromination of (VI) in contrast to neopicrotoxinin where the situation is more akin to 
that in picrotoxinin. If a model of (V) (cf. Va) is considered, the endocyclic double bond 
results in flattening of the six-membered ring and as a consequence the 2-hydroxyl group 
assumes a quasi-equatorial position sufficient to prevent relactonisation with the 1+ 
carbonyl group. In our experience the acid (V) has shown no tendency to relactonise. 

Part VIII® reported that reduction of 8-bromopicrotoxinin by lithium aluminium 


® Conroy, J: Amer. Chem. Soc., 1957, 79, 5550. 

10 Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,”’ Bell and Sons Ltd., London, 1953, 
p. 562. 

11 Brown, Brewster, and Scheckter, J. Amer. Chem. Soc., 1954, 76, 467. 
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hydride gave two products, C,;H,,O,Br (XI) and C,;H,,0,Br (XII), the former in a very 
small yield, the latter in larger yield and in most cases the only product. The’ limited 
reactions reported for compound (XI) are not inconsistent with the formulation suggested 
by Conroy as shown. The major product received formulation (XIII) in preference to 
the expected (XII) on the basis of a change (XII) —» (XIII) under the conditions used 
in working up,!* the reported stability to boiling 2N-mineral acid and diazomethane 
notwithstanding. We have repeated the reduction and employed sodium sulphate for 
hydrolysis of the reaction complex. The major product (XII) was obtained. This 
proved intractabie in further transformations and because of this the reduction of chloro- 
picrotoxinin }* was investigated. The product, C,;H,,0,Cl, showed only hydroxyl absorp- 
tion in the infrared region. A triacetate was prepared readily and showed an infrared 
spectrum almost identical with that of the triacetate from compound (XII). Both acetates 
still showed hydroxyl absorption. Oxidation experiments with reduced chloropicro- 
toxinin were unpromising and in this respect completely paralleled those with the bromide 
(XII). Reaction with periodic acid, however, gave differing results. Whereas the bromo- 
compound (XII) absorbed 3 equivalents in acid media or one equivalent in neutral solution, 
reduced chloropicrotoxinin reacted with only one equivalent of periodic acid; no free 
chlorine could be detected although it had been expelled during reaction, as the end product 
was evidently halogen-free though intimately contaminated with halogenated material. 
Formaldehyde could not be detected in any of the periodate reaction mixtures. These 
reactions, whilst not inconsistent with structure (XII) or (XIII), were equally of no help 
in establishing one or other formulation. On re-investigation, further acetylation of the 
readily formed triacetate of compound (XII) gave a tetra-acetate showing no infrared 
hydroxyl absorption. Compound (XII) therefore contains only four hydroxyl groups, 
eliminating the possibility of an acetal-type structure of the nature of (XI). Efforts to 
distinguish further between the functions of the hydroxyl groups were unsuccessful; two 
are clearly present in a vicinal glycol as shown by uptake of one equivalent with lead 
tetra-acetate.6 Periodic acid, as earlier reported,® leads to a complex reaction with 
eventual uptake of 3 mols. and no great emphasis can be placed on the quantitative value 
of this particular reaction. The formation of formaldehyde from hot oxidising solutions 
is, however, of much significance. From a solution containing unchanged periodate a 
21% yield of formaldehyde was isolated as its 2,4-dinitrophenylhydrazone and colori- 
metric determination 14 indicated a 23% yield. If compound (XII) was boiled with 
hydrochloric acid before reaction with periodate, formaldehyde could be detected in a 
36% yield. These results, we contend, are fully consistent with formulation (XII) rather 
than (XIII). 


EXPERIMENTAL 


Debromination of the Methyl Ether of 8-Bromopicrotoxinic Acid.—The methyl ether (1 g.), 
in ethanol, was debrominated with zinc dust and ammonium chloride. Excess of zinc was 
filtered off, and the filtrate evaporated nearly to dryness under a vacuum. The addition of 
2n-sulphuric acid (5 ml.) precipitated a white solid, which after 2 hr. was filtered off (0-5 g.) 
and crystallised from water. The methyl ether of «-picrotoxinic acid had m. p. 127—129° 
(Found: C, 60-0; H, 6-2; OMe, 10-2. C,,H,,O, requires C, 59-2; H, 6-2; 10Me, 9-1%), vmax 
(in Nujol) 3548w, 3463w, 3358w, 1751w infl., 1731s, 1683s, 1650vw, and 1628w cm.*}. 

Methyl Ether of Dihydro-a-picrotoxinic Acid.—The methyl ether of a-picrotoxinic acid was 
hydrogentated in ethanol over platinum oxide. Dihydro-a-picrotoxinic acid methyl ether, 
crystallised from aqueous ethanol, had m. p. 214—215° (Found: C, 59-2; H, 6-9; OMe, 9-7. 
C,H,,O, requires C, 59-3; H, 7-1; 1OMe, 95%), vmax. (in Nujol) 3593w, 3483m, 1764w infl., 
1746s, 1738s, 1689s, and 1634m cm."}. 

Alkaline Degradation of the Methyl Ether of Dihydro-a-picrotoxinic Acid.—The finely pow- 
dered ether (3-0 g.) was dissolved in 2% aqueous potassium hydroxide (150 ml.) and stirred 

12 Conroy, Chem. and Ind., 1957, 704. 


18 Meyer and Bruger, Ber., 1898, 31, 2958. 
™ Hough, Powell, and Woods, /., 1956, 4799. 
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at 80° by a stream of nitrogen for 50 min. (Unchanged material only was isolated when 10% 
aqueous sodium carbonate was used.'*) The red-brown alkaline solution was continuously 
ether-extracted, but yielded no product. The reaction solution was acidified to Congo Red 
and solid sodium carbonate was then added until the solution was just acid to litmus. Ex. 
traction with ether at this pH yielded a yellow oil (extract A) (0-9 g.). At pH 3 extract B 
(0-13 g.) was obtained, and on further acidification (Congo Red) with concentrated hydro- 
chloric acid a resin (extract C) (2-9 g.) was obtained. Extract A gave no carbonyl or acid 
derivatives and, as with extract B, remained an intractable oil. Extract C showed Aga, 235 
my (in ethanol), and with ethanolic 2,4-dinitrophenylhydrazine yielded a hydrazone, m. p. 
219—220° (from ethanol). This showed no depression of m. p. when admixed with an authentic 
2,4-dinitrophenylhydrazone, m. p. 220—222°, of the cyclic ketone (II). Descending chromato- 
graphy on Whatman No. 1 paper of extract C, and acid (II), and development by spraying 
with litmus solution gave the following results: 


Solvent Extract C (Rp) Compd. (II) (Ry) 
PrOH-NH,-H,O, 80: 4: 16 0-59 0-59 
EtOH-NH,-H,O ‘i 0-62 0-62 
Pyridine-NH,-H,0O, 75: 5: 20 0-84 0-84 


Methyl Ether of Apopicrotoxinic Dilactone.—(a) A solution of 40% aqueous potassium 
hydroxide (30 ml.) was added slowly to 8-bromopicrotoxinin (4-8 g.) suspended in boiling water 
(10 ml.). When the solution had cooled to below 25°, dimethyl sulphate (5 ml.) was added 
dropwise with stirring. The solution was kept alkaline, and the temperature below 25°. The 
solution was acidified with concentrated hydrochloric acid and kept for 2 hr. at 0°, then inorganic 
material was filtered off. The filtrate was continuously extracted with ether, to yield a golden- 
yellow oil (3-73 g.). This oil (0-5 g.) was debrominated, in ethanol, with zinc dust and 
ammonium chloride. The residue, after removal of solvent, was acidified with 2N-sulphuric 
acid, precipitating the apopicrotoxinic dilactone methyl ether (0-28 g.), which recrystallised from 
aqueous acetone as needles, m. p. 279—281° (Found: C, 58-9; H, 6-3; OMe, 9-7. C,.H,,0, 
requires C, 59-3; H, 6-2; 1OMe, 9-6%), vmax. (in Nujol) 3458s, 3368w, 1806s, 1732s, and 1653w 
cm.'. The dilactone decolorised bromine water, was recovered unchanged from 5N-sodium 
hydroxide, did not colour when heated in alkaline solution, and showed negligible reaction 
with neutral sodium metaperiodate. When the dilactone was boiled for 30 min. with 0-ly- 
sodium hydroxide and then allowed to react with an excess of sodium metaperiodate, the uptake 
after 4-6, 5-0, 8, 9, and 27 hr. amounted to 0-5, 0-84, 1-0, 1-57, and 3-01 equiv. respectively 
(apopicrotoxinic dilactone after similar treatment showed after 4 and 8 hr., uptake of 1-1 and 
1-5 equivs. respectively). 

(b) 8-Bromopicrotoxinic acid methyl ether (1-1 g.) was dissolved in an aqueous solution of 
potassium hydroxide (0-69 g.) and kept at about 100° for 1 hr. To the boiling solution were 
added acetic acid (1-5 ml.), then ammonium chloride (0-54 g.) and zinc dust (1-6 g.) in small 
portions. The solution was boiled for a further 10 min. and filtered. The residue was washed 
with dilute acetic acid, and the combined filtrates were made up to 50 ml. with water and kept 
at 0°. The dilactone (IV; R = Me) (0-3 g.) crystallised (m. p. 279°). The acetate, prepared 
by acetic anhydride and pyridine, crystallised from ethanol in plates, m. p. 283—285° (Found: 
C, 59-0; H, 6-2. C,,H,.O, requires C, 59-1; H, 61%), Vmax, (in Nujol) 3429s, 1793s, 1745s, 
1718s, and 1650w cm."}. 

The Dimethyl Ether of (IV; R = Me).—The monomethyl ether (IV; R = Me) (0-28 g,), 
dissolved in methanol (25 ml.), was treated with diazomethane in ether until a yellow colour 
was maintained for 1 hr. The solvent was removed under a vacuum, ethyl acetate added to 
the residue, and unchanged material (0-05 g.) filtered off. The filtrate yielded apopicrotoxinic 
dilactone dimethyl ether (0-17 g.), m. p. 2838—239° (from aqueous ethanol) (Found: C, 60-2; 
H, 6-4; OMe, 18-1. C,,H,,O, requires C, 60-3; H, 6-6; 20Me, 18-3%), vmax. (in Nujol) 3489m, 
3360m, 1771s, 1737m, and 1639w cm.!. The dimethyl ether showed reaction neither with 
periodic acid nor, after pretreatment with alkali, with sodium metaperiodate. 

Debromination of Methyl B-Bromo-oxopicrotoxinate.—(a) The ester (2-06 g.) was debrominated 
with zinc dust and ammonium chloride in ethanol, the total time of reaction being extended 
to 25 min. Removal of solvent, and acidification of the residue, gave a white solid (0-73 g.). 


15 Cf. Slater and Wilson, Nature, 1951, 167, 324. 
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The methyl ester of (V), crystallised from water, had m. p. 121° (Found: C, 56-3; H, 6-2. 
CygHoOs Tequires C, 56-5; H, 59%), Amax. (in EtOH) 249 my (log ¢ 3-89), vmax (in Nujol), 3607s, 
3438s, 3300s, 1740s, 1712s, 1682s, 1623s, and 1607s cm. [acid (V) shows Amax, 247 and 318 
my (log ¢ 3-95 and 1-79 respectively), Vmax (in Nujol) 3480m, 3410m, 3370m, 1749s, 1718m, 
1678m, 1629vw, and 1598m cm.]. The ester decolorises bromine-water immediately and 
gives a positive Baeyer test. Tollens’s reagent is reduced in the cold, but no colour is obtained 
by heating the acid with 2n-alkali. The filtrate, after acidification, was continuously extracted 
with ether, yielding an intractable oil. 

(b) The oxo-ester (2-2 g.) was debrominated as above, but the time of reaction was no longer 
than 15 min. After removal of solvent and addition of 2Nn-sulphuric acid, the solution was 
kept at 0° for 2 days; product (0-65 g.) crystallised. Recrystallised from ethanol, the com- 
pound had m. p. 178° alone or mixed with a sublimed sample of the methyl ester * prepared 
from acid (VI), and had Aggy (in EtOH) 261 and 331 my (log ¢ 4:05 and 1-72 respectively). 
The original filtrate was continuously extracted with ether, and the resultant oil was chromato- 
graphed in ether on a silica gel column, separating it into an intractable oil, and solid material, 
m. p. 121° (from water), identical with the ester obtained in (a). 

Reduction of B-Chloropicrotoxinin with Lithium Aluminium Hydride.—8-Chloropicrotoxinin 
(5 g.) in dry dioxan (50 ml.) was added dropwise to a stirred suspension of lithium aluminium 
hydride (2 g.) in dry ether (80 ml.), and the suspension was refluxed for 45 min. Ethyl acetate 
(5 ml.) was added to the cooled reaction mixture, followed by a saturated aqueous solution 
of sodium sulphate (20 ml.). Solvent was removed under a vacuum, and the residue extracted 
with boiling absolute ethanol (5 x 100 ml.). When the alcohol had been removed, the residual 
brown gum was extracted with dry ether in a Bolton extractor, giving needles (2 g.) of a 
compound which, sublimed at 165°/0-02 mm., had m. p. 218° (Found: C, 54-2; H, 6-6; Cl, 10-8. 
C,sH,,0,Cl requires C, 53-8; H, 6-9; Cl, 10-6%), vmax, (in Nujol) 3353m, 3278m, and 14l5vw 
cm.1. The triacetate, prepared by acetic anhydride and pyridine, was distilled to a glass 
(150°/0-05 mm.), m. p. 74—78° (Found: C, 54-4; H, 6-2; Cl, 6-5; Ac, 30-2. C,,H,.0,Cl 
requires C, 54:7; H, 6-3; Cl, 7-7; 3Ac, 28-0%), vmax, (in Nujol) 3620w, 3490w, 1742s, and 1639w 
em.}. 

Triacetate of Reduced $-Bromopicrotoxinin.—Reduced {$-bromopicrotoxinin was kept in 
pyridine and acetic anhydride at room temperature overnight. After removal of solvent, 
the residual oil was distilled (150—160°/0-05 mm.) to a glass. The triacetate had m. p. 90—92° 
(much previous softening from 82°) (Found: C, 50-0; H, 5-7; Br, 15-9. C,,H,.O,Br requires 
C, 49-9; H, 5-7; Br, 158%), vmax. (in Nujol) 3525m and 1748s cm.*1. 

Tetra-acetate-—The preceding triacetate, m. p. 90—92° (0-4 g.), was refluxed with acetic 
anhydride (15 ml.) and sodium acetate (0-3 g.) for 14 hr. during which it darkened. Water 
was then added, and the solution extracted with ether. The extract was taken to dryness and 
the residual oil distilled. The tetra-acetate had m. p. 82° (previous softening) (Found: C, 50-7; 
H, 5-6; Br, 14-3; Ac, 29-5. C,.,;H3,O,9Br requires C, 50-5; H, 5-7; Br, 14-6; 4Ac, 31-4%), 
Ymax, (in Nujol) 1737 cm.*}. 

Periodate Oxidation of Reduced 8-Bromopicrotoxinin.—(a) A solution of reduced $-bromo- 
picrotoxinin (0-1 g.) in 0-5m-periodic acid (3 ml.) was kept overnight at room temperature. 
Water (20 ml.) was added, and the solution distilled into a solution of 2,4-dinitrophenylhydrazine 
(20 ml. of saturated solution in N-sulphuric acid). The precipitate of formaldehyde hydrazone 
was filtered off (0:21 mol.); m. p. and mixed m. p. 158—160°. If the formaldehyde was 
determined colorimetrically ‘ before distillation, a yield of 0-23 mol. was calculated. 

(6) Reduced 8-bromopicrotoxinin (0-3 g.) was refluxed with concentrated hydrochloric 
acid (4 ml.) for 30 min. Water was added, and all mineral acid removed as azeotrope. 0-5m- 
Periodic acid (5 ml.) was then allowed to react; after 30 min. chlorine was detected. After 
7 hr. at room temperature formaldehyde was determined, a 36% yield being recorded. 

Reduction of (IV; R = Me) by Sodium Borohydride.—Sodium borohydride (1-0 g.) in water 
(10 ml.) was added slowly to a solution, cooled in ice, of the monomethyl ether (0-4 g.) of 
apopicrotoxinic dilactone in dioxan (25 ml.) and water (10 ml.). The solution was kept at 
room temperature for 24 hr. with occasional further additions of small amounts of sodium 
borohydride in water. Any insoluble material was then filtered off, and the filtrate reduced 
to about 10 ml., acidified to Congo Red, and kept at 0° overnight. Boric acid crystallised. 
This was filtered off, and the filtrate continuously extracted with ether. The extract, after 
removal of ether, was distilled several times with methanol, and the monolactone (0-36 g.) 
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recrystallised from water as needles, m. p. 236° (Found: C, 57-7, 57-7, 57-6; H, 6-7, 7-2, 7-0; 
OMe, 9-8. C,,H,,0O,,4H,O requires C, 57-3; H, 6-9; 1OMe, 9-3%), vmax (in Nujol) 3412s, 
3366s, 1728s, and 1639wcm.!. The compound reduced Tollens’s reagent on warming. Periodic 
acid uptake was 0-82 and 0-96 equiv. in 5 and 29 hr. respectively. 
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401. Llectrophilic Catalysis in Nucleophilic Substitution and Elimin- 
ation. Part II.* Kinetics and Mechanisms of Reaction of t-Butyl 
Chloride with Pyridine, Tribenzylamine, Radio-chloride Ions and 
Hydrogen Radio-chloride in Nitromethane. 


By Y. PockeEr. 





Measurements are reported on the kinetics of elimination from and radio- 
chloride exchange in t-butyl chloride in nitromethane. The elimination of 
hydrogen chloride in the presence of pyridine, tribenzylamine, or low con- 
centrations of tetraethylammonium chloride has the characteristics of a 
unimolecular process. At higher chloride concentrations a small incursion 
of a second-order component of elimination is also observed. The dilution of 
tracer during the reaction with saline radio-chloride is almost entirely due to 
the elimination so there is little or no substitution by chloride ions. 

The isotope exchange with hydrogen radio-chloride is stoicheiometrically 
a substitution in which the rate rises linearly with the acid concentration. 
The second-order component is about 10 times faster than the corresponding 
component of elimination produced by chloride ions. The rate-determining 
step in the second-order component of exchange with hydrogen radio-chloride 
is taken to be the electrophilically assisted ionisation of t-butyl chloride by 
molecular hydrogen chloride to give the t-butyl cation and the hydrogen 
dichloride anion. This conclusion is supported by the observation that 
chloride ions reduce this rate by combining with the electrophilic catalyst. 
It is also shown that the stoicheiometric composition of the transition state 
accords with the principle of microscopic reversibility. 


MOLECULAR hydrogen chloride is a recognised electrophilic catalyst for such ionic 
processes as the rearrangement of camphene hydrochloride to isobornyl chloride in nitro- 
benzene,! the racemisation and the radio-halogen exchange of 1-phenylethyl chloride in 
nitromethane,? and the methanolysis, and benzyl-alcoholysis of triphenylmethyl chloride 
in benzene.*»° For a detailed understanding of this type of catalysis the kinetics of the 
isotopic halogen exchange between t-butyl chloride and hydrogen radio-chloride have 
been investigated in nitromethane. This proved advantageous in that it provided an 
independent check of some of the mechanistic conclusions deduced from the kinetics of 


* Part I, J., 1959, 1179. 


1 Bartlett and Péckel, J. Amer. Chem. Soc., 1938, 60, 1585. 

* Pocker, ‘‘ Kinetics and Mechanisms of Exchange and Racemization in Aralphyl Halides,” paper 
presented at the Informal Faraday Society Meeting on Isotope Exchange Reactions held in Leeds, 
September 25—26th, 1958, abstracts in: Tvans. Faraday Soc., 1959, 55, 1266. 

* (a) Hughes, Ingold, Mok, and Pocker, J., 1957, 1238. (6) Hughes, Ingold, Patai, and Pocker, ibid., 
p. 1255. 
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addition of hydrogen chloride to isobutene.* For completeness the present paper includes 
also a parallel study of the reaction of t-butyl chloride in the absence of electrophilic 
catalysis. 

(1) Elimination of Hydrogen Chloride from t-Butyl Chloride.—This reaction can only be 
observed in the absence of free hydrogen chloride. It was investigated by measuring the 
development of acidity in the presence of pyridine, tribenzylamine, or tetraethylammonium 
chloride. The rate coefficient of acid production is practically identical with the corre- 
sponding values for production of chloride and of olefin (Table 1). At low concentrations 
of tetraethylammonium chloride, the rate of elimination is practically identical with that 
in the presence of pyridine or tribenzylamine. When the amount of saline chloride is 
increased the first-order rate coefficient of the elimination of t-butyl chloride rises, indicat- 
ing the incursion of a small component of elimination which is of first order in 
saline chloride. Apart from the latter variation, our conclusion is that the elimination 
becomes observable only in the presence of amine or of saline chloride, but its rate is 
approximately independent of their concentrations. These conclusions can only be 
reconciled on the assumption that the elimination is unimolecular and depends for its rate 


TABLE 1. Initial first-order rate coefficients (k, in sec.) of acid production (d{H*)/dt) from 
t-butyl chloride in the presence of pyridine, tribenzylamine, or tetraethylammonium 
chloride in nitromethane at 75°. 

[Bu'Cl} ... 0-021 0-042 0-084 0-168 0-21 0-21 0-21 0-21 0-21 0-21 

(C,H,N] ... 0-022 0-022 0-022 0-022 0-011 0-022 0-033 0-033 0-033 8 8=.0-066 

k 2-49 2-46 2-38 2-56 2-40 2-42 2-36* 248 2-50 
At 25°: [Bu‘Cl] = 0-1032; [C;H,N] = 0-1185; 10°, = 7-5 sec.7. 

[Bu'Cl] . O21 O21 O21 

((Ph-CH,),N] . 0-010 0-020 0-040 

10% , 2-48 2-36 2-42 

[Bu'Cl} ... 0-02075 0-2075 0-2075 00-2075 0-2075 0-:2075 0-2075 0-2075 

1O{NEt,Cl] 47-5 “ 47-5 47-5 47-5 95 190 488 1075 

10%. 6 , 2-50 2-46* 255¢ 2-76 3-14 4-0 5-85 

(Bu'Cl]) ... 0-224 , 0-224 0-224 0-224 

10*{NEt,Cl] 192 192 1040 - 100 

[NEt,clO,) — . 00850 — 0-090 

he 3-1 4-0 5-9 3-7 
[ButCl] = 0-224; [(n-Bu),NCI] = 0-050; 10%, = 4-2 sec.-. 
{Bu'Cl] = 0-224; [(n-Bu),NCl] = 0-1075; 10%, = 5-86 sec.—. 
At 25°: [ButCl] = 0-1032; [NEt,CI] = 0-058; 10%, = 8 sec.-. 
* From dfolefin}/d¢. ¢ From d{Cl~)/d?. 


on that of the ionisation of t-butyl chloride, and that pyridine and tetraethylammonium 
chloride act by retarding the retrograde addition to the olefin, the former by combining 
with the acid to give amine hydrochloride, and the latter by complex-formation with 
hydrogen chloride to give hydrogen dichloride ions. The slow increase in the rate of 
elimination with increasing concentration of tetraethylammonium chloride is not entirely 
an ionic-strength effect since the corresponding perchlorate has a smaller effect on this 
rate. It cannot be due to an increase of suppression of the back addition of hydrogen 
chloride to olefin because an upper limit to such a possible effect is set by removing the acid 
completely, i.¢e., by addition of pyridine. If one neglects steric considerations, it is also 
difficult to visualise its being caused by a minor bimolecular component of elimination 
since the more basic pyridine does not show such an effect. One is therefore led to the 
conclusions that the slow increase in elimination rate is due in part to a general salt effect 
and in part to a more specific interaction between chloride ions and t-butyl chloride ion- 


(2) Reaction between Radio-chloride Ions and t-Butyl Chloride.—This reaction was studied 
* Pocker, J., 1960, 1292. 
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by observing the dilution of tracer accompanying the reaction between ordinary chlorine 
of t-butyl chloride and chloride ions made radioactive with chlorine-36 and supplied 
in the form of tetraethylammonium chloride. The concurrent elimination produces 
hydrogen chloride, which instantaneously exchanges its chlorine with that of the saline 
chloride so that dilution of tracer is not in itself an indication that chlorine is being 
exchanged with t-butyl chloride. Indeed, the rates of tracer dilution are about the same 
as the rates of production of hydrogen chloride. The results are given in Table 2a. From 


TABLE 2a. Initial first-order rate coefficients (k,* in sec.) of tracer dilution in the reaction of 
t-butyl chloride with tetraethylammonium radio-chloride in nitromethane at 75-0°. 


PIPE hte stesecsbecseeress 0-224 0-224 0-224 0-224 0-224 
FRR ociecesistcaceeess 0-0194 0-0244 0-0488 0-1075 0-1375 
BE encsdqucessesensennde 3-0 3-2 4-0 5-6 6-6 


these it can be deduced that there is little or no concurrent substitution by chloride ions, 
This conclusion was further confirmed by showing that, as long as there is free Cl- left, 
tracer is not being introduced into t-butyl chloride. It is of interest that in the reaction of 
t-butyl bromide with tetraethylammonium chloride in nitromethane the elimination 


TABLE 26. Initial first-order rate coefficients (k, in sec.) of production of bromide ions, of 
hydrogen ions, and of olefin from t-butyl bromide in nitromethane at 25-0° as a function of 
the concentration of added tetraethylammonium chloride. 


Bu'tBr — NE, Cl Method 10°, ButBr —— NEt,Cl Method 10°, 
0-02 0-01 +d{H*)/d¢ 0-45 0-02 0-12 a{H*)/dt 1-24 
0-02 0-01 +d{Br-]/d¢ 0-44 0-02 0-12 d[Br-]/d¢ . 1-2 
0-02 0-01 +dfolefin}/d¢ 0-42 0-02 . O12 dfolefin}/dt 1-16 
0-02 0-01 —d{Cl-}/dt ~0 0-02 0-12 —d[Cl-]/d¢ ~0 


process also contains both a zeroth and a first-order component in chloride ions,5 with little 
or no substitution accompanying it (Table 20). 

(3) Isotopic Chlorine Exchange between t-Butyl Chloride and Hydrogen Radio-chloride.— 
This reaction was studied over a range of reagent concentrations in nitromethane, the 
basic measurement being that of isotopic exchange between ordinary chlorine of t-butyl 
chloride and chlorine made radioactive with chlorine-36 supplied in the form of hydrogen 
chloride. The stoicheiometric reaction is one of substitution since d[olefin]/d¢ = 0. It is 
slow at 25-0° but proceeds at convenient speed at 75-0°. The results are given in Table 3. 
With acidities below 0-10M-hydrogen chloride, the first-order rate coefficients increase 
linearly with the concentration of hydrogen chloride. This rise is well represented by the 
equation 10%, (sec.') = 2-4 + 340[HCI]. The component of exchange which is of first 
order in alkyl halide and of zeroth order in hydrogen chloride, 10%, = 2-4 sec."1, has 
practically the same value as that for elimination (sections 1 and 2). This indicates that 
whatever the stoicheiometry of these reactions, substitution or elimination, the rates are 
controlled by a common process which is identified as the slow ionisation of the alkyl 
halide. 

The component of exchange which is of first order in alkyl halide and of first order in 
hydrogen chloride might be mechanistically interpreted in three possible ways. One 
possibility is that an Sy2 substitution is taking place. If this were true the order in which 
the substituting agents should stand would be the order of nucleophilic power, Cl- > 
HCl,- > HCl. But the reaction with chloride ions, supplied as tetraethylammonium 
radio-chloride, leads to elimination with little or no substitution. Another possibility 
would be that of £2 elimination which is irreversible when chloride ions are present but is 
strongly reversed when free hydrogen chloride is present. But if this were true the order 
of such eliminating agents should be the order of their basicity, Cl- > HCl,~ > HCI. 


5 de la Mare, Hughes, Ingold, and Pocker, J., 1954, 2930. 
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Actually, the second-order component of chlorine exchange with hydrogen radio-chloride 
is ca. 10 times faster than that for elimination, as observed in the presence of chloride ions. 
The third interpretation is therefore the correct one: the hydrogen chloride molecule is 
intervening in the rate-controlling step of the second-order process by virtue of its capacity 
to form a hydrogen bond with the chlorine of the t-butyl chloride and thus assists electron 
transfer and bond heterolysis. 

Since hydrogen chloride is assumed to act as an electrophilic catalyst then added saline 
chloride should not accelerate the radio-chlorine exchange between hydrogen chloride and 
t-butyl chloride, but should suppress it by combining with the catalyst.4 The results are 
given in Table 36, where the exchange rates are evaluated as of first order in alkyl halide. 
At constant concentration of hydrogen chloride, these decrease with increasing amounts of 
added tetraethylammonium chloride. This reduction is ascribed to the removal of free 
hydrogen chloride by the reaction: Cl- + HCl === HCl,”, so that the concentration of 
free acid [HCl]; is smaller than that of the stoicheiometric acid [HCI],. Consequently we 
write [HCl], = [HCl], — [HCl,~]. If in the region where the concentration of stoicheio- 
metric acid is higher than that of added saline chloride, we assume that [HCl,~] ~ [NEt,Cl], 
then [HCI]; ~ [HCI], — [NEt,Cl]). The ratio (105k, — 0-24)/({HCl], — [NEt,Cl],) is 
roughly constant in the region [NEt,Cl],/[HCl], < 3/4 and is about equal to the second- 
order component in the absence of tetraethylammonium chloride. 

In the region [HCl], > [NEt,Cl], the situation is similar to that in the absence of saline 
chloride inasmuch as the stoicheiometric reaction is one of substitution and little or no 
elimination can be detected, i.e. d[H*]/dt~0. Under these conditions isobutene adds 
hydrogen chloride rapidly and almost completely and, because of the direction of the 
thermodynamic control, we obtain overall exchange rather than elimination. When 
[NEt,Cl], ~ [HCl], the stoicheiometric reaction is still essentially one of substitution, but 
concurrent elimination occurs, as measured by the development of acidity. Initially, 
acid is formed at nearly the rate of dilution of tracer but the amount of acid ultimately 
developed is only ca. 10% of the amount of NEt,HCl,~ present. Thus at 75-0° the first- 
order rate coefficient of radio-chlorine exchange between 0-2M-t-butyl chloride and 0-02m- 
NEt,HCl,~ is 108%, = 3-18 sec.1, while the rate coefficient of acid development during the 
first 30 minutes is 10%, = 3-2 sec.1, but within 2 hours the latter rate falls to zero. It 
should also be noted that at 75-0° the initial rate of elimination of hydrogen chloride from 
t-butyl chloride at low concentrations of tetraethylammonium chloride is about the same 
as that with NEt,HCl,~ 


TABLE 3a. First-order rate coefficients (k, in sec.) of chlorine exchange between 
hydrogen radio-chloride and t-butyl chloride in nitromethane at 75-0°. 


Oo er 0-204 0-204 0-204 0-204 0-204 0-204 0-204 0-204 0-0204 0-0204 0-0204 
te ree 0-005 0-010 0-020 0-029 0-040 0-050 0-0584 0-074 0-08 0-12 0-14 
BIPM, divdonerestioed ine 4-1 5-7 9-4 126 160 189 23-1 27-0 29-8 39 45 
(10%, — 0-24)/[HCI] 34 33 35 = 35 34 33 35-5 33-2 34-2 32 30-4 
[B u'Cl] nenparasacccans 0-051 0-102 0-204 0-408 

SP PBEP Sec svesescseieies 0-04 0-04 0-04 0-04 

RDA! aikeddechccestoncas 158 155 160 164 


At 25-0°; [Bu'Cl] = 0-204m; [H*CI] = 0-0163m; 10%, = 6-3 sec.~. 


TABLE 3b. Effect of added tetraethylammonium chloride on the rate of chlorine exchange 
between hydrogen radio-chloride and t-butyl chloride in nitromethane at 75-0°. 


0-233 0-233 0-233 0-233 0-233 0233 0-233 
0-080 0-080 0-080 0-080 0-080 0-080 0-080 
ek ai 0-020 0-025 0-040 0-060 0-080 0-090 
298 222 19 15-4 9-6 4-0 3-9 
(10°, —0-24)/((HCI] — [NEt,Cl]) ... 342 33 302 325 36 -—- sion 





Discussion.—We had for kinetic reasons to describe the reaction between t-butyl cation 
and hydrogen dichloride anion as being slower than the proton loss. For independent 
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kinetic reasons presented above we have to describe the rate-determining step in the 
second-order component of chlorine exchange between t-butyl chloride and hydrogen 
radio-chloride as an electrophilically assisted ionisation of the former by the latter to 
produce a t-butyl cation and a hydrogen dichloride anion. Because of the direction of the 
thermodynamic control we obtain overall exchange rather than overall elimination, 
Actually these conclusions are correlated by theory, and the rate-determining step of either 
process (addition or exchange) could be deduced from the other by the principle of micro- 
scopic reversibility. The transition state when approached from either direction has the 
same stoicheiometric composition: 


(CHs)sC=CHg,2HCI = (CHy)3C+HCl,~ = (CHg)3CCI,HCI 


These considerations are independent of whether we describe the intermediate as a 
kinetically free t-butyl cation (scheme a) or as a t-butyl hydrogen dichloride ion-pair 
(scheme 6). Indeed both descriptions are consistent with the observation that the fate of 
deuterium exchange is ca. 9 times faster than that of the radio-chlorine exchange.* This 
observation only means that the t-butyl cation (either as the kinetically free entity or 
paired with a hydrogen dichloride anion) has in the presence of free hydrogen chloride a 
sufficiently long existence to enable it to exchange by elimination and back addition all 
nine of its hydrogen atoms before it reacts with one of the chlorines of the dichloride anion, 
In scheme (a) we have for kinetic reasons to picture the elimination of the proton either asa 
unimolecular proton loss or as one directly assisted by a solvent molecule but not as a 
proton extraction by hydrogen dichloride ion. No such kinetic restriction exists for the 
ion-pair picture except that the hydrogen dichloride anion cannot be external and must be 
part of the ion-pair. 


Scheme (a) ButCl + HC] === (Butt 4+ HCI,~ 
2 
3 
(But)* === (CH,),C=CH, + Ht 
4 


5 
Ht + HCl,~ === 2HCI 
6 


Rates: 5>6>4>3>2>1 


! 3 
Scheme (b) ButCl + HCl === (But)*HCl,~ === (CH;),C=CH, + 2HCI 
2 4 


Molecular hydrogen chloride induces ionisation of alkyl and aralkyl chlorides in solvents 
where the hydrogen dichloride ion is a relatively stable entity, e.g., nitromethane,? nitro- 
benzene,’ and benzene.’ These organic chlorides are, however, subject to little or no 
catalysis by this mechanism in solvents where the hydrogen dichloride ion is unstable 
irrespective of whether the dissociation of the acid to a proton and a chloride anion is 
large, as in water, methanol, or ethanol, or whether it is small and the bulk of the acid is 
largely undissociated as in acetic acid. In the latter type of solvent, however, alkyl 
chlorides are subject to catalysis by acids stronger than hydrogen chloride, e.g. perchloric 
acid. In n-heptane the radioactive exchange between t-butyl chloride and hydrogen 
chloride is of first order in alkyl halide and roughly of second order in hydrogen chloride; ® 
an observation which could in fact be predicted from the third-order dependence on acid 
in the addition of hydrogen chloride to isobutene in n-heptane,’ by the principle of 
microscopic reversibility. These observations indicate that in n-heptane and possibly in 
other weakly solvating media, the hydrogen dichloride ion can undergo further hydrogen 


* Pocker, unpublished observations. 
7 Mayo and Katz, J. Amer. Chem. Soc., 1947, 69, 1339. 
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bonding with another hydrogen chloride molecule so that the composition of the transition 
state for both exchange and addition becomes more complex and may be represented by: 


(CH)3CCI,2HCI = (CHg)sC+CI“(HCI), = (CHg)3C+H,Cl,~ = (CH,),C=CH,,3HCI 


At the high temperatures employed in the gas-phase eliminations of alkyl halides the 
conjugate acid of HCl,~, i.e. (HCl),, is unstable; this explains why the unimolecular 
gas-phase elimination of t-butyl chloride is not catalysed by the hydrogen chloride 
produced in the elimination process.** This observation could also be predicted by the 
principle of microscopic reversibility since the gas-phase addition of hydrogen chloride to 
isobutene is a bimolecular homogeneous reaction of first-order in each reactant. Water 
molecules are stable to quite high temperatures, which explains why the gas-phase 
elimination of t-butyl alcohol is catalysed by hydrogen chloride.“ 


EXPERIMENTAL 


Materials —The methods of preparation and purification of the materials used have been 
previously described,*1* except for t-butyl chloride and hydrogen radio-chloride. t-Butyl 
chloride was dried (phosphoric oxide) and fractionated; it had b. p. 50-9°. 

Hydrogen vadio-chloride. A solution of this material in nitromethane was prepared by add- 
ing concentrated sulphuric acid to 2n-[**Cl]hydrochloric acid supplied by the Radiochemical 
Centre, Amersham. The gas was dried by concentrated sulphuric acid and dissolved in nitro- 
methane. The system was then flushed with small amounts of ordinary hydrogen chloride. 
The resulting solution was sealed in dry ampoules which were kept at —80° to suppress the 
decomposition of the nitromethane by hydrogen chloride. 

Kinetic Measurements.—For measuring the dilution of radioactive tracer in the reaction 
between t-butyl chloride and tetraethylammonium radio-chloride the bulbs were cooled and 
broken in dry ether (100 ml.) to precipitate the saline material (NEt,Cl + NEt,HCl,). The 
coagulated precipitate was filtered off (a No. 4 porosity sintered-glass filter being used), washed 
with dry ether, and dissolved by drawing three portions of distilled water (5 ml. each) through 
the filter. The aqueous solution was counted in a Geiger—Miiller liquid-sample tube of about 
12 ml. capacity, an Ekco Type 529 scaler being used. After the counting, portions (5 ml.) were 
titrated potentiometrically against standard silver nitrate to obtain specific activity. 

For measuring the radioactive exchange between hydrogen radio-chloride and t-butyl 
chloride, bulbs were broken in cold ether containing triethylamine. The saline precipitate 
(NEt,HCl) was filtered off, washed with ether, and dissolved in distilled water. The aqueous 
solution was analysed as described above. If a and b respectively are the concentrations of 
t-butyl chloride and hydrogen chloride and if c and c — * are respectively the specific 
activities of the hydrogen chloride in the initial solution (counted as NEt,HCl) and of a solution 
of acid recovered from a reaction stopped after time #, then the first-order rate coefficient k, was 
obtained by plotting log{l — (a + b)x/ac} against ¢ and multiplying the slope of the line by 
—2-303b/(a + b). 

For measuring the radioactive exchange between hydrogen radio-chloride and t-butyl 
chloride in the presence of added tetraethylammonium chloride, bulbs were broken in cold 
ether containing triethylamine. The precipitate (NEt,Cl + NEt,HCl) was treated as above. 
The first-order rate coefficients k, were obtained by plotting log{l — (a + b + [NEt,Cl])/aC} 
against ¢ and multiplying the slope of the lines by —2-303b/(a + 5). 


WILLIAM RAMSAY AND RALPH ForsTER LABORATORIES, 
UNIVERSITY COLLEGE, GOWER STREET, Lonpon, W.C.1. (Received, September 28th, 1959.] 


® Breasly, Kistiakowsky, and Stauffer, J]. Amer. Chem. Soc., 1936, 58, 143. 

* Barton and Onyon, Trans. Faraday Soc., 1949, 45, 725. 

” Kistiakowsky and Stauffer, J. Amer. Chem. Soc., 1937, 59, 165. 

™ Maccoll and Stimson, Proc. Chem. Soc., 1958, 80. 
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402. Pteridine Studies. Part XII The Methylation of 
4-Aminopteridine. 
By D. J. Brown and N. W. JACOBSEN. 


Methylation of 4-aminopteridine is found to occur on Ng). The resulting 
1,4-dihydro-4-imino-1l-methylpteridine, a strong base, is hydrolysed by acid 
to 1,4-dihydro-1-methyl-4-oxopteridine, and quickly degraded by hot alkali 
to 2-carbamoyl-3-methylaminopyrazine, whereby the structure is confirmed. 
However, with cold alkali, it yields 2-amidino-3-methylaminopyrazine which 
gives the above carbamoyl derivative only slowly in hot alkali. 4-Methyl- 
aminopteridine undergoes similar methylation and degradation. 4-Dimethyl- 
aminopteridine yields its 1-methiodide, the first quaternised pteridine to be 
described. The pK, values and ultraviolet spectra of the imines and their 
degradation products are discussed. 

An intermediate, 4-amino-1,6-dihydro-6-imino-l-methylpyrimidine, is 
shown to rearrange at 20° in alkali, and during nitration, to 4-amino-6- 
methylaminopyrimidine and its 5-nitro-derivative respectively. 


WITH methyl iodide 4-aminopyrimidine undergoes methylation on Ng) only? to give 
1 ,4-dihydro-4-imino-1l-methylpyrimidine. Similar treatment of 4-hydroxypteridine gives 
a mixture of three methyl derivatives.? However, only a single methylation product was 
formed from 4-aminopteridine, namely, 1,4-dihydro-4-imino-l-methylpteridine (II; 
R = H), as the following evidence shows. 


NHR 


hd OS 3 OO Oe oes 


Me Me 
(If) (IIT) (IV) (V) 


NMe ry Be 
Me Y= COR nef b¢ ON 


MeHN’ S 
(VI) Me (VII) * (Itt) her 


Methylation of the amino-group was first excluded by preparation of 4-methylamino- 
pteridine (I; R= Me) from 4-methylthiopteridine. The pK, (3-7) and ultraviolet 
spectrum of this base differed markedly from those of the methylation product (pK, 9:5), 
and the hydriodides gave a depression of the melting points on admixture. 

When treated at 100° for a few minutes with dilute alkali, the methylation product gave 
the known *® 2-carbamoyl-3-methylaminopyrazine (V; R =H), thus indicating Ny, as 
the position of methylation in the pteridine. In an attempt to isolate the presumed 
intermediate pteridone (III), alkali at 0° was used. The resulting compound, which was 
not the expected pteridone (III), was further degraded to the pyrazine (V; R = H) only 
on prolonged treatment with boiling alkali. This behaviour, analysis, and a highly basic 
pK, of 9 suggested that it was 2-amidino-3-methylaminopyrazine (IV; R = H) and this 
was confirmed by condensation with acetylacetone to give 2-(4,6-dimethylpyrimidin-2-yl)- 
3-methylaminopyrazine. Thus two routes of alkaline degradation operate: one, rapid 
at 100° but negligible at 0°, in which the amino-group is hydrolysed before ring cleavage; 
and another, which proceeds steadily even at 0° and involves ring cleavage to amidine and 
subsequent very slow hydrolysis to amide. That the presumed pteridone intermediate 

1 Part XI, J., 1960, 1370. 


* Brown, Hoerger, and Mason, J., 1955, 4035. 
* Albert, Brown, and Wood, /., 1956, 2066. 





[1960] Pteridine Studies. Part XII. 1979 


(III) of the first (hot) degradation could not be isolated is not surprising as it is known * to 
be exceedingly alkali-labile. On the other hand, acid-degradation of the original methyl- 
ation product readily gave this pteridone (III). 

When 4-amino-6,7-dimethylpteridine was treated with methyl iodide, again a single 
product resulted. Brief alkaline treatment at 0° in this case gave the free unstable imine, 
and more prolonged treatment gave the amidine (IV; R = Me). Hot alkali gave an amide 
having structure (V; R = Me) or (VI; R = NHMe); the second possibility was excluded 
by further hydrolysis to a pyrazinecarboxylic acid which was not 3-amino-5,6-dimethyl- 
pyrazine-2-carboxylic acid (VI; R = OH) (prepared unambiguously by alkaline degrad- 
ation of 4-hydroxy-6,7-dimethylpteridine). The acid, which still contained three methyl 
groups, was therefore 5,6-dimethyl-3-methylaminopyrazine-2-carboxylic acid, and so the 
original product was 1,4-dihydro-4-imino-1,6,7-trimethylpteridine. Acid-hydrolysis gave 
1,4-dihydro-1,6,7-trimethyl-4-oxopteridine, degraded by alkali to the above pyrazine-amide. 

4-Methylaminopteridine (I; R = Me) and its 6,7-dimethyl derivative (prepared via 
the methylthio-analogue) behaved similarly with methyl iodide, giving the 1-methyl]-4- 
methylimino-derivative (I1; R = Me) and its 1,6,7-trimethyl analogue, respectively, and 
these were degraded by acid and alkali to the pyrazines formed from the corresponding 
imines. Amidines, which would retain the extra methyl group, could not be isolated. 

A representative 8-methylated imine was synthesised by reducing 4,6-bismethylamino- 
5-nitropyrimidine * to the 5-amino-derivative and condensing this with biacetyl, to give 
4,8-dihydro -6,7,8-trimethyl-4-methyliminopteridine (VII). Attempts to prepare a 
3-methylated imine were unsuccessful. A possible intermediate, 4,5-diamino-1,6-dihydro- 
6-imino-1-methylpyrimidine, was first approached by methylation of 4,6-diamino-5-nitro- 
pyrimidine, but this gave 4-amino-6-methylamino-5-nitropyrimidine (IX). Methylation 
of 4,6-diaminopyrimidine was more promising, giving 4-amino-1,6-dihydro-6-imino-1l- 
methylpyrimidine (VIII) (and/or its tautomer) the structure of which was confirmed by a 
pK, of 12 and by non-identity with 4-amino-6-methylaminopyrimidine prepared by 
successive aminations of 4,6-dichloropyrimidine.5 Nitration of the imine under a variety 
of conditions, however, gave only 4-amino-6-methylamino-5-nitropyrimidine (IX), which 
had undergone the rearrangement familiar under alkaline conditions in the pyrimidine 
series ®* but also known under nitrating ‘conditions in the pyridine series.’ The imine 
(VIII) also rearranged rapidly in cold n-alkali to give 4-amino-6-methylaminopyrimidine 
in good yield. 

4-Dimethylaminopteridine and its 6,7-dimethyl derivative, with methyl iodide, gave 
products which can be only quaternary methiodides. Methylation had taken place at Nq), 
to give the salt (X) because, when boiled at pH 10, the first product was converted through 
1,4-dihydro-1-methyl-4-oxopteridine (III) into 2-carbamoyl-3-methylaminopyrazine (V ; 
R = H), and the second methiodide gave 1,4-dihydro-1,6,7-trimethyl-4-oxopteridine. 

The stability of 1,4-dihydro-4-imino-l-methylpteridine is progressively increased 
towards acid-hydrolysis by the introduction of methyl groups (see Table 1). In alkaline 
degradation, the methylimino- are not significantly different from the imino-derivatives, 
but the 6,7-dimethyl grouping increases stability in each case. This is understandable on 
the basis of electron-contribution from methyl groups to a system which is depleted of 
n-electrons. 

Concerning the ionisation constants, Table 2 shows that 4-aminopteridine (pK, 3-6) is 
made progressively more basic by C-methylation and by extranuclear N-methylation. 
By these means, 4-dimethylamino-6,7-dimethylpteridine reaches pK, 4-8. Nuclear 
N-methylation, however, produces an effect of another order. The iminopteridines so 


* Brown, J. Appl. Chem., 1954, 4, 72. 
5 Whitehead and Traverso, J. Amer. Chem. Soc., 1958, 80, 2185. 
* Carrington, Curd, and Richardson, J., 1955, 1858. 
_ ? — and Konowalowa, Ber., 1925, 58, 1712; Tschitschibabin and Kirssanow, Ber., 
8, 61, 1223. 
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formed are the most strongly basic members of the series yet reported. They are some 
6 pK, units stronger than the corresponding amino-derivatives and thus resemble the 
analogous 1,4-dihydro-4-imino-1-methylpyrimidine and (VIII), which bear similar relations 
respectively to 4-aminopyrimidine * and to 4-amino-6-methylaminopyrimidine (Table 2), 
The addition of methyl groups to compound (II; R = H) increases its basic strength by 
the usual small increments and _ 1,4-dihydro-1,6,7-trimethyl-4-methyliminopteridine 
reaches pK, 11-4. The basic strength of its transannular-methylated isomer (VII) is less, 
but still marked. That compounds (II) and (VII) are strong bases, is understandable 


TABLE l. 


4-Imino-6,7-dimethyl 
4-Methylimino 
6,7-Dimethyl-4-methylimino 


* Isolated. 


Reagent, time (min. 


2-5nN-HC1; 30; 100° 
2-5n-NaOH; 20; 0° 
n-NaOH; 10; 100° 
2-5n-HCl1; 120; 100° 
2-5nN-NaOH; 10; 35° 
N-NaOH; 40; 100° 
6-3n-HCI; 
n-NaOH; 10; 100° 
6-3n-HC1; 60; 130° 4 
n-NaOH; 40; 100° 


), temp. 


240; 100°? 


estimated by paper chromatography, elution, and spectroscopy. 4 


Compound 


Pteridine derivatives. 
4-Amino ¢ 

cation 
4-Methylamino 

cation 


4-Dimethylamino ¢ 
cation 


4-Amino-6,7-dimethyl 
cation 
6,7-Dimethyl-4-methylamino 
cation 
4-Dimethylamino-6,7-dimethyl 
cation 
1,4-Dihydro-4-imino-1l-methyl ¢ 
cation 
1,4-Dihydro-1-methyl-4-methyl- 
imino ¢ 
cation 
1,4-Dihydro-4-imino-1,6,7-tri- 
methyl ° 
cation 
1,4-Dihydro-1,6,7-trimethyl-4- 
methylimino ¢ 
cation 


4-Dimethylamino-1-methyl- 
pteridinium iodide 
4-Dimethylamino-1,6,7-tri- 
methylpteridinium iodide # 
4,8-Dihydro-6,7,8-trimethyl-4- 
methylimino 
cation 


1,4-Dihydro-1,6,7-trimethyl-4- 
oxo j 
cation 


TABLE 2 


pK, * and 
concn. (M) 


3°56 
3°70 + 0-03 (200) 
4-33 


3-80 + 0-02 (400) 


4-17 + 0-08 (400) 
4-84 + 0-03 (400) 
9-51 + 0-05 (200) 


10-34 + 0-04 (100) 
10-47 ++ 0-06 (200) 


11-43 + 0-05 (100) 


6-64" + 0-05 (600) 


1-73 + 0-04* 


p (my) . 


335; -244 

324; 229 

352; 248; 226 

352; 339; 
232 

362; 241 


344 + 347 + 356; 


239 
330; 245 
337; 326; 233 
346; 249 
348; 337; 234 
355; 244 
353; 342; 244 


350; 333; 233 


354; 344; 233 


344; 330; 237 


354; 341; 255; 
237 


352; 243 
347; 246 


383; 284; 241; 


215 


410; 295; 268; 


233 


340; 325; 243; 
2 


34 
322; 308 


251; 


Product 
4-Oxo-analogue 
(IV; R = H) 
(V; R = H) 
4-Oxo-analogue 
(IV; R = Me) 
(V; R = Me) 
4-Oxo-analogue 
(V; R= H) 
4-Oxo-analogue 
(V; R = Me) 


* Optimum conditions determined initially by paper chromatography. 
ube. 
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Optimum conditions for hydrolysis of iminopteridines. 
1,4-Dihydro-1-methyl deriv. 


Yield * (%) 
30; 85° 
93 
64 

79° 


© Yield 
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TABLE 2. (Continued.) 


pK, * and 
Compound concn. (M) Amax. (My) ? 


Pyrazine derivatives. 


9-Amidino-3-methylamino 361; 256 
cation 8-98 + 0-06 (200) 359; 264 
9-Amidino-5,6-dimethyl-3-methyl- 370; 261 
amino 
cation 9-45 + 0-03 (200) 370; 272 
2-(4,6-Dimethylpyrimidin-2-y])-3- 375; 263; 
methylamino 
cation 2-93 + 0-03 (100) 417; 259; 
2-Carbamoyl-3-methylamino 371; 
cation 2-11 + 0-04 (200) 361; 
2-Carbamoyl1-5,6-dimethyl-3- 377; 
methylamino 
cation 2-70 + 0-02 (400) 380; 
2-Amino-3-carboxy-5,6-dimethyl 
proton lost 4-46 + 0-04 (200) 343; 
proton gained >" 372; 
2-Carboxy-5,6-dimethyl-3-methyl- 
amino 
proton lost 4-82 + 0-04 (200) 365; 
proton gained 386; 
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Pyrimidine derivatives. 
4-Amino-6-methylamino 260; 
cation 6-32 + 0-02 (200) 268; 
4-Amino-6-methylamino-5-nitro 348; 227 
cation 2-75 + 0-01* 341; 238 . 
4,5-Diamino-6-methylamino 279; 216 , 
cation 5-93 + 0-01 (100) 286; 222 4: 
4-Amino-1,6-dihydro-6-imino-1- 14-0/ 
methyl ¢ 
cation 11-98 + 0-04 (100) 265; 221 10-0 4-03; 4-52 
* Potentiometric titration (see Albert and Phillips, J., 1956, 1294) in water at 20°. ° Inflexions 
in italics. * Albert, Brown, and Cheeseman, J., 1951, 474. 4 Idem, J., 1952, 4219. * Spectra 
measured on buffered solutions of hydrochloride. 4 Solution too unstable for measurement of 
spectrum. % Spectrum in unbuffered water and corrected for iodide ion. * Cf. 5-6 for 2,8-dihydro- 
2-imino-6,7,8-trimethylpteridine (Fidler and Wood, J., 1957, 4157). 4 Cf. 1,4-dihydro-l-methyl-4- 
oxopteridine (ref. 11). * Spectrometrically determined at 0-25 x 10-‘m (cf. footnote a). 
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because the cations must be resonance hybrids involving a quaternised amine of the 
N-methylpyridinium type. Resonance in the neutral molecule involves separation of 
charges and is therefore small enough to be neglected. Hence, to explain the high pKa 
values, it will suffice to discuss factors which increase resonance in the cations. The 
molecule (II) gives a resonant cation having the extreme forms (XI) and (XII). Both are 


+ + 
NMe, NHR NHR NHMe 


N N N 
re NM ° N 7 SN Mer S&S N Me (7 
S nod S J S WJ mel S | 
N I” N N N N 
Me Me Me Me 


(X) (XI) (XII) (XI1IT) 


highly stable, (XI) because it contains only Kekulé and paraquinonoid structures,’ and 
(XII) because the positive charge is on the most electron-rich nitrogen atom.® The 
resonance hybrid of the cation of (VII) should be rather less stable because (XIII) has 
only orthoquinonoid forms (which are not as low in energy as are paraquinonoid forms),® 
and (XIV) has the positive charge on a nitrogen atom far less rich in electrons.? Thus 
although compounds (II) and (VII) are both highly basic, the former is the stronger. 


® Gore and Phillips, Nature, 1949, 168, 690. 
* Chalvet and Sandorfy, Compt. rend., 1949, 228, 566; Pullman, Compt. rend., 1958, 246, 3290. 
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2-Aminopyrazine is weakly basic (pK, 3-14), and 2-methylaminopyrazine might 
reasonably be expected to be a little more basic. The addition of an amide grouping in 
2-carbamoyl-3-methylaminopyrazine lowers the pK, to 2-1, and the apparent figure falls to 
1-5 when a carboxy-group replaces the amide. However, it is possible that the amino-acid 
is zwitterionic, and therefore the figure for proton gain is a measure of the enhanced acidic 
strength of the carboxy-group, and the figure above 4 (proton loss) is a measure of basic 
strength. The corresponding amidinopyrazines (IV) are quite strong bases (pKa 9), but 
on cyclization to a pyrimidinylpyrazine, their pK, falls to 2-9. 

In their ultraviolet spectra, 4-aminopteridine and its closely similar 6 17-dimethy! 
derivative, both as neutral molecule and cation, show the usual progressive bathochromic 
shift of the long-wavelength band with extranuclear N-mono- and di-methylation. This 
shift is also evident in changing from the cations of 1,4-dihydro-4-imino-1-methylpteridine 
and its 6,7-dimethy] derivative to the methylimines. It is reasonable to expect protonation 
of 4-aminopteridine to occur at the same site as methylation does, provided that steric 
factors do not influence the latter. The implication of N,,) as basic centre is independently 
upheld by the close similarity of the cationic spectra of the amino-, methylamino-, and 
dimethylamino-pteridines to those of the imine cations and the two quaternary iodides in 
water. Exceptional is the transannular imine (VII) which, with its bathochromic shift 
of the long-wavelength band, bears much the same relation to the intra-annular imines as 
does 4,8-dihydro-6,7,8-trimethyl-4-oxopteridine " to 1,4-dihydro-1,6,7-trimethyl-4-oxo- 
pteridine. Unlike the other pyrazines in Table 2, the pyrimidinyl-methylamino-derivative 
shows a strong bathochromic shift of its long-wavelength band on forming the visibly 
yellow monocation. 


EXPERIMENTAL 

1,4-Dihydro-4-imino-1-methylpteridine —4-Aminopteridine 12 (0-75 g.) and methyl iodide 
(7-5 ml.) were heated at 140° for 4 hr. The solid was extracted with boiling ethanol (100 ml.), 
and the extract treated with charcoal and evaporated to 20 ml. Addition of hot light petroleum 
(b. p. 60—80°; 20 ml.) and recrystallisation from a similar mixture produced the yellow imine 
hydriodide (78%), m. p. 255° (Found: C, 28-9; H, 3-0; I, 43-8. C,H,IN, requires C, 29-1; 
H, 2-8; I, 43-9%). This salt was shaken for 3 hr. with silver chloride (1 part) in water (30 parts). 
The filtrate was evaporated and the residue recrystallised from ethanol (80 parts) to give 79% of 
the hydrochloride, m. p. >300° (Found: C, 42-5; H, 4-1; N, 35-0. C,H,CIN, requires C, 42-5; 
H, 4:1; N, 35-4%). 

1,4- Dihydro-4-imino -1,6,7-trimethylpteridine.—4,5,6-Triaminopyrimidine }* (7-9 g.) and 
biacetyl (4-5 ml.) were refluxed in methanol (200 ml.) for 2 hr. The solid was recrystallised 
from water (160 parts), to give 90% of 4-amino-6,7-dimethylpteridine, m. p. 295° (made by 
another route, also m. p. 295°). It was methylated as above (89%). The imine hydriodide, 
recrystallised from methanol (20 parts), had m. p. 264° (Found: C, 34:0; H, 3-9; I, 40-0; 
N, 21-9. C,H,,IN, requires C, 34-1; H, 3-8; I, 40-0; N, 22-1%). The Aydrochloride had m. p. 
290° (decomp.) (Found: C, 48-0; H, 5-4; N, 31-1. C,H,,CIN, requires C, 47-9; H, 5:4; 
N, 31-0%). 

4-Methylaminopteridine.—4-Methylthiopteridine © (0-7 g.) and 3% alcoholic methylamine 
(35 ml.) were refluxed for 2 hr. After refrigeration, the solid (95%) was recrystallised from 
water (30 parts) to give 4-methylaminopteridine, m. p. 251—252° (Found: C, 52-2; H, 4-35; 
N, 42-9. C,H,N, requires C, 52-2; H, 4-4; N, 43-45%). Its hydriodide (from ethanol, 40 
parts) had m. p. 234—235° (Found: C, 29-25; H, 2-8; I, 43-95; N, 24-2. C,H,IN, requires 
C, 29-1; H, 2-8; I, 43-9; N, 242%). 

1,4-Dihydro-1-methyl-4-methyliminopteridine.—4-Methylaminopteridine was treated with 
methyl iodide as above, to give the orange methyliminopteridine hydriodide (75%), m. p. 274° 
(vac.) (Found: C, 31-6; H, 3-4; I, 41-75; N, 22-8. C,H, IN, requires C, 31-7; H, 3-3; I, 41-9; 

Albert, Goldacre, and Phillips, J., 1948, 2240. 

Brown and Mason, /J., 1956, 3443. 

Albert, Brown, and Cheeseman, /., 1951, 474. 

Cavalieri, Tinker, and Bendich, J. Amer. Chem. Soc., 1949, 71, 533. 


Daly and Christensen, J. Amer. Chem. Soc., 1956, 78, 225. 
Albert, Brown, and Wood, J., 1954, 3832. 
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N, 231%). The hydrochloride made from it (91%) was recrystallised from 23 parts of a mixture 
of ethyl acetate 70%, ethanol 20%, and water 10% (Found: C, 45-4; H, 49; Cl, 16-7. 
C,H CIN; requires C, 45-4; H, 48; Cl, 16-75%). 

1,4-Dihydro-1,6,7-trimethyl-4-methyliminopteridine.—4,5 - Diamino-6-methylthiopyrimidine % 
(5 g.) and biacetyl (2-75 ml.) in methanol (38 ml.) were refluxed for 10 min. The solid (62%) 
was recrystallised from water (35 parts), to give 6,7-dimethyl-4-methylthiopteridine, m. p. 120— 
121° (Found: C, 52-2; H, 4-9; S, 15-75; N, 27-1. CyH SN, requires C, 52-4; H, 4-9; S, 15-55; 
N, 27:2%). Treatment with boiling ethanolic methylamine as above, and recrystallisation 
from ethanol (20 parts), gave 6,7-dimethyl-4-methylaminopteridine (95%), m. p. 223° (Found: 
C, 57-15; H, 5-8; N, 36-6. C,H,,N, requires C, 57-1; H, 5-9; N, 37-0%). Its hydriodide (from 
1: 1 ethyl acetate-ethanol; 15 parts) had m. p. 218—220° (Found: C, 33-8; H, 3-7; I, 40-1; 
N, 22-0. C,H,,IN, requires C, 34:1; H, 3-8; I, 40-0; N, 221%). Methylation as for the 
analogues above, followed by recrystallisation from methanol (10 parts), gave the methylimino- 
pteridine hydriodide (86%), m. p. 247° (Found: C, 36-6; H, 4:2; I, 38-4; N, 20-9. C,H,,IN, 
requires C, 36-3; H, 4:3; I, 38-3; N, 21-15%). The hydrochloride had m. p. ca. 250° (decomp.) 
(Found: C, 50-25; H, 5-7; N, 29-1. C, H,,CIN; requires C, 50-1; H, 5-9; N, 292%). 

4,8-Dihydvo-6,7,8-trimethyl-4-methyliminopteridine.—4,6-Bismethylamino-5-nitropyrimidine ¢ 
(12 g.) was hydrogenated in methanol over Raney nickel. The filtered solution was evaporated 
in vacuo and the residue twice recrystallised by dissolution in boiled-out water (30 parts) at 25°, 
filtration, and cooling to 0°. When the process after hydrogenation was conducted entirely 
within a nitrogen box, the otherwise deep red 5-amino-4,6-bismethylaminopyrimidine was a white 
solid, m. p. 178—180° (Found: C, 47-0; H, 7-25; N, 45-3. C,H,,N; requires C, 47-0; H, 7-25; 
N, 45°7%). The triamine (1 g.) was refluxed for 15 min. with biacetyl (1-1 g.) in methanol 
(5 ml.). The solid formed on chilling recrystallised from light petroleum (20 parts), to give the 
yellow pteridine, m. p. 113—115° (Found: C, 58-7; H, 65; N, 34:3. C,)H,,N,; requires 
C, 59-1; H, 6-45; N, 34-5%). 

4-Dimethylamino-1-methylpteridinium Iodide.—4-Methylthiopteridine * (8 g.) was refluxed 
for 2 hr. with 5% alcoholic dimethylamine (280 ml.). After evaporation, the residue was 
extracted with boiling light petroleum (b. p. 60—80°; 3 x 21.), and refrigeration gave 4-di- 
methylaminopteridine (94%), m. p. 165—166° (lit.,4* 164—165°, by another route). The 
hydriodide [from 1: 3 light petroleum (b. p. 60—80°)-ethanol; 85 parts] had m. p. 244—245° 
(Found: C, 31-8; H, 3-4; I, 41-8; N, 23-0. C,H, IN, requires C, 31-7; H, 3-3; I, 41-9; 
N, 231%). The base (0-35 g.) and methyl iodide (0-62 ml.) in methanol (6-2 ml.) were refluxed 
for 2 hr., the solvent was removed, and the residue recrystallised from 3: 2 light petroleum 
(b. p. 80—100°)-ethanol (225 parts). The yellow quaternary iodide (52%) had m. p. 227—-229° 
(Found: C, 33-7; H, 3-85; I, 40-15; N, 21-8. C,H,,IN, requires C, 34-1; H, 3-8; I, 40-0; 
N, 221%). 

4-Dimethylamino -1,6,7-trimethylpteridinium Iodide.—6,7-Dimethyl-4-methylthiopteridine 
(83 g.) was aminated with dimethylamine as above. The crude product was extracted with 
light petroleum (b. p. 60—80°; 2 x 1 1.) giving 4-dimethylamino-6,7-dimethylpteridine (90%), 
m. p. 1388—140° (Found: C, 59-3; H, 6-4; N, 34:3. C,)H,,;N; requires C, 59-1; H, 6-45; 
N, 34:5%). Its hydriodide had m. p. 206—207° (Found: C, 36-5; H, 4-4; I, 38-8; N, 20-9. 
C,9H,,IN, requires C, 36-3; H, 4:3; I, 38-3; N, 21-15%). After the base (0-2 g.) and methyl 
iodide (0-31 ml.) in ethyl acetate (20 ml.) had been kept at 20° for 12 hr., the crystals (88%) were 
collected, washed with ethyl acetate, and dried im vacuo. The quaternary iodide had m. p. 
153—154° (Found: C, 38-3; H, 4:7; I, 37-2; N, 20-2. C,,H,,IN, requires C, 38-3; H, 4-7; 
I, 36-8; N, 20-3%). 

1,4-Dihydro-1-methyl-4-oxopteridine.—Formed as indicated in Table 1, the pteridone was 
purified by extraction from the dry residue with isobutyl methyl ketone and sublimation at 
170°/0-01 mm. It had m. p. 222°, unaltered by admixture with authentic material. With 
alkali it gave 2-carbamoyl-3-methylaminopyrazine. 

1,4-Dihydro-1,6,7-trimethyl-4-oxopteridine.—The acid solutions (see Table 1) were treated 
with charcoal, adjusted to pH 7, and evaporated to dryness, and the residues recrystallised from 
water (20 parts), to give the oxopteridine, m. p. 216—217° (Found: C, 56-5; H, 5-4; N, 29-0. 
C,H,,ON, requires C, 56-8; H, 5-3; N, 29-45%). It was also obtained in 46% yield by boiling 
a solution (adjusted to pH 10) of 4-dimethylamino-1,6,7-trimethylpteridinium iodide (0-4 g.) in 
water (2-5 ml.) for 4 min. 

© Albert, Brown, and Cheeseman, /J., 1952, 4219. 
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2-Amidino-3-methylaminopyrazine.—1,4-Dihydro-4-imino-l-methylpteridine hydriodide 
(2-54 g.) was triturated with ice-cold 2-5n-sodium hydroxide (25 ml.) for 5 min. The solid 
(97%) was filtered off, washed with ice-water (3 x 5 ml.), and recrystallised from light petroleum 
(b. p. 60—80°; 300 parts), to give the amidine, m. p. 108—110° (Found: C, 47-65; H, 5-9: 
N, 46-1. C,H,N, requires C, 47-7; H, 6-0; N, 46-3%). Its hydrochloride, from 1: 3 ethanol- 
light petroleum (300 parts), had m. p. 204° (Found: C, 38-45; H, 5-4; Cl, 18-8; N, 37-0, 
C,H, CIN, requires C, 38-4; H, 5-4; Cl, 18-9; N, 37-3%). 

2-Amidino - 5,6 - dimethyl - 3-methylaminopyrazine.—1,4 - Dihydro-4-imino-1,6,7-trimethy]- 
pteridine hydriodide (0-5 g.) was added to 2-5n-sodium hydroxide (5 ml.) at 0°, precipitating 
the free base. The temperature was raised to 35° during 5 min., the base dissolved, and an oil 
separated. On trituration it solidified, and recrystallised from light petroleum (b. p. 60—80°; 
85 parts) to give the amidine (75%), m. p. 131—132° (Found: C, 53-5; H, 7:2; N, 39-1. 
C,H,,N, requires C, 53-6; H, 7:3; N, 39-1%). 

2-Carbamoyl-3-methylaminopyrazine.—This pyrazine arose from alkaline hydrolysis of 
1,4-dihydro-4-imino-1-methylpteridine or its methylimino-analogue (see Table 1), or (in 30% 
yield) by boiling a 4% aqueous solution of 4-dimethylamino-l-methylpteridinium iodide at 
pH 10 for4min. In each case the solid had m. p. 196° undepressed on admixture with authentic 
material.® 

2-Carbamoyl-5,6-dimethyl-3-methylaminopyrazine.—Formed as in Table 1, from an imine 
(1-4 g.) and sodium hydroxide solution (10 ml.), and recrystallised from water (300 parts), the 
carbamoylpyrazine had m. p. 164° (Found: C, 53-4; H, 6-75; N, 31-1. C,H,,ON, requires 
C, 53-3; H, 6-7; N, 31-1%). This amide (0-2 g.) was stirred at 100° for 2 hr. with N-sodium 
hydroxide (20 ml.). The solution was acidified to pH 1 and evaporated to dryness. The residue 
was extracted with, and then recrystallised from, light petroleum (b. p. 60—80°; 165 parts), 
giving 45% of 5,6-dimethyl-2-methylaminopyrazine-3-carboxylic acid, m. p. 146° (Found: C, 52-7; 
H, 5-9; N, 23-15. C,H,,0O,N, requires C, 53:0; H, 6-1; N, 23-2%). 

4-Hydroxy-6,7-dimethylpteridine }* (1-5 g.) was refluxed in 10N-sodium hydroxide (20 ml.) 
for 4 hr. Treatment as above and recrystallisation from water (110 parts) gave 2-amino-5,6- 
dimethylpyrazine-3-carboxylic acid (20%), m. p. 210-~211° (cf. 209—210°, by another route ") 
(Found: C, 49-9; H, 5:3; N, 24-95. Calc. for C,H,O,N;: C, 50-3; H, 5-4; N, 25-1%). 

2 - (4,6 - Dimethylpyrimidin - 2 - yl) - 3 - methylaminopyrazine.—2 - Amidino - 3 - methylamino- 
pyrazine hydrochloride (1-25 g.), acetylacetone (2-65 g.), and potassium carbonate (1-8 g.) in 
water (15 ml.) were shaken at 45° for 8 hr. After evaporation in vacuo the residue was boiled 
with ethanol (2 x 50 ml.), and the extract taken to dryness. Recrystallisation from light 
petroleum (b. p. 60—80°; 50 parts) gave the pyrimidinylpyrazine (40%), m. p. 89° (Found: 
C, 61-2; H, 6-15; N, 32-35. C,,H,,N; requires C, 61-4; H, 6-1; N, 32-5%). 

4-Amino-1,6-dihydro-6-imino-1-methylpyrimidine.—4,6-Diaminopyrimidine * (5 g.) and 
methyl iodide (12 ml.) in methanol (25 ml.) were refluxed for 3 hr. The iminopyrimidine 
hydriodide (89%) crystallised from ethanol (90 parts) as needles, m. p. 284° (Found: C, 238; 
H, 3-6; I, 50-5. C,H,IN, requires C, 23-8; H, 3-6; I, 50-35%). It was converted with silver 
chloride into the hydrochloride which after recrystallisation from ethanol (35 parts) had m. p. 
268—269° (Found: C, 37-5; H, 5-65; Cl, 22-15; N, 34:5. C,H,CIN, requires C, 37-4; H, 5-65; 
Cl, 22-1; N, 349%). This differed from the isomeric 4-amino-6-methylaminopyrimidine 
hydrochloride, m. p. 213—214°, prepared from the base © and recrystallised from ethanol (20 
parts) (Found: C, 37-45; H, 5-6; Cl, 22-2; N, 34-7%). 

The above imine hydriodide (1 g.) was dissolved in N-sodium hydroxide (12-5 ml.). After 
6 hr. at 20°, the crystals (58%) were removed and the filtrate was adjusted to pH 8—9 with 
sulphuric acid. After vacuum-evaporation the residue was boiled with ethyl acetate (50 ml.), 
and the extract on evaporation gave a second crop (29%). Recrystallised from water (15 parts), 
the product had m. p. 209—211°, undepressed on admixture with 4-amino-6-methylamino- 
pyrimidine 5 (Found: C, 48-3; H, 6-4; N, 45-2. C;H,N, requires C, 48-4; H, 6-5; N, 45-1%). 
The hydrochloride (m. p. 213°) prepared from it was identical with the authentic salt above. 

4-Amino-6-methylamino-5-nitropyrimidine.—(a) 4,6-Diamino-5-nitropyrimidine 1 (4 g.) and 
methyl iodide (40 ml.) were heated at 140° for 6 hr. An aqueous solution of the residue from 
evaporation was adjusted to pH 8—9 and after recrystallisation from water (330 parts) the 


17 Vogl and Taylor, J. Amer. Chem. Soc., 1959, 81, 2472. 
18 Brown, J. Soc. Chem. Ind., 1950, 69, 353. 
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nitro-compound had m. p. 248—250° undepressed by admixture with authentic material.’ 
(0) 4-Amino-1,6-dihydro-6-imino-1-methylpyrimidine hydrochloride (2-4 g.) in concentrated 
sulphuric acid (11 ml.) was evacuated at 20° to remove hydrogen chloride. Nitric acid (d 1-5; 
4-8 ml.) was added with stirring at 0°, and the mixture was heated for 30 min. at 40°, then 
poured on ice. Addition of ammonia gave the nitro-compound (85%). Hydrogenation in 
methanol over Raney nickel followed by sublimation at 120°/0-01 mm. gave pale yellow 4,5-di- 
amino-6-methylaminopyrimidine (60%), m. p. 187—189° (Found: C, 43-2; H, 6-65; N, 50-0. 
C;H,N; requires C, 43-15; H, 6-5; N, 50-3%). 

We thank Professor Adrien Albert for most helpful discussion, and Dr. J. E. Fildes and her 
staff for analyses, and acknowledge the support of N. W. J. by a University Scholarship. 
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403. Some 5,8-Dialkoaxy-1-tetralones. 
By MALcotm CRAWFORD and V. R. SUPANEKAR. 

5,8-Diethoxy-, 5-ethoxy-8-methoxy-, and 8-ethoxy-5-methoxy-1-tetral- 
one have been prepared. Hydroxyl groups in ortho-position to carbonyl 
in these tetralones and the intermediates cannot readily be alkylated and 
alkoxyl ortho to carbonyl is very readily dealkylated. These reactions and 
ultraviolet absorption have been used to establish the structures of two 
series of compounds. 


§,8-DIALKOXY-I-TETRALONES of types (IVa, c, f, g) were required for synthetic work. 
The dimethoxy-compound (IVc) was known! and there was no difficulty in preparing 
the diethoxy-analogue (IVa) by the route indicated in the chart. The main problem was 
the allocation of structures to the mixed ethers (IVf and g). This was done by preparing 
5-hydroxy-8-methoxy- and 8-hydroxy-5-methoxy-1-tetralone and studying the alkylation 
and dealkylation of the tetralones and intermediates, as well as the ultraviolet absorption 
of the tetralones. . 

In preparing the tetralones the method of Fieser e¢ al.* for y-phenylbutyric acids 
was used, followed by cyclisation with polyphosphoric acid* which gave better yields 
more conveniently than did sulphuric acid, stannic chloride, or aluminium chloride. 
Quinol dimethyl and diethyl ether thus gave good yields of the tetralones (I[Vc and a). 
One exception, y-(2-hydroxy-5-methoxypheny])butyric acid (IIId), which contains a free 
hydroxyl group, required sulphuric acid for cyclisation as polyphosphoric acid was in- 
effective. 

It has been stated, but without proof, that quinol dimethyl ether at higher temperatures 4 
affords y-(2-hydroxy-5-methoxypheny])-y-oxobutyric acid (IId) and not its isomer (IIe). 
Proof was obtained by comparison of the ultraviolet absorption spectra of the tetralone 
(IVd) with that of its isomer (IVe) obtained by methylation of the tetralone (IVb) and by 
demethylation of (IVc). Demethylation studies confirmed this. 

Ultraviolet Absorption Spectra.—2-Hydroxyacetophenone absorbs at longer wavelength 
than its methyl ether,5 owing presumably to resonance in its chelated form for there is 
very little difference in absorption between 3- and 4-hydroxyacetophenone and their 


1 Cocker, Cross, and McCormick, J., 1952, 72; Thompson, /., 1952, 1822; H.S. Blair, M.Sc. Thesis, 
Queen’s University, Belfast, 1953. 

* Fieser, Gates, and Kilmer, J. Amer. Chem. Soc., 1940, 62, 2966. 

* Uhlig, Angew. Chem., 1954, 66, 435. 

“ Merck, B.P. 702,012; Momose, Oya, Ohkuta, and Iwasaki, Pharm. Bull. (Japan), 1954, 2, 119 
(Chem. Abs., 1956, 50, 911); Newhall, Harris, Holly, Johnston, Richter, Walton, Wilson, and Folkers, 
oan. Chem. Soc., 1955, 77, 5646; U.S.P. 2,720,542; Coillard and Mentzer, Bull. Soc. chim. France, 

, 168. 

5 Morton and Stubbs, J., 1940, 1447; Dannenberg, Z. Naturforsch., 1949, 46, 327. 
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respective methyl ethers which all absorb similarly to 2-hydroxyacetophenone. 1. 
Tetralone resembles 2-hydroxyacetophenone structurally; indeed in it the carbonyl group 
is forced even more to take up the position co-planar with the benzene ring most suitable 
for chelation with the 8-hydroxy-group. Hence 8-hydroxy-1-tetralones will be expected 
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to absorb at longer wavelengths than their isomers:- For the series of tetralones (IVb—e) 
the absorption bands are given in the Table. The deepest-coloured is the dihydroxy- 
compound (IVb) with band 3 at 364 my, closely followed by the yellow monomethyl 
ether ([Ve) with band 3 at 356 my. There follows then a gap of 14 my before the pale 
yellow monomethyl isomer (IVd). Thereafter between it and the colourless dimethoxy- 
ketone (IVc) there is only a difference of 4 mu. It is clear by analogy with the hydroxy- 
and methoxy-acetophenones that the first tetralone in the Table possesses a hydroxy-group 
ortho to the carbonyl group, as indeed is known. This applies also to the second, the yellow 
monomethyl ether of m. p. 935°, which therefore has structure ([Ve). The other two 
with band 3 at shorter wavelength have 8-methoxyl groups, as is known for the last, the 
dimethoxy-compound. The third compound, the pale yellow monomethyl ether of m. p. 
170°, has therefore the structure (IVd). 


Ultraviolet absorption maxima (my) of 1-tetralones. 
Band 1 


. 

(IVb) 234 14,250 364 

([Ve) 232 14,350 356 

([Vd) 229 15,750 342 

(IVc) 228 19,900 338 
Demethylation.—Partial demethylation of a dimethoxy-compound is normally difficult 
to achieve, the product being usually a mixture of dihydroxy- and unchanged material. 
However, boiling the dimethoxy-compounds (IIc and IVc) with constant-boiling hydriodic 
acid hydrolyses only the methoxy-group ortho to the carbonyl group, leading to the phenols 
(IId and IVe respectively). With longer boiling and more concentrated acid complete 
demethylation results. On the other hand, the dimethoxy-acid (IIIc), which does not 
possess a carbonyl group, was demethylated completely. The ready demethylation of 
the group ortho to the carbonyl group is attributable to stabilisation of the transition state 
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by resonance and hydrogen-bonding. Demethylation of n-alkyl aryl ethers is believed 
to proceed by an Sy2 mechanism,® but a change to Syl reaction owing to the different 
and more stable transition state cannot be excluded. An ortho-carbonyl interaction is 
not possible with the 5-methoxyl group, which consequently requires more severe conditions 
for demethylation. It is noteworthy that aluminium chloride also demethylates the 8- 
methoxyl group readily.‘ 

The structures indicated by the light absorption of the tetralones (I[Vd and e) are 
thereby confirmed. The structure of the acid (IId), known from its conversion through 
(IIId) into (IVd), is also confirmed. Coillard and Mentzer‘ obtained the acid (IId) by 
partial hydrolysis of the dimethoxy-acid (IIc) but gave it the incorrect formula (IIe) on 
the grounds that the sterically least hindered methoxyl group would be hydrolysed first. 
Cocker, Cross, and McCormick ! allocated the correct structure to the acid (IVe) because 
it gave a dark green ferric derivative soluble in ether and could not be methylated. The 
structures of the remaining compounds listed are derived as indicated below. 

Alkylation.—Methylation of y-(2,5-dihydroxyphenyl)-y-oxobutyric acid (IIb) gives both 
mono- and di-methoxy-products (IId and c). The corresponding dihydroxytetralone 
(IVb), however, gives only the monomethoxy-product (IVe). Further alkylation could 
not be achieved, as Thompson? also noted. Presumably the resonance-stabilised 
o-hydroxy-keto-system is again responsible for this. In the tetralone (IVb) the stability 
of this system prevents alkylation of the 8-hydroxy-group; in the acid (IIb) alkylation 
of the 2-hydroxy-group occurs but only after the more reactive 5-hydroxy-group has 
been alkylated. That alkylation of this 2-hydroxy-group occurs at all is due to the greater 
flexibility of the side-chain containing the carbonyl group. Further alkylation of 
5-hydroxy-8-methoxy-l-tetralone (IVd), the isomeric monomethyl derivative obtained 
directly, proceeded readily. 

Dihydroxy-serties.—The normal preparative methods are less satisfactory if free hydroxyl 
is present; e¢.g., quinol monomethyl ether gave y-(2-hydroxy-5-methoxypheny]l)-y-oxo- 
butyric acid (IId) in low yield. It was readily prepared from the dimethoxy-acid (IIc) 
by way of the dihydroxy-acid (IId). The dihydroxybutyric acid (IIIb) was not obtained 
by reduction of the keto-acid (IIb), but by demethylation of the dimethoxy-acid (IIIc) 
(which Fieser et al.2 were unable to achieve), and its structure was confirmed by ethylation 
to give acid (IIIa). It was also obtained by de-ethylation of this acid (IIIa). Similarly 
the dihydroxytetralone (IVb) was prepared by complete demethylation of the tetralone 
(IVc). 

Isomeric Ethoxy-methoxy-derivatives.—Quinol ethyl methyl ether (If), as starting 
material, leads to two keto-acids (IIf and IIg), which were found difficult to separate. 
First attempts using crystallisation and chromatography were unsuccessful. The mixture 
was reduced but the acids (IIIf and g) were also inseparable. These finally gave the mixed 
tetralones (IVf and g) which were readily separated by fractional crystallisation of their 
sodium bisulphite compounds. It was then found that the keto-acids (IIf and g) could 
be separated with care in the same way, and this led to preparation of the butyric acids 
(IIIf and g) separately. Thus both sets of isomers (f and g) were obtained pure. Their 
structures were proved by ethylation of compounds (IId, IIId, and IVd), whose structures 
were known (see above), to the corresponding compounds (IIf, IIIf, and IVf). Compounds 
(IIe and IIe) could not be prepared. 


EXPERIMENTAL 

y-Aryl-y-oxobutyric Acids (IIa, c, d, f, g).—The method of Fieser e¢ al.2 was used. +y-(2,5- 
Diethoxyphenyl)~y-oxobutyric acid (Ila) formed needles (from ethanol), m. p. 151° (Found: 
C, 63-3; H, 6-8. C,,H,,O, requires C, 63-4; H, 68%). The y-2,5-dimethoxy-acid (IIc) had 
m. p. 103°. The mixed ethoxymethoxy-acids (IIf and g) prepared in this way in good yield 
were separated as described below. The 2-hydroxy-5-methoxy-acid (IId) was obtained impure 
in low yield. Quinol monoethyl ether gave none of the expected keto-acid. 

* Burwell, Chem. Rev., 1954, 54, 615; Hughes and Ingold, J., 1935, 244. 
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y-Arylbutyric Acids (IIla, c, d, f, g).—Reduction was carried out as described by Fieser 
et al.,* with minor modifications. y-(2,5-Diethoxyphenyl)butyric acid (IIIa) did not require 
distillation as it separated in crystalline form. When recrystallised five times alternately from 
ethanol and benzene, it had m. p. 119° (Found: C, 66-6; H, 8-1. C,H, O, requires C, 66-6; 
H, 80%). The 2-ethoxy-5-methoxy-acid (IIIf) formed needles (from alcohol), m. p. 82° (Found: 
C, 65-3; H, 7-5. C,3H,,0, requires C, 65-5; H, 7-6%). The 5-ethoxy-2-methoxy-acid (IIIg) 
had m. p. 72° (from alcohol) (Found: C, 66-0; H, 7:2%). 

Tetralones (IVa, c, d, f, g).—The arylbutyric acid (10 g.) and polyphosphoric acid * (100 g.) 
were stirred together at 60° for 75 min., then poured into ice-water (200 ml.). Extraction with 
ether, washing, drying, and removal of solvent gave the tetralone (8-5 g.), which was recrystal- 
lised from benzene-ligroin (b. p. 60—80°). 5,8-Diethoxy-1-tetralone (IVa) formed pale yellow 
needles, m. p. 795° (Found: C, 72:1; H, 7-8. C,,H,,0, requires C, 71-8; H, 7-7%). The 
ethoxymethoxytetralones (IVf and g) described below were also obtained by this method in 
good yield. 5-Hydroxy-8-methoxy-1l-tetralone (IVd) was not obtained with polyphosphoric 
acid, but in good yield by using sulphuric acid. 

Demethylations.—The milder of the two methods used consisted of boiling the substance 
with excess of hydriodic acid (d 1-7) for 2 hr., cooling, addition of ice-water, filtration, washing, 
drying, and recrystallisation from alcohol. Yields were good. In this way the keto-acid (IIc) 
was partially demethylated to (IId), the tetralone (IVc) to ([Ve), m. p. 93-5°, and the butyric 
acid (IIIc) completely demethylated to (IIIb), m. p. 139—140°. When boiled with hydriodic 
acid (d 1-9) for 3 hr. the keto-acid (IIc) was completely demethylated to (IIb), m. p. 186-5° 
(lit.,©” 181-2°, 177°) and the tetralone (IVc) to (IVb), m. p. 185°, in good yields. +y-(2,5-Di- 
hydroxypheny]l)butyric acid was prepared by demethylation of the acid (IIIc), m. p. 139—140° 
(Fieser et al.2 give m. p. 132°). This compound was also obtained by de-ethylation of acid 
(IIIa). On methylation it gave (IIIc) and on ethylation (IIIa). 

Alkylations.—The following ethylations were carried out in good yield by using diethyl 
sulphate: the 2-hydroxy-5-methoxy-keto-acid (IId) to, the 2-ethoxy-5-methoxy-keto-acid 
(IIf), m. p. 137-5°, the 2,5-dihydroxybutyric acid (IIIb) to the diethoxybutyric acid (IIIa), 
m. p. 119°, the 2-hydroxy-5-methoxybutyric acid (IIId).to the 2-ethoxy-5-methoxybutyric 
acid (IIIf), m. p. 82°, and the 5-hydroxy-8-methoxytetralone (IVd) to the 5-ethoxy-8-methoxy- 
tetralone (IVf), m. p. 100°. Dimethyl sulphate converted 5,8-dihydroxytetralone (IVb) into 
the 8-hydroxy-5-methoxytetralone (IVe), m. p. 93-5°. Further alkylation of ([Ve) could not be 
achieved. In methylating the dihydroxy-keto-acid (IIb) the main product was the dimethoxy- 
acid (IIc), m. p. 103°, with a smaller amount of the 5-monomethoxy-acid (IId), m. p. 145°. 

Separation of Isomeric Tetvalones.—The mixed tetralones (IVf and g) (10 g.), dissolved in 
alcohol (15 ml.), were stirred for 4 hr. with sodium hydrogen sulphite solution (800 ml.), prepared 
from saturated sodium carbonate solution and sulphur dioxide. A small amount of water was 
added and the whole kept at 0° overnight and then filtered. The residue crystallised from 
water as needles. Decomposition by boiling 20% sodium hydroxide solution gave 5-ethoxy-8- 
methoxy-1-tetralone (IVf), plates (from benzene-ligroin), m. p. 100° (Found: C, 70-7; H, 68. 
C,3H,,0; requires C, 70-9; H, 7:°3%). On addition of more sodium hydroxide solution to the 
filtrate 8-ethoxy-5-methoxy-1-tetralone (IVg) separated which, after extraction and several 
recrystallisations from benzene-ligroin, formed prisms, m. p. 55-5° (Found: C, 70-9; H, 7-0%). 

Separation of Isomeric y-(Ethoxy-methoxyphenyl)-y-oxobutyric Acids.—The mixed keto-acids 
(130 g.), dissolved in an excess of saturated sodium carbonate solution, were treated with 
sulphur dioxide until no more bisulphite compound was precipitated. This compound was 
filtered off and recrystallised three times from water. It was decomposed by boiling dilute 
hydrochloric acid. On cooling, y-(2-ethoxy-5-methoxyphenyl)-y-oxobutyric acid (IIf) (42 g.) 
separated; it formed needles, m. p. 137-5°, from alcohol (Found: C, 62-1; H, 6-2. C,3H,,0; 
requires C, 61-9; H, 64%). Passing more sulphur dioxide into the main mother-liquor produced 
a bisulphite compound which, on recrystallisation from water and decomposition, gave an acid. 
To this was added the acid obtained by boiling the mother-liquor from the first recrystallisation 
above with dilute hydrochloric acid (total, 56 g.). On recrystallisation from alcohol, y-(5- 
ethoxy-2-methoxyphenyl)-y-oxobutyric acid (IIg) was obtained as needles, m. p. 105-5° (Found: 
C, 61-8; H, 6-0%). 


MAKERERE COLLEGE, KAMPALA, UGANDA. [Received, November 2nd, 1959.] 
? Rosenmund, Zymalkowski, and Engels, Chem. Ber., 1951, 84, 711. 
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404. Pyrazolidines. Part I. 3-Imino-5-oxo-1,2-diphenyl- 
pyrazolidine and Derivatives. 


By M. A. McGeeg, H. D. Murpocu, G. T. NEwBoLp, 
JAMES REDPATH, and F. S. Sprinc. 

Cyclisation of N-cyanoacetylhydrazcbenzene or reaction of ethyl cyano- 
acetate with hydrazobenzene gave 3-imino-5-oxo-1,2-diphenylpyrazolidine. 
The last compound was best prepared by the action of potassium cyanide 
on an a-halogenoacylhydrazobenzene. Some reactions of 3-imino-5-oxo- 
1,2-diphenylpyrazolidine have been studied and it has been converted into 
the corresponding 3,5-dioxo-compound. 


INTEREST in pyrazolidine derivatives has been stimulated during the last decade by the 
discovery that phenylbutazone (4-butyl-3,5-dioxo-1,2-diphenylpyrazolidine)? (I; R = 
Bu) is of value in the treatment of rheumatoid arthritis and allied conditions. Although 
a large number of 3,5-dioxo-1,2-diphenylpyrazolidines, substituted in the 4-position or in 
the phenyl rings or in both, have been described,) no derivatives have been described in 
which one of the carbonyl-oxygen atoms in the 1,2-diaryl compounds is replaced by an 
imino-group. 


PhN-—NPh p-R*C,H,-N—NH-C.H,R'=p p-R'C,Hy-N—N-C.H,R'=p 
oc. co oc OC_ C:NH 

\ “CHR: NZ 

cAR os CHR 


(I) (II) (IIT) 

A possible intermediate for the synthesis of 3-imino-5-oxo-1,2-diphenylpyrazolidine 
(III; R= R’ = H) is N-cyanoacetylhydrazobenzene (II; R= R’ = H, X = CN) and 
this compound has been mentioned as the product of reaction between hydrazobenzene, 
cyanoacetic acid, and phosphorus oxychloride in the presence of pyridine. We first 
examined the reaction of cyanoacetyl chloride with hydrazobenzene in the presence of 
pyridine and, using 2‘5—3 mols. of the acid chloride per mol. of hydrazobenzene, we 
obtained cyanoacetylhydrazobenzene in ca. 30% yield. 

N-Cyanoacetylhydrazobenzene (II; R = R’ = H, X = CN) is cyclised to 3-imino-5- 
oxo-1,2-diphenylpyrazolidine (III; R = R’ = H) when heated with aqueous ethanolic 
sodium carbonate or, less effectively, by sodium methoxide or ethoxide in the corresponding 
alcohol. It was also isolated in 9% yield from the mother-liquors of cyanoacetylhydrazo- 
benzene prepared by the acid chloride reaction. Ethyl cyanoacetate with hydrazo- 
benzene in presence of sodium ethoxide gave only an 8% yield of the pyrazolidine (III ; 
R=R’=H). The most convenient method is reaction of chloroacetylhydrazobenzene 
with potassium cyanide in aqueous ethanol which gives the pyrazolidine in 57% yield. 

4,4’-Dimethylhydrazobenzene was converted into its cyanoacetyl derivative (II; 
R’ = Me, R= H, X = CN), and the latter when treated with sodium carbonate gave 
3-imino-5-oxo-1,2-di-p-tolylpyrazolidine which was also prepared in poor yield by base- 
catalysed interaction between ethyl cyanoacetate and 4,4’-dimethylhydrazobenzene. 

Hydrazobenzene with «-chloropropionyl chloride afforded «-chloropropionylhydrazo- 
benzene (II; R = Me, R’ = H, X = Cl); this compound, or a-bromopropionylhydrazo- 
benzene, with aqueous ethanolic potassium cyanide gave 3-imino-4-methyl-5-oxo-1,2- 
diphenylpyrazolidine (III; R = Me, R’ = H). 

1 B.P. 646,597. 

* Budziarek, Drain, Macrae, McLean, Newbold, Seymour, Spring, and Stansfield, J., 1953, 3158; 
Buchi, Ammann, Lieberherr, and Eichenberger, Helv. Chim. Acta, 1953, 36, 75; Pfister and Hafliger, 
ibid., 1957, 40, 395; Dens, Hafliger, and Goodwin, ibid., p. 402; U.S.P. 2,700,670, 2,700,671, 2,745,783; 
Swiss P. 293,925; B.P. 768,813, 769,285, 778,128. 

* Girod, Delley, and Hafliger, Helv. Chim. Acta, 1957, 40, 408. 


* Goldschmidt, Annalen, 1924, 437, 194. 
5 Bischoff, Ber., 1898, 31, 3241. 
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N-Cyanoacetylhydrazobenzene is unaffected by refluxing acetic anhydride for 1 hr, 
It is insoluble in aqueous mineral acid and aqueous sodium hydroxide, as is 3-imino-5-oxo- 
1,2-diphenylpyrazolidine. Diazomethane does not react with N-cyanoacetylhydrazo- 
benzene or 3-imino-5-oxo-1,2-diphenylpyrazolidine; the latter and the other imino-oxo- 
compounds described in this paper give red colours with ferric chloride. The position 
or intensity of the longer-wavelength ultraviolet maximum of 3-imino-5-oxo-1,2-diphenyl- 
pyrazolidine is substantially the same in neutral, acid, or alkaline solution; N-cyano- 
acetylhydrazobenzene shows a bathochromic shift from neutral to alkaline solution. 


PhN-—— NPh PhN—CO PhN—CO 

: | ‘cH ‘alle 

HO-HC. CO / ; 
(IV) (V) (VI) 


Heating 3-imino-5-oxo-1,2-diphenylpyrazolidine or N-cyanoacetylhydrazobenzene with 
aqueous-ethanolic hydrochloric acid gave a mixture of N-carboxyacetylhydrazobenzene 
(II; R = R’ = H, X = CO,H), its ethyl ester, and a smaller amount of 3,5-dioxo-1,2-di- 
phenylpyrazolidine (I; R= H). The acid (II; R= R’ =H, X = CO,H), which was 
thermally decarboxylated to N-acetylhydrazobenzene (II; R= R’=X=H), was 
converted into its ester by diazoethane, and the ester was cyclised by ethanolic sodium 
ethoxide to 3,5-dioxo-1,2-diphenylpyrazolidine. 3,5-Dioxo-1,2-diphenylpyrazolidine was 
partly converted into N-carboxyacetylhydrazobenzene by a hot aqueous dioxan solution 
of hydrochloric acid; replacement of aqueous dioxan by ethanol gave a mixture of the acid 
(II; R = R’ = H, X = CO,H) and its ethyl ester. 

Tsumaki ® obtained an acidic compound, C,,H,,0,N,, m. p. 160—162° with decomp., 
as a by-product from the action of malonyl chloride on hydrazobenzene (the major 
product was 3,5-dioxo-1,2-diphenylpyrazolidine) or by the action of dilute hydrochloric 
acid on a chloroform-ethanol solution of 3,5-dioxo-1,2-diphenylpyrazolidine. He formul- 
ated this as (IV), in preference to (II; R= R’ =H, X =CO,H). Since N-carboxy- 
acetylhydrobenzene melts at 133—134° (decomp.) and N-acetylhydrazobenzene has m. p. 
161—162° we believe that Tsumaki’s product was probably (II; R = R’ = H, X = CO,H) 
and that his melting-point determination method resulted in slow decomposition of the 
compound to N-acetylhydrazobenzene. When 3-imino-5-oxo-1,2-diphenylpyrazolidine 
(III; R = R’ = H) is heated with cyclohexanone a colourless compound C,,H,,ON, is 
obtained which we consider to be 4-cyclohexenyl-3-imino-5-oxo-1,2-diphenylpyrazolidine 
(V). Cyclohexanone and 3,5-dioxo-1,2-diphenylpyrazolidine give the yellow cyclohexylid- 
ene derivative! (VI). The lack of conjugation between the double bond and the hetero- 
cyclic system in (V) is apparent from its ultraviolet spectrum which shows a maximum at 
255 my [cf. (III; R = R’ = H) with maximum at 256 my] whereas (VI) absorbs at 360 
and 372 my. The compound (V) was hydrogenated to the cyclohexyl derivative (III; 
R = C,H,,, R’ = H) which in aqueous-ethanolic acid afforded 4-cyclohexyl-3,5-dioxo- 
1,2-diphenylpyrazolidine ! (I; R = C,H,,), the reduction product of (VI). 


EXPERIMENTAL 


Infrared spectra were determined for Nujol suspensions unless otherwise stated. Where two 
compounds are claimed to be identical, the identity was confirmed by infrared comparison 
(Nujol). Ultraviolet spectra in alkali were determined in a mixture of equal parts of 2N- 
sodium hydroxide and ethanol, and in acid were obtained by using equal parts of 2n-hydrochloric 
acid and ethanol. 

N-Cyanoacetylhydrazobenzene.—Lacking experimental details we were unable to reproduce 
the recorded method; * the following technique was used. A stirred solution of hydrazo- 
benzene (13.8 g.) in chloroform (300 c.c.) and pyridine (100 c.c.) was treated at —10° with 


* Tsumaki, Bull. Chem. Soc. Japan, 1931, 6, 1. 
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freshly prepared cyanoacetyl chloride ”* (21-5 g., 3 mols.) in chloroform (75 c.c.) during 1 hr. 
The mixture was allowed to attain room temperature during 3 hr., then kept overnight and 
poured into water (500 c.c.). The chloroform layer was washed with water (100 c.c.), 2N-hydro- 
chloric acid (3 x 150 c.c.), 2N-sodium hydroxide (3 x 150 c.c.) (extract A), and water and dried 
(Na,SO,). Evaporation of the chloroform and crystallisation of the residue from ethanol gave 
N-cyanoacetylhydrazobenzene (5-4 g., 29%) as plates, m. p. 172—173° (lit.,5 m. p. 172—173°) 
(Found: C, 71-5; H, 5-1. Calc. for C,,H,,ON,;: C, 71-7; H, 5°2%), Amex, (in EtOH) 208 
(ec 16,000) and 237 my (e 18,000), Amax. (in alkali) 254 my (¢ 23,900), Amex. (im acid) 205 (¢ 36,000) 
and 236 mu (e 24,000), vmx, 3306 (NH), 2245 (CN), and 1667 cm.~ (CO). 

3-Imino-5-0x0-1,2-diphenylpyrazolidine.—(a) Concentration of the ethanolic mother-liquors 
from cyanoacetylhydrazobenzene yielded 3-imino-5-ox0-1,2-diphenylpyrazolidine (1-6 g., 9%) 
as plates, m. p. 222—223°; it was sublimed at 200°/0-5 mm. for analysis (Found: C, 71-45; 
H, 5-2. C,,;H,,ON, requires C, 71-7; H, 5-2%), Amax (in EtOH) 206 (e 17,000) and 254 my 
(e 23,000); Amax. (in alkali) 225 (ec 61,000) and 255 my (e 22,000); Amex (in acid) 206 (ec 19,000) 
and 252 my (e 22,000), vmax 3333 (NH), 1675 (CO), and 1639 cm.71. 

(b) N-Cyanoacetylhydrazobenzene (500 mg.) in ethanol (18 c.c.) and aqueous 2m-sodium 
carbonate (18 c.c.) was refluxed for 4 hr. The cooled solution was diluted with water (50 c.c.) 
and extracted with chloroform (3 x 50 c.c.), and the combined extracts were washed with 
water and dried (Na,SO,). Evaporation of the chloroform and crystallisation of the residue 
from ethanol gave 3-imino-5-oxo-1,2-diphenylpyrazolidine (400 mg., 80%), m. p. and mixed 
m, p. 220—222° (Found: C, 71-7; H, 5-3%). 

(c) A solution of N-cyanoacetylhydrazobenzene (225 mg.) in ethanolic sodium ethoxide 
(from sodium, 20 mg., and ethanol, 15 c.c.) was refluxed for 3 hr., cooled, diluted with water, and 
the product isolated by chloroform. Crystallisation from methylene chloride-hexane gave 
3-imino-5-oxo-1,2-diphenylpyrazolidine (75 mg.) as prisms, m. p. and mixed m. p. 220—222° 
(Found: C, 71-7; H, 5-2%). A similar yield was obtained on using methanolic sodium 
methoxide. 

(d) A solution of sodium ethoxide in ethanol (from sodium 4-5 g., and dry ethanol, 90 c.c.) 
was treated successively with ethyl cyanoacetate (10-6 g.) and hydrazobenzene (18 g.), and the 
mixture refluxed for 17 hr. in nitrogen (bath-temp., 115—125°; internal temp. 86—88°). 
Ethanol (60 c.c.) was removed by distillation at atmospheric pressure, the internal temperature 
rising to 126°. The mixture was cooled and treated with ether (250 c.c.) and water (250 c.c.) 
with stirring and shaking, and the insoluble material (1-0 g.) separated (aqueous phase B, and 
an ether phase C). The pale yellow solid, which had the properties of a sodium salt, was 
treated with hydrochloric acid (d 1-15), and the aqueous suspension extracted with chloroform. 
The chloroform extract was washed with water, dried, and evaporated. The residue crystallised 
from ethanol, to give 3-imino-5-oxo-1,2-diphenylpyrazolidine (0-55 g.) as plates, m. p. and 
mixed m. p. 220—222°; it was sublimed im vacuo (Found: C, 71-7; H, 5-2%). Phase C was 
dried (Na,SO,) and evaporated and the reddish solid crystallised from chloroform—methanol 
to give hydrazobenzene (9-37 g.) as plates, m. p. 126—128° [washed with light petroleum (b. p. 
60—80°) to remove the orange colour]. Evaporation of the light petroleum washings yielded 
azobenzene (2-5 g.), m. p. 67°. The aqueous alkaline phase B gradually deposited solid (1-0 g.), 
m. p. 222°. Evaporation of the mother-liquor to one-third of its bulk under reduced pressure 
gave a second crop (0-3 g.), m. p. 220°, and from the mother-liquor a third crop (0-3 g.), m. p. 
210—220°, was isolated by means of chloroform. Combination of the three crops and crystal- 
lisation from ethanol yielded 3-imino-5-oxo-1,2-diphenylpyrazolidine, m. p. and mixed m. p. 
220—222°. Acidification of the aqueous alkaline liquor with 2N-hydrochloric acid precipitated 
a brown solid (2-2 g.), m. p. 300°, which could not be crystallised and was not further examined. 

(e) A solution of chloroacetylhydrazobenzene ¢ (1-5 g.) in ethanol (25 c.c.) was refluxed with 
potassium cyanide (2-5 g.) in water (15 c.c.) for 7 hr. The solution was diluted with water 
(50 c.c.) and extracted with chloroform (3 x 50c.c.). The combined chloroform extracts were 
washed with water (2 x 25 c.c.), dried (Na,SO,), and evaporated. Crystallisation of the 
residue from chloroform-ethanol gave 3-imino-5-oxo-1,2-diphenylpyrazolidine (0-8 g., 57%), 
m. p. and mixed m. p. 221—222°. ° 

N-Cyanoacetyl-4,4’-dimethylhydrazobenzene.—To a stirred solution of 4,4’-dimethylhydrazo- 
benzene (9-2 g.) in chloroform (150 c.c.) and pyridine (50 c.c.), cooled in an ice-bath, a solution 


7 Schroeter and Zink, Ber., 1938, 71, 675. 
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of cyanoacetyl chloride (15-6 g.) in chloroform (40 c.c.) was added dropwise in 1 hr. The 
cooling bath was removed and the stirring continued for a further 2 hr. The solution was 
treated with water, and the chloroform layer washed successively with 3N-hydrochloric acid, 
water, 3N-sodium hydroxide, and water and dried (Na,SO,). The chloroform solution was 
evaporated under reduced pressure and the residue crystallised from chloroform—methanol, 
giving 4,4’-dimethylhydrazobenzene (1-0 g.), m. p. and mixed m. p. 132—134°. Concentration 
of the mother-liquor gave crystals which were digested with cold benzene, and the residue was 
separated. MRecrystallisation from acetone-methanol gave N-cyanoacetyl-4,4’-dimethyl- 
hydrazobenzene (2-8 g.) as needles, m. p. 144—145° (Found: C, 73-4; H, 6-0. C,;H,,ON, 
requires C, 73-1; H, 6-1%). Amax. (in EtOH) 209 (ec 20,000) and 238 my (e 21,000), Anax (in 
alkali) 225 (c 66,000) and 254 my (¢ 30,000), Amax. (in acid) 207 (¢ 23,000) and 238 my (e 19,600), 
Vmax, 3333 (NH), 2273 (C=N), and 1692 cm. (C=O). 

3-Imino-5-o0x0-1,2-di-p-tolylpyrazolidine._(a) Under the conditions described for the 
cyclisation of N-cyanoacetylhydrazobenzene with sodium carbonate, N-cyanoacety]l-4,4’- 
dimethylhydrazobenzene (1 g.) gave 3-imino-5-ox0-1,2-di-p-tolylpyrazolidine (800 mg.) which 
separated from acetone-hexane as needles, m. p. 212—213° (Found: C, 72-9; H, 5-9, 
C,,H,,ON, requires C, 73-1; H, 6-1%), Amax. (in EtOH) 207 (c 25,000) and 254 muy (e 29,500), 
Amax. (in alkali) 254 my. (¢ 52,000), Amax. (in acid) 209 (ec 28,000) and 250 my (e 30,000), vnax 3390, 
3185 (NH), 1675 and 1647 cm. (C=O). An ethanolic solution of the compound gave a red 
colour with aqueous ferric chloride. 

(b) A mixture of ethyl cyanoacetate (10-6 g.), 4,4’-dimethylhydrazobenzene (21 g.), and 
ethanolic sodium ethoxide (from 4-8 g. of sodium and 150 c.c. of dry ethanol) was refluxed for 
17 hr. in nitrogen. The mixture was separated as described for the similar preparation of 
3-imino-5-oxo-1,2-diphenylpyrazolidine, into an ethereal phase, an interfacial solid, and an 
aqueous-alkaline phase. The dried (Na,SO,) ethereal phase was evaporated to a bright orange 
solid which was triturated with light petroleum (b. p. 40—60°), and the residue crystallised 
from chloroform-light petroleum (b. p. 40—60°) to give, 4,4’-dimethylhydrazobenzene (10-6 g.) 
as plates, m. p. and mixed m. p. 128°. The combined light petroleum washings on concen- 
tration yielded 4,4’-dimethylazobenzene (6-1 g.) as orange blades, m. p. and mixed m. p. 142°. 

The interfacial solid was combined with further solid which slowly separated from the 
aqueous alkaline phase and crystallised from chloroform-light petroleum (b. p. 40—60°), to 
give 3-imino-5-oxo-1,2-di-p-tolylpyrazolidine (1-2 g.) as needles, m. p. and mixed m. p. 213°. 

The aqueous phase was continuously extracted with chloroform for 5 hr. Removal of the 
chloroform gave uncrystallisable material. The aqueous alkaline solution on acidification 
with hydrochloric acid (d 1-15) gave a brown solid (1-8 g.), m. p. ca. 320°, which could not be 
recrystallised. 

N-a-Chloropropionylhydvrazobenzene.—a-Chloropropionyl chloride (40 g.) in chloroform 
(30 c.c.) was added dropwise to an ice-cooled solution of hydrazobenzene (25 g.) in chloroform 
(300 c.c.) and pyridine (100 c.c.), with stirring, in 1 hr. The ice-bath was then removed and 
stirring continued for a further 2 hr. The solution was washed with 2n-hydrochloric acid 
(500 c.c.), then water (300 c.c.), and dried (Na,SO,). Concentration, cooling, and crystallisation 
of the precipitated solid from ethanol gave «-chloropropionylhydvazobenzene (40 g.) as prisms, 
m. p. 149° (Found: C, 65-22; H, 5-9. C,,;H,,ON,Cl requires C, 65-5; H, 5-5%), Amax. (in EtOH) 
206 (c 28,000) and 238 my (ce 20,000), vmax, 3250 (NH) and 1642 cm. (C=O). 

3-Imino-4-methyl-5-0xo-1,2-diphenylpyrazolidine—(a) A solution of «-bromopropionyl- 
hydrazobenzene § (2-5 g.) and potassium cyanide (3-0 g.) in ethanol (25 c.c.) and water (8 c.c.) 
was refluxed for 5 hr. The cooled solution was diluted with water, and the product isolated 
by using chloroform. 3-Imino-4-methyl-5-ox0-1,2-diphenylpyrazolidine (1-0 g.) separated from 
chloroform as plates, m. p. 180° (Found: C, 72-1; H, 5-45. C,,H,,ON, requires C, 72-4; 
H, 5°7%), Amax. (in EtOH) 206 (e 22,000) and 264 mu (¢ 25,000), Amex (in alkali) 263 my (e 19,500), 
Vmax. 3874 (NH), 3278 (OH), and 1640 cm.-! (CO). The compound gave a red colour in ethanol 
with aqueous ferric chloride. 

(6) «-Chloropropionylhydrazobenzene (12 g.) likewise gave the pyrazolidine (5-0 g.), m. p. 
and mixed m. p. 180°. 

N-Carboxyacetylhydrazobenzene.—(a) A solution of N-cyanoacetylhydrazobenzene (500 mg.) 
in ethanol (18 c.c.) water (18 c.c.) and hydrochloric acid (1 c.c.; d 1-15) was refluxed for 1 hr. 
The solution was separated into an ethereal neutral fraction (D) and an alkali-soluble fraction. 
Acidification of the alkaline solution gave a product which was isolated in ether and crystallised 
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from methylene chloride-hexane, to yield N-carboxyacetylhydrazobenzene (300 mg.) as needles, 
m, p: 133—134° (decomp.) (Found: C, 66-32; H, 5-4. C,,H,,O,N, requires C, 66-65; H, 52%), 
Imax. (in EtOH) 208 (¢ 17,000) and 236 muy (¢ 14,500), vasx, 3890—3175 (NH), 1724 (CO) cm.". 

(b) A solution of 3-imino-5-oxo-1,2-diphenylpyrazolidine (220 mg.) in ethanol (9 c.c.), water 
(9 c.c.), and hydrochloric acid (0-5 c.c.; d 1:15) was refluxed for 1 hr. The solution was 
separated by means of ether into a neutral fraction E and an acid fraction which crystallised 
from methylene chloride—hexane, to give N-carboxyacetylhydrazobenzene (100 mg.) as needles, 
m. p. and mixed m. p. 183—134° (decomp.). 

(c) A solution of 3,5-dioxo-1,2-diphenylpyrazolidine (1-0 g.) in dioxan (20 c.c.) and 2n- 
hydrochloric acid (0-5 c.c.) was kept at room temperature for 6 days with occasional shaking. 
Water was added and the solution was extracted with chloroform, and the combined chloroform 
extracts were washed with aqueous sodium hydrogen carbonate, aqueous sodium hydroxide, 
and water, and dried (Na,SO,). From the sodium hydrogen carbonate solution by acidification 
and isolation with ether, N-carboxyacetylhydrazobenzene (260 mg.), m. p. and mixed m. p. 
130—132°, was obtained, crystallising from methylene chloride-hexane as needles. The 
sodium hydroxide extract, on acidification, yielded 3,5-dioxo-1,2-diphenylpyrazolidine (450 mg.), 
m. p. and mixed m. p. 175—178°. Crystalline material was not isolated from the neutral 
fraction. 

N-Acetylhydvazobenzene.—N-Carboxyacetylhydrazobenzene (150 mg.) was heated for 15 
min. at 140°. The cooled mass was dissolved in ether, and the ethereal solution washed with 
2n-aqueous sodium hydroxide, then water, and dried (Na,SO,). The ethereal solution was 
evaporated and the residue crystallised from chloroform-ethanol, to give N-acetylhydrazo- 
benzene (60 mg.) as needles, m. p. and mixed m. p. 161—162° (lit.,® m. p. 159°). 

N-Ethoxycarbonylacetylhydrazobenzene.—(a) N-Carboxyacetylhydrazobenzene (30 mg.) was 
added to an excess of ethereal diazoethane, and the solution kept overnight at room tem- 
perature. Removal of the solvent and crystallisation of the residue from methylene chloride— 
hexane gave N-ethoxycarbonylacetylhydrazobenzene (20 mg.) as needles, m. p. 988—100° (Found: 
C, 68-4; H, 5-7. C,,H,gO,N, requires C, 68-4; H, 61%), Amax, (in EtOH) 208 (e 26,400) and 
236 my (e 18,000), vnax, 3333 (NH) and 1739 cm." (ester C=O). 

(6) Removal of ether from neutral fraction D of the hydrolysis product from N-cyano- 
acetylhydrazobenzene and crystallisation of the residue from methylene chloride-hexane gave 
N-ethoxycarbonylacetylhydrazobenzene (150 mg.) as needles, m. p. and mixed m. p. 99—100°. 

(c) Neutral fraction E from the action of aqueous-ethanolic hydrochloric acid on 3-imino- 
5-oxo-1,2-diphenylpyrazolidine was crystallised from methylene chloride-hexane to give 
N-ethoxycarbonylacetylhydrazobenzene as needles, m. p. and mixed m. p. 97—98°. 

(d) A solution of 3,5-dioxo-1,2-diphenylpyrazolidine (500 mg.) in ethanol (18 c.c.), water 
(18 c.c.) and hydrochloric acid (1 c.c.; d 1-15) was refluxed for 1 hr. The cooled solution was 
separated in the usual way into neutral and alkali-soluble fractions. The neutral fraction 
crystallised from methylene chloride—hexane, to give N-ethoxycarbonylacetylhydrazobenzene 
(80 mg.) as needles, m. p. and mixed m. p. 97—-99°. N-Carboxyacetylhydrazobenzene, m. p. 
and mixed m. p. 130—132° (decomp.), was obtained from the acidic fraction together with 
starting material, m. p. and mixed m. p. 175—178°. 

3,5-Dioxo-1,2-diphenylpyrazolidine.—(a) N-Ethoxycarbonylacetylhydrazobenzene (50 mg.) 
was added to a solution of sodium ethoxide prepared from sodium (40 mg.) and ethanol (15 c.c.), 
and the mixture refluxed for 2 hr. and evaporated to dryness under reduced pressure. The 
residue was diluted with water (25 c.c.), acidified with hydrochloric acid (d 1-15), and extracted 
with ether (3 x 30 c.c.). The combined ethereal extracts were washed with water, dried 
(Na,SO,), and evaporated. Crystallisation of the residue from ethanol gave 3,5-dioxo-1,2- 
diphenylpyrazolidine (30 mg.) as plates, m. p. and mixed m. p. 178—179°. 

(6) Concentration of the methylene chloride—hexane mother-liquor from the crystallisation 
of the specimen of N-carboxyacetylhydrazobenzene obtained from N-cyanoacetylhydrazo- 
benzene gave 3,5-dioxo-1,2-diphenylpyrazolidine (20 mg.) which separated from ethanol as 
plates, m. p. and mixed m. p. 175—178°. 

(c) A solution of 3-imino-5-oxo-1,2-diphenylpyrazolidine (1-2 g.) in ethanol (20 c.c.), water 
(20 c.c.), and hydrochloric acid (2 c.c.; d 1-15) was refluxed for lhr. The solution was diluted 
with water (50 c.c.) and extracted with chloroform. The chloroform extract was washed with 
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aqueous sodium hydrogen carbonate, aqueous sodium hydroxide, and water and dried (Na,SO,). 
Acidification of the sodium hydroxide solution and extraction with chloroform gave 3,5-dioxo- 
1,2-diphenylpyrazolidine (100 mg.; plates from chloroform-ethanol), m. p. and mixed m, p, 
177—178°. N-Carboxyacetylhydrazobenzene (480 mg.), m. p. and mixed m. p. 130—132° 
(decomp.), was obtained as needles by acidification of the sodium hydrogen carbonate washings, 
Evaporation of the chloroform yielded N-ethoxycarbonylacetylhydrazobenzene (80 mg), 
m. p. and mixed m. p. 96—98°. 

4-Cyclohexeny!-3-imino - 5-0xo0-1,2-diphenylpyrazolidine.—(a) 3-imino-5-oxo-1,2-dipheny]l- 
pyrazolidine (1-0 g.) was refluxed with cyclohexanone (10 c.c.) for 1 hr. The solution was 
evaporated to dryness under reduced pressure and the residue crystallised from ethanol-light 
petroleum (b. p. 60—80°), to give 4-cyclohexenyl-3-imino-5-0x0-1,2-diphenylpyrazolidine (1-0 g.) 
as prisms, m. p. 188—189° (Found: C, 75-8; H, 6-0. C,,H,,ON, requires C, 76-1; H, 6-4%), 
Amax. (in EtOH) 205 (e 29,000) and 255 my (ce 22,000), Amax (in alkali) 288 (c¢ 6300) and 254 my 
(ec 24,000), Vmax, 3356 (NH) and 1664 cm. (CO). An ethanolic solution of the compound gavea 
reddish-brown colour with aqueous ferric chloride. 

(6) Cyanoacetylhydrazobenzene (500 mg.) was refluxed for 6 hr. with cyclohexanone 
(10 c.c.). Crystallisation of the product, isolated as described in the preceding experiments, 
from chloroform—methanol gave 4-cyclohexenyl-3-imino-5-oxo-1,2-diphenylpyrazolidine (30 mg.) 
as prisms, m. p. and mixed m. p. 185—186°. 

4-Cyclohexyl-3-imino-5-0x0-1,2-diphenylpyrazolidine.—A solution of 4-cyclohexenyl-3- 
imino-5-oxo-1,2-diphenylpyrazolidine (1-0 g.) in ethyl acetate (250 c.c.) was shaken with 
hydrogen at room temperature and atmospheric pressure in the presence of platinum from 
Adams catalyst (500 mg.). When absorption was complete (ca. 2 hr.) the filtered solution was 
evaporated to dryness under reduced pressure and the residue crystallised from methylene 
chloride—hexane, to give 4-cyclohexyl-3-imino-5-oxo-1,2-diphenylpyrazolidine (1-0 g.) as needles, 
m. p. 223—225°, (Found: C, 75-2; H, 6-8; N, 12-9. C,,H,,;ON,; requires C, 75-6; H, 6-95; 
N, 12°6%), Amax. (in EtOH) 204 (¢ 24,000) and 262 my (¢ 25,000), Amax (in alkali) 223 (e 45,000) 
and 263 my (e 19,000), vmx, 3226, 3106, and 1618 cm. (C=O). An ethanolic solution of the 
compound gave a reddish-brown colour with aqueous ferric chloride. 

4-Cyclohexyl-3,5-dioxo-1,2-diphenylpyrazolidine.—(a) A solution of 4-cyclohexylidene-3,5- 
dioxo-1,2-diphenylpyrazolidine 1 (400 mg.) in ethyl acetate (40 c.c.) was shaken at room tem- 
perature and atmospheric pressure with hydrogen and platinum from Adams catalyst (140 mg.) 
until absorption was complete (ca. l hr.). The filtered solution was evaporated under reduced 
pressure and the residue crystallised from chloroform—methanol, to give 4-cyclohexyl-3,5- 
dioxo-1,2-diphenylpyrazolidine (350 mg.) as needles, m. p. 176—178° (lit. m. p. 177°) Amz 
(in EtOH) 207 (ec 19,000) and 268 my (¢ 22,000), Amax, (in alkali) 270 my (e 23,000), vnax, 1754 and 
1730 cm.? (both C=O). An ethanolic solution of the compound gave no colour with aqueous 
ferric chloride. 

(b) A solution of 4-cyclohexyl-3-imino-5-oxo-1,2-diphenylpyrazolidine (740 mg.) in ethanol 
(20 c.c.), water (20 c.c.), and hydrochloric acid (2 c.c.; d 1-15) was refluxed for 1 hr., then cooled 
and extracted with chloroform (3 x 40 c.c.), and the combined extracts were washed with 
2n-sodium hydroxide (2 x 50c.c.), then water and dried (Na,SO,). Removal of the chloroform 
and crystallisation of the residue from chloroform—methanol gave unchanged material (300 mg.), 
m. p. and mixed m. p. 220—222°. Acidification of the combined alkaline washings with 
2n-hydrochloric acid (Congo Red) and isolation of the product by chloroform gave 4-cyclo- 
hexyl-3,5-dioxo-1,2-diphenylpyrazolidine (100 mg.), m. p. and mixed m. p. 174—176°. 
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405. The Réle of Supports in Catalytic Hydrogenation. Part 1. 
Specific Effects of Various Oxide Carriers on the Activity of Platinum. 


By E. B. MAxTEeD and SAYEED AKHTAR. 


Zirconia and thoria have been found to act as highly active promoters when 
used as supports for platinum in the liquid-phase hydrogenation of cyclo- 
hexene at room temperature. The activity of the complex catalyst contain- 
ing a fixed amount of platinum first rises to a peak value and then falls with 
increasing amount of the support, the peak activity corresponding, with 
zirconia, to about 16 times that of the unsupported platinum and, with 
thoria, to about 12 times this value. A similar study has also been carried 
out with less active supports, including chromium sesquioxide, ceria, thorium 
chromite, and magnesia. Electron-microscopic studies have also been made 
of the disposition of the platinum on the support. This has been found to 
occur centrally on the supporting granules. 


CoNSIDERABLE evidence exists that the part played by supports in heterogeneous catalysis 
is in many cases a specific one, the activity of such catalysts being influenced by 
the chemical nature of the support, in addition to that given by simple surface extension.! 
In such cases the catalyst may be regarded as a system consisting of an association 
complex of the main metallic or other constituent with the support. 

In the present work, a constant small concentration of metallic platinum on intially 
increased amounts of various metallic oxides has been employed as a catalyst for the 
liquid-phase hydrogenation of cyclohexene at room temperature. Well-defined maxima 
in the activity of the complex catalyst, showing the specific part played by the support, 
have been obtained: further, the maximum activities occur at different ratios of support 
to platinum for each of the supports used; and the activation effect in the series of oxides 
taken decreases in the order ZrO, > ThO, > Cr,0, > CeO, > ThO,,2Cr,0, > MgO. 
The catalysts used have in all cases been made without exposure to high temperatures. 

A study of the disposition of the platinum on the more active supports has been made 
by electron-microscopic photographs, which show the presence of approximately centrally 
disposed platinum aggregates on the support grains: it appears reasonable to assume 
that the observed specially high activity occurs at the platinum-support interface. 


EXPERIMENTAL 


In most cases, the supports used consisted of pure specimens purchased as such; but 
chromium sesquioxide was prepared by the heating of small quantities of ammonium chromate, 
with precautions against sintering by the development of excessive temperatures. Thorium 
chromite was made by co-precipitation, from a mixed aqueous solution of thorium nitrate and 
chrome alum, by means of ammonia, followed by thorough washing and drying at 80°. 

General Preparation of the Supported Platinum Catalysts—A known amount of each support 
was suspended in 10 c.c. of water, and to this the calculated volume of a 1% aqueous solution 
of chloroplatinic acid and an excess of 40% aqueous formaldehyde were added. The volume 
was made up to about 75 c.c. with water, after which the system was boiled for 20 min. After 
being cooled, the residue was centrifuged, washed with water, and dried at 55°. During the 
boiling, thermal turbulence in the liquid was in most cases sufficient to keep the small amounts 
of the oxides evenly dispersed; but when several grams of the heavier oxides, zirconia and 
thoria, were used, stirring was employed to obtain a uniform suspension of the carrier. With 
Magnesium oxide, there was some apparent formation of the hydroxide during the boiling, 
accompanied by a tendency to turbidity. In all cases, the product was friable after being 
dried. 

The activity of the preparations was tested, at 20° and at atmospheric pressure, for the 
liquid-phase hydrogenation of cyclohexene (1 c.c.) in absolute alcohol (9 c.c.), in a mechanically 
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driven hydrogenation shaker operating under standardised conditions. The reaction course 
was approximately linear; the volume of hydrogen absorbed in the first 4 min. of hydrogenation 
was taken as a measure of the activity of the catalyst. 
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By working in this way, a fixed amount of platinum (0-00625 g.) was deposited on varying 
amounts of different supports, and the activity of each preparation determined. As a standard 
for reference, the activity of 0-00625 g. of unsupported platinum, prepared by reducing chloro- 
platinic acid in the absence of a support, was also measured. 


TABLE Il. 
Surface area of Ratio by weight 
Amount of support Surface area support corre- of platinum to 
corresponding to of support sponding to peak support at 
Support peak activity (g.) (sq. m./g.) activity (sq. m.) peak activity 
1-0 . 40-0 6-25 x 10° 
4:17 x 10° 
*25 x 10% 


8- 
4- 
7: 
2- 
l- 


x 
1 Xx 
1 x 


The curves of Fig. 1, giving the results of this series, show that, with an increasing amount of 
each support, the activity first rises to a well-defined peak and then falls, giving in each casea 
typical promoter-action curve. These peaks occur at characteristically different catalyst-to- 
support ratios for each support (see also Table 1). The curve for thorium chromite has been 
omitted from Fig. 1 to avoid overcrowding. This curve rose sharply to a maximum value at 
0-15 g. of the support, the activity corresponding to this peak being 88 on the scale of the 
Figure, and the fall beyond the peak being down to 53 at 1 g. of the support. With one of the 
supports, chromium sesquioxide, the set of experiments was repeated with twice the amount of 
platinum used previously (i.e., 0-0125 g.). In this case, the peak in activity was obtained at 
exactly twice the amount of support needed previously (at 0-25 g. of chromium sesquioxide, in 
place of at 0-125 g.), 7.e., at the same ratio of platinum to support. 

The surface areas of the supports, determined by the B.E.T. method with nitrogen at — 183°, 
are given, the supports being arranged in order of increasing activity in Table 1. It will be seen 
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that there is no direct correspondence between the surface areas of these supports and their 
efiectiveness. These results appear to indicate that some form of specific interaction between 
the more active supports and the platinum occurs. The very high promoting effects of zirconia 
and thoria are to be noted. 

The influence of the area of the support is more clearly shown by the results of a further 
series of measurements in which varying amounts of platinum were deposited on a fixed amount 
(1 g.) of the same support (chromium sesquioxide). The results, given in Fig. 2, show that, as 
the amount of platinum dispersed on the chromium sesquioxide is increased, a slow rise in the 
rate of hydrogenation occurs, followed by a very rapid rise, and finally by a slower rise, ap- 
parently to a limiting value. This form of the curve is probably due to the fact that, in the 
initial stages, the very small amounts of platinum are too sparsely distributed on certain areas 
(see Plate) of the surface of the support for the two-point adsorption of cyclohexene to occur, 
in the manner postulated by Twigg and Rideal ? for ethylene derivatives generally. However, 
as the amount of platinum is increased, the surface of the chromium sesquioxide becomes 
covered by platinum particles at a density more favourable for their effect on the reaction rate, 
and a relatively rapid increase in the hydrogenation velocity occurs. The addition of further 
amounts of platinum then becomes less efficacious, in the sense that there is unnecessary crowd- 
ing of the platinum and ultimately the formation of multilayers of platinum particles on the 
chromium sesquioxide surface. The rate of hydrogenation accordingly then rises relatively 
slowly to a limiting value. 

In the curves of Fig. 1 it will also be noted that, beyond the peak value, the rate at which 
the activity of the catalyst decreases with an increasing amount of the support varies widely 
with different supports. This, too, seems to be largely a simple surface effect; and this view is 
supported by the fact that, with chromium sesquioxide, cerium dioxide, magnesium oxide, and 
thorium chromite, the rate of fall after the peak is much greater than for zirconium dioxide and 
thorium dioxide, since the oxides of the former group, which have much larger surface areas 
per gram than the latter two oxides, will ultimately lead more rapidly to a too wide separation 
of the platinum grains for the necessary two-point adsorption of cyclohexene. Other factors 
are probably also operative, e.g., differences in the porosity of the different supports, since it will 
be noted that for all the supports the rates at which the activities of the catalysts vary are not 
strictly proportional to the specific surface areas of these supports. With cerium dioxide, in 
particular, the activity diminishes very rapidly down to a negligible value. 

As a preliminary example of a composite support, a trace of freshly precipitated thorium 
oxalate was mixed mechanically with 0-25 g. of chromium sesquioxide suspended in water 
(Cr,0,: ThO, = 100: 0-5). This mixture was centrifuged, washed with distilled water, and 
then used as a support for 0-00625 g. of platinum. The activity of this catalyst was found to be 
twice that obtained if 0-25 g. of chromium sesquioxide alone was used. 

Two cases of unfavourable interaction between platinum and a support, leading to the 
poisoning of the catalyst, were noted in work with vanadium pentoxide and basic thorium 
chromate. Three supported catalysts on vanadium pentoxide were prepared by the method 
already described, and their activities measured in the usual way. The results are given in 
Table 2. Here, increasing the amount of support causes, first, a decrease in the activity of the 


TABLE 2. 
Pt = 0-00625 g. 
Amount of support (V,O,) (g.) , 0-5 
Activity (c.c. of H, absorbed in 4 min.) : , 11-7 


1-0 
18-9 


constant amount of platinum, owing to the toxic effect of the vanadium pentoxide, and then a 
gradual rise in the activity due to the general effects already discussed. Similarly, a sample of 
basic thorium chromate, prepared according to the method recommended by Britton,* was 
found, when used as a support, to poison the platinum completely, although both Th*t and 
(CrO,)*~ ions, in solution, are known not to be toxic to platinum in hydrogenation catalysis. 
Electron-microscopic Study of the Deposition of Platinum on Oxide Supports.—It has already 
been shown by Selwood and his co-workers,‘ on the basis of magnetic-susceptibility measure- 
ments, that the surface of two-component mixed-oxide catalysts, containing a small proportion 
* Twigg and Rideal, Trans. Faraday Soc., 1940, 35, 533. 


* Britton, J., 1923, 128, 1429. 
* Selwood and Lyon, Discuss. Faraday Soc., 1950, 8, 222. 
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of one of these oxides, consists of uncovered areas of the support, with intermittent superficia] 
aggregates of the active oxide. 

In the present work in which the amounts of platinum present are insufficient to cover the 
surface of the supporting oxide as a continuous layer, it has been found, on the basis of electron. 
microscopic photographs, that the platinum is present as more or less centrally disposed patches 
on the grains of the support, leaving bare surrounding areas of the support around these central 
regions. A typical electron micrograph of a zirconia-supported platinum catalyst, with a 
platinum-to-support ratio corresponding to the peak activity, is reproduced in the Plate, which 
shows the central dispositions of the platinum micro-aggregates, surrounded by a periphery of 
bare support. 


One of us (S. A.) acknowledges the grant of a Research Scholarship under the Colombo Plan, 
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406. LHquilibria and Kinetics in Solutions of Ethylenediaminetetra- 
acetatocobalt(111) and the Kinetics of the Formation of this Complex 
from Chloro(ethylenediaminetriacetatoacetate)cobalt(1) and its Con- 
jugate Acid. 

By R. Dyke and W. C. E. HiGcGinson. 


In aqueous solutions of pH <2, ethylenediaminetetra-acetatocobalt(im), 
CoY~, is partly converted slowly into aquo(ethylenediaminetriacetatoacetic 
acid)cobalt(m1), HCoYH,O; Ht + H,O + CoY~ =m HCoYH,O. The 
equilibrium constant, K, = [HCoYH,O]/[H*][CoY7], is 1-28 1. mole at 25° 
and ionic strength 1-0. The rate constants’ for the forward (f;) and back- 
ward (h,) reaction have been found at various temperatures; —d[CoY~]/dt = 
k{H*}[CoY-] — k, [HCoYH,0]}. 

The kinetics of the elimination of chloride ion from chloro(ethylene- 
diaminetriacetatoacetate)cobalt(1m), CoYCl*-, and its conjugate acid, 
HCoYCI-, have been investigated. Both complexes react at the same rate, 
according to the equation —d[(H)CoYCl]/d¢ = d[CoY~]/dé = k,[(H)CoYCl]. 
There is no kinetic evidence for the co-existence in solution of geometric 
isomers of these chloro-complexes in comparable amounts, as has been 
found ! for the corresponding bromo-complexes, CoYBr?- and HCoYBr-. 


PRELIMINARY results on the kinetics of the Pb**-catalysed formation of ethylenediamine- 
tetra-acetatocobalt(111), CoY~, from bromo(ethylenediaminetriacetatoacetate)cobalt(m), 
CoYBr®-, and its conjugate acid, HCoYBr~-, were recently reported.2 In extending this 
work to other metal cations as catalysts we changed to the corresponding chloro-complexes, 
CoYCl?- and HCoYCI-, principally because relevant equilibrium data about complex 
formation between metal cations and halide ions are more plentiful for chloride ions. 

As a preliminary we studied the kinetics of the uncatalysed reaction (H)CoYCl —» 
CoY~ + Cl-(+H"*). A second important reason for preferring the use of the chloro- 
complexes has emerged as a result. In both the uncatalysed and the Pb?*-catalysed 
formation of CoY~ from the bromo-complexes we found that the first-order rate plots were 
curved after an initial, linear portion, which was ascribed to simultaneous reaction of 
geometrical isomers of the bromo-complexes, present in comparable proportions. This 
complication is absent in solutions of the chloro-complexes. 

Equilibria and Kinetics in Strongly Acid Solutions of CoY~.—Preliminary experiments 
in which the formation of CoY~ from (H)CoYCl was followed spectrophotometrically at 
500 my gave apparently anomalous results in solutions of pH <2. Final values of the 
optical density of the reaction solutions were lower than those calculated by assuming 


1 Morris and Busch, J. Phys. Chem., 1959, 68, 340. 
* Higginson and Hill, J., 1959, 1620. 
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complete conversion into CoY~. Accordingly the spectra from 350 to 600 mp were 
measured at various pH values in the range 0—7 for solutions of CoY~ made by dissolving 
the solid, NaCoY,4H,O, in water and diluting the resulting solution with dilute perchloric 
acid or buffer solution to ca. 2 x 10°m-CoY~. In the range of pH 2-5—7-0 the spectra 
were identical and in good agreement with a previous determination. From pH 2-0 to 
pH 0 optical densities changed with time until constant values were obtained, the changes 
being greater in solutions of lower pH. The final spectra were intermediate in form 
between the spectra of CoY~- and HCoYH,O. (The molecular extinction curves of CoY~ 
and CoYH,O~ are shown in Fig. 1 of ref. 3; at wavelengths greater than 400 my the curve 
for HCoYH,O is very similar to that of CoYH,O-.) When the pH of any of these 
solutions was made greater than 2-5 by the addition of a buffer solution, slow changes in 
optical density again occurred until constant values were obtained. The spectra observed 
when these changes were complete were identical with the spectrum of CoY~-. 

From these observations we concluded that in strongly acid solutions of CoY~ 
an equilibrium is slowly established, CoY~ + H* + H,O = HCoYH,O. A similar 
suggestion has been made previously to account for changes in the spectra of other EDTA 
complexes. We therefore investigated the kinetics and equilibria in the CoY~ system 
quantitatively. The method was similar to that described above. The formation of the 
equilibrium mixture was found to obey the rate law 


—d{CoY-]/dt = hyp, ([CoOY-] —[CoY-Jn) - - . . . W 


plots of log (D — Deq) against ¢ being linear. (D is the optical density of the reaction 
solution at time ¢ and D,q the optical density when the reaction has ceased.) From values 
of Deq at 500 my we calculated the equilibrium constant K’, = [HCoYH,O]/[CoY~] for 
various hydrogen-ion concentrations by using the molecular extinction coefficients for 
HCoYH,O and CoY~ at this wavelength. For equations of the form of (1) it can be 
shown that ,,, is the sum of a “ forward” and a “ backward ”’ reaction velocity constant. 
In this case, kop, = Re’ + ky where ky’ = —d In [CoY~]/dé¢ and k, = —d In [HCoYH,O}/d?. 
The constants f;’ and hk, relate only tc the disappearance of the species involved in these 
equations. Since K’, (= h;'/k,) has been found, we can obtain h;' and k, separately. 
Values of these constants are given in the annexed Table, together with K, = K’,/[H*] = 
[(HCoYH,O}/[H*][(CoY~] and ky = k,'/[H*]. The ionic strength was 1-0 in all the experi- 
ments summarised in this Table. It can be seen that h;, ky, and K, are constant at a given 
temperature. The formation of HCoYH,O from CoY~ evidently follows the rate law 
d{HCoYH,O}/d¢ = k{H*)[(CoY-]. In two of the experiments at 25° the equilibrium was 
approached from the HCoYH,O-rich side by diluting a solution of NaCoY,4H,O in 4m- 
perchloric acid. The attainment of the new equilibrium was then followed spectrophoto- 
metrically, the appropriate kinetic equation being 


—d[HCoYH,0}]/dt = k,».([HCoYH,O] — [HCoYH,O]eq) . . . (2) 
where the velocity constant should be identical with that in equation (1) for experiments 


at the same hydrogen-ion concentration and temperature. It can be seen from the Table 
that this is so. 


From Arrhenius plots obtained by using average values of the velocity constants at 
15°, 25°, and 35°, we find: 


k, = antilog (15-4 + 0-3) x exp {—(23,400 + 500)/RT} 1. mole* min.+, 
ky, = antilog (16-9 + 0-3) x exp {—(25,600 + 400)/RT} min.+ 
K,, expressed in 1. mole*, is given by: 
log K, = —(—2220 + 200)/2-303RT + (—7-1 + 0-6)/2-303R 


* Shimi and Higginson, J., 1958, 260. 
* Margerum, J. Phys. Chem., 1959, 68, 336. 
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0*k 10% 


t t 
[H*] 10%,’ (1. mole) 10*%, K, [H+] 10%,’ (l. mole 107A, K, 
(Mm) (min.~) min.-') (min!) K’, (1. mole™) (M) (min.-!) min.) (min) K’, (1. mole~!) 

At 15° At 30° 

1-00 0-478 0-478 0-332 1-44 1-44 1-00 3-38 3-38 2-78 1-22 1-22 

0-807 0-376 0-466 0-324 1-16 1-44 

0-605 0-284 0-470 0-326 0-872 1-44 At 35° 

0-403 0-188 0-467 0-322 0-584 1-45 1-00 6-58 6-58 692 1-11 Ll] 

0-807 5-00 6-20 5-60 0-893 1-1] 

At 20° 0-605 390 645 580 0673 1-11 

1-00 0-865 0-865 0-655 1-32 1-32 0-403 2-57 6-37 573 0-448 1-1] 
At 25° 

1-00 1-74 1-74 1-36 1-29 1-29 * In these experiments, equilibrium was ap- 

100* 1-81 1-81 1-41 1-28 1-28 proached from the HCoYH,0-rich side. 

0-808 1-42 1-76 1-38 1-03 1-28 

0-606 1-06 1-75 1:38 0-768 1-27 

0-505 * 0-92 1-82 1:44 0-639 1-26 

0-404 0-73 1-81 1:42 0-514 1:27 


It is possible to calculate the equilibrium constant, K, = [(CoYH,O7]/(CoY-j, 
by combining K, and the first acid dissociation constant of HCoYH,0, K,= 
[H*}(CoYH,O~]/[HCoYH,0], since K, = K,K,. At 15°, K, = 1-44 1. mole™ and K, = 
8 x 10% mole 1. (ref. 3), whence K, = 1-2 x 10%. Thus, at any pH, at equilibrium, 
a solution always contains ca. 0-1% of CoY~ in the form of CoYH,O~. In sufficiently 
alkaline solutions CoYH,O~ loses a proton, forming CoYOH?-: 


K, = [H*][(CoYOH?}/[(CoYH,O-] = 8 x 10° mole 1.* (refs. 3, 5). 


By combining K, and K, we find K, = [H*][CoYOH?-]/[(CoY-] = K,K, = 9 x 10 
mole 1.1. Attempts to verify this prediction by measuring K, were unsuccessful owing 
to the decomposition of CoY~ at the high pH values necessary. 

A mages route A oe reaction CoY~ + H* + H,O == HCoYH,O is the sequence 


CoY~ = CoYH,O- =~ HCoYH,0. The second stage involves only a proton-transfer 


and can be assumed hog "bs rapid. For strongly acidic solutions we therefore deduce 
—d[CoY~]/dt = k,[CoY~] — k_,.K,[HCoYH,0]/[H*]. This equation is not of the form 
found from our kinetic experiments, —d{CoY~]/d¢ = &{H*][CoY-] — k,[HCoYH,0}; 
nevertheless the route via CoYH,O- must contribute to the establishment of the 
equilibrium between CoY~ and HCoYH,O. However, k_, has been found to be ca. 
4-6 x 10% min. at 15° and therefore k, = k_.K, = 6 x 10° min.. Comparing values 
of k, with &{H*] and values of k_,K,/[H*] with k, we find that the route via CoYH,0- 
contributes oniy 3% to the total rate at 0-4m-hydrogen ion and 1% at 1-Om. These 
proportions are similar to the experimental error in the determination of k; and ky, and so 
the contribution of this route cannot be demonstrated under the conditions of our 
experiments. 

The kinetics of the formation of CoY~ from HCoYH,O have been investigated 
previously by direct measurements, with solutions of HCoYH,O obtained by acidifying 
solutions of CoYOH?~.* The values of the activation energy, (24-9 + 1-0) kcal. mole*, 
and the temperature-independent factor, antilog (16-4 + 0-7) min.1, were then obtained 
at ionic strength 0-1, but are in reasonable agreement with the more precise values found 
in this work. In the earlier work it was suggested that this reaction is of the type Syl 
and occurs in three steps, the initial loss of the co-ordinated water molecule with the 
formation of an intermediate in which cobalt has the co-ordination number five, followed 
by ionisation of the carboxylic acid group and co-ordination of the resulting carboxylate 
group to the cobalt atom. We now emphasise that there is no compelling reason for 


5 Schwarzenbach, Helv. Chim. Acta, 1949, 32, 839. 
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accepting this suggestion. The three stages originally envisaged may be merged into 


one, v#2., 


an aes eee 
2Co OCOH + OH, == 2Co™-OCO--H-OH, == BCo—OCO + H,0+ 
OH, OH, + OH, 


(transition state) 


Alternatively, it is possible that H,O and H* are eliminated together, as H,O*: 


a eT WRI 
Co (0CO == #Co~-0CO == #Co—OCO 
H . + 
OH, ‘OH, OH," 


(transition state ) 


The use of models suggests that these two schemes also are feasible and consequently the 
detailed mechanism of this reaction is uncertain. 

Kinetics of the Formation of CoY~ from (H)CoYCl.—Owing to the formation of 
HCoYH,O from CoY~ in solutions of pH 0—2, within this range we followed the loss of 
chloride ion from HCoYCI- at 597 my. At this wavelength the molecular extinction 
coefficients of CoY~ and HCoYH,0O are equal, so that it is immaterial if the equilibrium 
between these two species is not maintained during the experiment. Since the relative 
change in optical density is greater at 500 my, we used this wavelength in experiments 
atpH >2. Over the range of pH 2-0—6-1, linear plots of log (AD) against ¢ were obtained 
up to 95% reaction, AD being the positive difference between the optical density at time ¢ 
and the optical density when the reaction has ceased. The linearity of these plots showed 
that the reaction is of first order in (H)CoYCI and that isomers of differing reactivity are 
not present in these solutions in comparable concentrations, in contrast to the behaviour 
of solutions of (H)CoYBr.1 Evidently the method of preparation ® of the solid salt, 
NaHCoYCl,2H,O, from which our solutions were made leads to an isomerically pure 
product, presumably an isomer in which the chlorine atom is ¢rans to nitrogen.” 

At 45° and ionic strength 1-0, values of the velocity constant k, = —d In [(H)CoYCI]/d¢ 
were constant and equal to (1-92 + 0-04) x 10% min.+ in the pH range 2-0—6-1. Since 
the pK of the acid HCoYCTI is ca. 3, this constancy shows that HCoYCl- and CoYCI?- 
lose chloride ion at the same rate. A similar observation for the conjugate acid—base pair 
HCoYBr- and CoYBr?~ has been interpreted +3 as showing that the elimination of halide 
is an Syl process involving the formation of an intermediate in which cobalt has the 
co-ordination number five. The value of k, decreased slightly in strongly acidic solutions ; 
at pH = 0-2 k, = 1:78 x 10° min. and the logarithmic plots were slightly curved. We 
do not consider that this variation implies a change in mechanism, but ascribe it to a side- 
reaction of minor importance. Values of 10* k, (min.“) obtained in experiments at pH = 
434 were 0-580, 1-115, 3-57, 6-01 at 35°, 40°, 50°, 55°, respectively. An Arrhenius plot was 
constructed from these values and the average value at 45°. We find: 


k, = antilog (13-4 + 0-3) x exp {— (23,450 + 400)/RT} min.+ 


These values are similar to those previously obtained from experiments in 0-1m-sodium 
nitrate. 

In solutions of sufficiently low pH, the ultimate product of the loss of chloride ion from 
HCoYCI is an equilibrium mixture of CoY- and HCoYH,O. It would be of interest to 
decide whether HCoYH,0O is a primary product of this reaction or whether it is formed 


* Dwyer and Garvan, ]. Amer. Chem. Soc., 1958, 80, 4480. 
? Weakliem and Hoard, J. Amer. Chem. Soc., 1959, 81, 549; Smith and Hoard, ibid., p. 556. 
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subsequently from the primary product, CoY~. It is possible to calculate the con. 
centrations of CoY~ and HCoYH,0O at any time during a reaction by using the constants 


he k 
ky, ky, and k,. Whether we assume HCoYCl- —» CoY~ = HCoYH,0 or HCoYCl- Ba 
'b 


k 
HCoYH,O = CoY~, the concentrations of CoY~ and HCoYH,0 in solutions in the pH 
ft 


range 0—1 are calculated to be so near to their equilibrium values that no distinction can 
be made experimentally between these two extreme cases. The reason is that k, is much 
smaller than k; and ky. Thus, the rate of loss of chioride from HCoYCI- in strongly acidic 
solutions can be followed at any wavelength at which the change in optical density is 
adequate, k, being obtainable as above from plots of log (AD) against ¢. However, it 
would then be necessary to take measurements at the temperature of the experiment, 
otherwise erroneous values would be obtained owing to the relatively rapid change in the 
CoY~-HCoYH,0 equilibrium with change in temperature. Since we adopted a sampling 
technique for the experiments with HCoYCl, the use of 597 my was necessary. In the 
catalysis of this reaction by metal cations, much greater rates of loss of chloride can be 
obtained, so that during the early part of a kinetic experiment CoY~ and HCoYH,0 can- 
not be present in near-equilibrium concentrations. Under these conditions it is 
advantageous to take measurements at 597 my even if temperature-controlled optical cells 
are used. In this connection, the loss of chloride catalysed by Hg** is apparently 
instantaneous and we have shown that in m-perchloric acid less than 2% of the total 
HCoYCl- is initially converted into HCoYH,O, CoY~ being within experimental error the 
sole primary product. We cannot, however, conclude from this observation that CoY- 
is the only primary product in the uncatalysed reaction. 


EXPERIMENTAL 

Reagents were of ‘ AnalaR”’ grade or were purified by appropriate methods. Sodium 
ethylenediaminetetra-acetatocobalt(111) tetrahydrate was prepared by a method described 
previously; * sodium chloro(ethylenediaminetriacetatoacetic acid)cobalt(11) dihydrate was 
prepared from this compound by Dwyer and Garvan’s method.* These products were shown 
to be pure by appropriate analyses. 

Reaction solutions were prepared by adding a freshly made solution of the complex, 
NaCoY,4H,O or NaHCoYCl,2H,0, in water to a solution (in a thermostat-bath) containing a 
buffer or perchloric acid, the ionic strength being made 1-0m by addition of sodium perchlorate 
solution. The concentration of the complex was usually ca. 0:002m. In the experiments with 
NaCoY,4H,0, a portion of the solution was placed in a 1 cm. optical cell in the temperature- 
controlled cell-compartment of a Unicam S.P. 500 spectrophotometer. Measurements of 
optical density were made on this sample at intervals of time, and the final reading was found 
identical with that obtained from a second sample. The reaction was allowed to proceed to 
completion so that the equilibrium concentrations of the species CoY~ and HCoYH,O could be 
evaluated. In the experiments with NaHCoYCl,2H,O, separate samples were withdrawn from 
the thermostat bath for each measurement of optical density (1 cm. optical cell). 

Measurements were made at 500 and 597 my for the CoOY--HCoYH,O system, the molecular 
extinction coefficients being: for CoY™~, fs99 = 235, e595, = 120; for HCoYH,O, €go9 = 134, 
597 = 120. The plots of log (D — D,,) against time were obtained from the readings at 500 my, 
Rops being found from the gradients of these plots. The readings at 597 my showed the absence 
of side-reactions. Readings were taken at the same wavelengths in the two experiments in 
which equilibrium was reached from solutions containing a high proportion of HCoYH,0. 
Here, log (D.q — D) was plotted against time. In these experiments, 4 cm. optical cells were 
used and the final concentrations of the mixture of cobalt(111)-ENTA complexes were 0-001 
(1-0M-HCI1O,) and 0-0005m (0-5mM-HCIO, plus 0-5m-NaClO,). Before dilution to these con- 
centrations, the solution was of 0-004m-NaCoY,4H,O in 4-0m-perchloric acid. The proportion 
of cobalt in the form of HCoYH,O in this solution at equilibrium was ca. 84%. 

In the (H)CoYCl decomposition at pH >2, measurements were made at 500 and 574 my, the 
molecular extinction coefficients being: for CoY~, ¢5.4 = 228; for (H)CoYCl, eso, = 340 











Mig 











‘on- 
ints 





y 


pH 


uch 
idic 
y is 
', it 
ent, 
the 
ling 
the 
1 be 


van- 


cells 
ntly 
otal 
the 
oY~ 


lium 
‘ibed 
was 


plex, 
ng a 
orate 
with 
ture- 
s of 
ound 
-d to 
id be 
from 


cular 

134, 
) muy, 
sence 
ts in 
H,0. 
were 
001m 
con- 
rtion 


1, the 
34-0 








(1960) 2003 


fs = 228. At pH <2, measurements were made at 597 my, €59, for HCoYCI being 225. The 
rate constant k, was obtained from the gradients of plots of log (AD) against ¢, AD being the 
positive difference between the optical density at time ¢ and that at the conclusion of 
the reaction. The measurements at 574 my (pH >2) showed the absence of side-reactions. In 
experiments at pH <2, final values of the optical density showed that products other than 
CoY~ and HCoYH,0 were formed ; the extent of this side-reaction was ca. 5% at pH 0. Experi- 
ments at pH >2 were conducted with different total concentrations of buffer for a given buffer 
ratio, these duplicate experiments showed that the rate of reaction was unaffected by the buffer. 
Buffers were chloroacetic acid-chloroacetate (pH 3-28), acetic acid-acetate (4-34—4-92), 
dihydrogen phosphate—-monohydrogen phosphate (5-17—6-09). The contribution of the buffer 
to the total ionic strength was usually less than 5%. Solutions of pH <2 were obtained by 
using appropriate concentrations of perchloric acid (0-01—1-00m). All pH measurements were 
made by meter at 25° with reference to a solution of 0-01m-perchloric acid plus 0-99m-sodium 
perchlorate. The pH of this solution was arbitrarily assumed to be 2-00. 

The initial product of the reaction of Hg?* with HCoYCI- was found as follows. A solution 
of mercuric perchlorate in dilute perchloric acid was mixed with a solution of HCoYCI at room 
temperature (ca. 15°). The concentrations immediately after mixing were 0-05m-Hg?*, 
0-00200M-HCoYCI-, 1-0m-H*. The optical density at 500 my of a sample of the solution was 
taken at various intervals after mixing, and the plot of log (AD) against time was extrapolated 
to zero time. Thus, the value of the optical density of the solution immediately after mixing 
was calculated and was found to be 0-470 (1 cm. optical cell), exactly equal to that of a solution 
of CoY~ of the same concentration. This showed that not less than 98% of the HCoYCI” was 
converted by Hg** into CoY~. 


Angus, Blair, and Bryce-Smith. 
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407. Liquid-phase Photolysis. Part III.* Isomerisation of 
Benzene and Some Benzene Derivatives to Fulvenes. 


By H. J. F. Ancus, J. McDonaLp Barr, and D. Bryce-SmItH. 


Ultraviolet irradiation of benzene.at 55° under nitrogen produces a partial 
isomerisation to fulvene, apparently associated with B,, <— A, excitation, 
and irreversible under a variety of conditions. The identity of fulvene has 
been established both spectroscopically and through the crystalline adducts 
with maleic anhydride. Analogous isomerisations have been observed with 
toluene, isopropylbenzene, and anisole. 


ALTHOUGH several previous investigations have led to the conclusion that pure benzene 
is unaffected by ultraviolet radiation in the range of quartz transmission, a number of 
workers have observed a change when benzene in an organic glass is irradiated at the 
boiling point of nitrogen. For instance, Gibson, Blake, and Kalm? irradiated benzene 
in E.P.A. glass (a mixture of ether, isopentane, and ethanol) and observed absorption 
maxima in the spectrum of the melted glass which they attributed (unjustifiably, we 
suggest: see below) to the presence of hexa-1,3,5-triene. Rather surprisingly, no change 
was detected when this irradiation was conducted in the liquid phase at room temperature. 
Norman and Porter 2 recorded similar maxima in the spectra of irradiated glasses before 
melting. Ingram, Hodgson, Parker, and Rees,® using a paramagnetic resonance technique, 
found evidence for the formation of “‘ trapped ”’ free radicals in similar unmelted glasses. 
Leach and his co-workers ** have also investigated these effects. 


* Part II, J., 1960, 1788. 


1 Gibson, Blake, and Kalm, J. Chem. Phys., 1953, 21, 1000. 

* Norman and Porter, Proc. Roy. Soc., 1955, A, 280, 399. 

8 Ingram, Hodgson, Parker, and Rees, Nature, 1955, 176, 1227. 

Leach, J. Chim. phys., 1954, 51, 556; Leach and Migirdicyan, ibid., 1957, 54, 643; Leach, 
Migirdicyan, and Grajcar, ibid., 1959, 56, 749. 
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As mentioned in a preliminary report * we have observed that ultraviolet irradiation of 
benzene under nitrogen at 50—60° produces a partial isomerisation to fulvene. This 
appears to be the first example of the direct isomerisation of an aromatic to a non-aromatic 
hydrocarbon. 

Irradiated benzene is yellow. Fractional distillation gives a yellow fraction, b. p. 80°, 
which has been found to contain up to 0-3 gram of fulvene per litre. Solutions of higher 
concentration have been obtained by fractional freezing; but complete separation from 
benzene has not been achieved, and has not proved necessary for identification of the 
product. The increased tendency for irradiated fulvene to polymerise as its concentration 
increases hinders the direct production of more concentrated solutions. Even for such 
small degrees of conversion it was necessary to keep the inner surface of the quartz cell 
optically clean by continuous rubbing during the irradiation. Previous failures to observe 
the isomerisation have probably arisen from the ready formation of relatively opaque 
material, presumably polymeric, on cell walls (cf., e.g., Norman and Porter 2). 

The fulvene was identified both spectroscopically and through the adducts with 
maleic anhydride. The ultraviolet spectrum of fulvene in benzene solution was observed 
differentially against pure benzene. It quantitatively resembled that recorded by 
Thiec and Wiemann ® for material prepared from cyclopentadiene and formaldehyde, 
although the zone of transparency between 265 and 310 my which these authors reported 
to exist for freshly distilled material, and to disappear after three days at —70° in an inert 
atmosphere, was not observed with either fresh or stale solutions. 

The present solutions were decolorised when heated under reflux with maleic anhydride, 
and the acid formed by hydrolysis of the adduct was isolated. Elemental analyses and 
equivalent were consistent with the formula C,H,,C,H,O,. Its identity with material 
prepared similarly from a solution of authentic: fulvene (from cyclopentadiene and 
formaldehyde *) was confirmed by mixed m. p.s and infrared spectra. 

The behaviour of the present isomerised material towards various reagents was very 
similar to that of a solution of authentic fulvene. Thus, both were strongly unsaturated 
towards bromine in carbon tetrachloride and aqueous potassium permanganate. They 
were instantly decolorised by piperidine and diethylamine, and more slowly by methyl- 
amine, benzylamine, or alcoholic sodium hydroxide, but were unaffected by triethylamine, 
pyridine, aniline, or mono- or di-methylaniline, except after long storage. 

Toluene, isopropylbenzene, and anisole also formed small proportions of yellow com- 
pounds when irradiated. Although these cases have been examined in less detail than 
that of benzene, there seems little doubt that methyl-, isopropyl-, and methoxy-fulvene 
were produced, presumably as mixtures of isomers. The yellow products were un- 
saturated to bromine in carbon tetrachloride, and co-distilled with the parent compounds. 
Their ultraviolet spectra were of the fulvene type, although for the methoxy-compound 
the characteristic fulvene absorption at ca. 360 my was displaced to 325 mu. 

On the other hand, the following compounds failed to give detectable amounts of 
isomers on irradiation: biphenyl, naphthalene, pyridine, thiophen, phenol, nitrobenzene, 
chlorobenzene, benzyl chloride, benzoic acid, ethyl benzoate, salicylaldehyde. In 
particular, naphthalene gave no benzofulvene or azulene, benzyl chloride gave no tropylium 
chloride, and benzoic acid and salicylaldehyde gave no tropolone. Chlorobenzene and 
benzyl chloride suffered considerable decomposition to complex products which have not 
yet been investigated, and all of the above compounds suffered some degree of change. 
The behaviour of iodobenzene has already been detailed.’ 

With some of the above compounds, the apparent failure to isomerise may probably be 
attributed to poor overlap between their absorption regions and the spectrum of emission 


* Blair and Bryce-Smith, Proc. Chem. Soc., 1957, 287. 

5 Thiec and Wiemann, Bull. Soc. chim. France, 1956, 177. 
* Angus and Bryce-Smith, J., 1960, 1409. 

7 Blair and Bryce-Smith, J., 1960, 1788. 
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from the mercury lamp. In the case of benzene there is marked overlap between the 
so-called B-bands in the 250—260 my region and the strong mercury emission at 254 mu. 
The only other possible region of useful overlap would involve the far ultraviolet bands of 
benzene near 183 my and the intense mercury emission around 185 my which is on 
or beyond the transmission limit of most specimens of fused quartz. Removal of radiation 
below 200 my by means of a filter still led to the production of fulvene in the expected 
amount. It is therefore probable that the present isomerisation is specifically associated 
with absorption in the B-band region of the benzene spectrum.* 

Garforth, Ingold, and Poole ® have shown that absorption in this region arises from 
forbidden transitions of the Bz, ~«— A,, type following in-plane structural deformations 
of the skeleton of type (a). In the Bg, state, the electron wave-function symmetry will be 


a 


lower than in the Ay ground state. Vertical Ba, <— Aj, transitions may be expected to 
produce excited molecules having relatively high vibrational energies whose equilibrium 
configuration will be subject to deformations of type (b). Kekulé-type structures will be 
approached at vibrational extremes. The evidence suggests that a benzene molecule may 
be excited to a Bo, state, or a state derived by transition therefrom, having vibrational 
energy sufficiently high to result in bond rupture. The quantum of radiation energy in the 
260 my region is ca. 112 kcal. per mole. This, in principle, is more than sufficient to 
rupture a C-C bond. The apparatus was not specifically designed for measurement of the 
quantum yield, but calculations indicated an approximate value of 0-01. 

The question next arises whether the transformation to fulvene occurs directly, with 
the synchronous intramolecular shift of a hydrogen atom [scheme (i)], or whether a free 
hexatrienyl diradical is formed, which subsequently ring-closes to fulvene [scheme (ii)]. 
Both schemes imply considerable bond localisation in the fulvene precursors, but the 
experimental evidence does not yet allow a clear distinction to be drawn. Thus, the 
reports }}2 that hexa-1,3,5-triene is formed when benzene in E.P.A. glass is irradiated are 
consistent with scheme (ii), the free hexatrienyl diradicals abstracting hydrogen atoms 
from the medium. Unfortunately the physical properties of the substance regarded by 
Gibson, Blake, and Kalm? as hexa-1,3,5-triene differ from those previously reported for 
this compound by Woods and Schwartzman.® The ultraviolet spectra were similar in 


OQ on a 2: Pisin, "> 


*CH: CH: CH: CH-CH: CH: 


structure, although that of the photolysis product was shifted ca. 7-5 my towards longer 
wavelengths. A more serious difficulty arises from Gibson, Blake, and Kalm’s report 
that their photolysis product could be completely separated from benzene by distillation 





* We found no fulvene formation, or other detectable change, when benzene under nitrogen in a 
Pyrex tube was exposed to a 2 x al Réntgen dose of X-rays from a copper target: the tube itself was 
considerably blackened. 

t From the result of an unduplicated experiment, very little isomerisation occurs at 30°. This, if 
confirmed, would imply that the isomerisation involves the intermediate production of an activated 
excited molecule in which there is necessarily some special distribution of thermal energy. 


® Garforth, Ingold, and Poole, J., 1948, 406, and later pa 
* Woods and Schwartzman, J. Amer. Chem. Soc., 1948, 70, 3394, 
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and remained as oily material from evaporation of a solution in methylcyclohexane (pb. p. 
100°) on a watch glass: hexa-1,3,5-triene, b. p. 79-5—80°, could not possibly have behaved 
in this manner, and it could scarcely have polymerised without modification of the ultra- 
violet spectrum. Beyond the indication that the photolysis product is an unsaturated 
material having an appreciably higher boiling point than benzene, we feel that its 
constitution remains to be determined. Comparison of its ultraviolet spectrum with that 
of products of low molecular weight from the radical polymerisation of hexa-1,3,5-triene 
would be a useful first step. 

Further, with respect to the question of free-radical intermediates, no significant 
inhibition of fulvene formation was observed when benzene was photolysed in the presence 
of ferric chloride as a free-radical scavenger, and no ferrous chloride was produced. 
Similarly, the presence of liquid paraffin was without effect, although this would have been 
expected to provide a source of fairly readily available hydrogen atoms. The conversion 
of isopropylbenzene into a fulvene provides a further indication that hydrogen donors 
do not markedly suppress fulvene formation. Irradiation of benzene containing thio- 
phenol gave no fulvene; but thiophenol was subsequently shown to react slowly with 
fulvene even in the absence of ultraviolet radiation, and it is therefore uncertain whether 
this inhibitor was acting in its capacity as hydrogen-donor. The conclusion at this stage 
is that the isomerisation involves either the direct intramolecular rearrangement of an 
excited molecule, or the formation and subsequent ring-closure of a hexatrienyl diradical 
having a particularly short half-life, or both of these. A clearer decision might be possible 
if it could be determined whether hexatrienyl diradicals trapped in a rigid inert glass, or 
even solid benzene, form fulvene when the glass is melted. 

No indication that the present isomerisation is reversible has been found. Thus no 
conversion into benzene or other detectable change occurred when a dilute solution of 
fulvene in cyclohexane was kept under nitrogen in the dark for one month. Irradiation of 
such a solution led to rapid destruction of the fulvene, but no trace of benzene or un- 
saturated C, hydrocarbons was formed. Similarly, the passage of a gaseous mixture of 
fulvene, cyclohexane, and nitrogen through a tube at 360° destroyed ca. 75% of the fulvene, 
but gave no benzene. 


EXPERIMENTAL 


The irradiation apparatus was the water-cooled form of that previously described.* 1° 

Benzene (sulphur-free) was dried and fractionally distilled immediately before use, except 
where otherwise stated. 

The following are details of a typical isomerisation experiment. 

Benzene (125 ml.) was irradiated at 55° for 1 hr. under nitrogen. The yellow product was 
distilled under nitrogen through a column having ca. 10 theoretical plates. Fulvene codistilled 
with unchanged benzene and there was no indication of any separation. The ultraviolet 
spectrum of the yellow distillate was observed differentially against benzene, and resembled 
that given by Thiec and Wiemann 5 for fulvene: Aggy, 242, 360—365 my; €g49/e345 = 48-3: in 
similar experiments, values for €o49/€3,, of 48-4, 51-2, 54-4 were obtained. Thiec and Wiemann 
found €949/€373 = 51-3 for freshly distilled material, and ¢,,4/¢3,. = 45-7 for material stored at 
— 170° for three days in an inert atmosphere. The present spectra always most closely resembled 
that given for the latter material, and were virtually unchanged after storage in air in near- 
darkness for a month and more. The optical density at 365 my was 0-50, indicating a fulvene 
concentration of 0-18 g./l. The spectrum of the irradiated benzene before distillation showed 
peaks at 335 (weak), 355, and 375 my which swamped those due to fulvene. These peaks, 
together with one at ca. 275 my, appeared in the spectrum of the orange-yellow residual oil 
(0-1 g.) from the above distillation. From the infrared spectrum, no more than the merest 
trace of biphenyl, if any, was present in this material (cf. Krassina 1 and Prilezhaeva 1%). We 

10 Blair, Bryce-Smith, and Pengilly, J., 1959, 3174. 


11 Krassina, Acta Physicochim. U.R.S.S., 1939, 10, 189. 
12 Prilezhaeva, Acta Physicochim. U.R.S.S., 1939, 10, 193. 
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suppose it to have been largely polyfulvenes; but the absorption spectrum, particularly at 
the longer wavelengths, is rather surprising, and the material formed when fulvene solutions 
stand in sunlight is a colourless solid almost insoluble in benzene. The above oily high-boiling 
material was strongly unsaturated to bromine in carbon tetrachloride. 

In further experiments ordinary “‘ crystallisable ’’ benzene was used without purification: 
also benzene which was rigorously sulphur-free and had been further purified by repeated 
partial freezing. There was no significant variation from the above results. 

Increase in the time of irradiation from 1 hr. to 4 hr. increased the yield of fulvene by 50%. 

The presence of mercury, or ferric chloride, was found not significantly to influence the 
yield of fulvene under comparable conditions. In a modified apparatus a Hanovia 766/63 
mercury-vapour lamp was employed in conjunction with a ‘‘ Vycor’”’ filter to eliminate 
radiation below 200 my. The yield of fulvene was found to be unaffected by the presence 
of the filter, allowance being made for its reduced transmission at 254 mu. 

Formation and Hydrolysis of the Fulvene—Maleic Anhydride Adduct.—The behaviour of 
“fulvene from benzene” towards a number of reagents, including maleic anhydride, has 
already been qualitatively described. Twenty 100-ml. portions of benzene were irradiated 
as described above. After distillation, each was heated under reflux with maleic anhydride 
(0-04 g.) until colourless. Benzene was distilled from the combined products under reduced 
pressure and the colourless residue was dissolved in 5% sodium hydroxide solution (10 ml.), 
extracted with three 10-ml. portions of chloroform, and acidified with hydrochloric acid. The 
acidified solution was extracted with ether. Evaporation of the ethereal extract gave the crude 
adduct (0:47 g.). This was dissolved in dry chloroform, the solution filtered to remove maleic 
acid, and the filtrate concentrated until crystallisation commenced. Filtration gave crystals, 
m. p. 105—110° (0-12 g.). The m. p. was unchanged after recrystallisation from chloroform or 
water (Found: C, 62-2; H, 5-1%; equiv., 98-1. Cj, 9H,,O, requires C, 61-9; H, 5-15%; 
equiv., 97-0). 

A solution of fulvene in cyclohexane, prepared from cyclopentadiene and formaldehyde as 
previously described,* was caused to react with maleic anhydride as above. The acid formed 
by hydrolysis of the adduct was isolated and had m. p. 106—111° (Found: C, 62-0; H, 5-4%). 
The mixed m. p. with the material prepared from benzene, m. p. 105—110°, was 105—110°. 
The infrared spectra of the two materials were identical, the main peaks being at 5-8, 7-5, 8-1, 
8-5, 9-3, 11-3, 12-3, and 13-8 pu. 

The m. p. range suggests that the initial adducts were mixtures of endo- and exo-isomers. 
Thiec and Wiemann ® reported the separation of these by hand-picking of crystals. The 
present products formed crystals too small for application of this technique. 

Absorption spectra in the examples below were observed differentially, as with benzene. 

Irradiation of Toluene.—Toluene (100 ml.; dry, sulphur-free) was irradiated for 1 hr. at 
50—53° under nitrogen. The product was distilled at 170 mm. to give a pale yellow distillate, 
b. p. 60°, having Amax, 242, 355 my, and optical density 0-47 at 355 my. The yellow colour was 
discharged by bromine in carbon tetrachloride. 

Irradiation of Isopropylbenzene.—Isopropylbenzene (60 ml.; freshly distilled from calcium 
hydride) was irradiated for 2 hr. at 64° under nitrogen. Distillation under reduced pressure 
gave a yellow distillate, b. p. 85° (55 ml.), Amax, 248, 360 my (€o4s/Egg9 = 33). The optical density 
at 360 my was 1-06. The yellow colour was discharged by bromine in carbon tetrachloride. 
No 2,3-dimethyl-2,3-diphenylbutane was detected among the high-boiling products, although 
a resinous solid (12 mg.), probably a polyisopropylfulvene, was obtained. 

Irradiation of Anisole.—Anisole (40 ml.) was irradiated at 120° for 1 hr. under nitrogen. 
Distillation under reduced pressure gave a very pale yellow product (35 ml.), Amax 296, 325 
(tailing into the visible) (¢g9¢/¢32, = 4:7). 


We thank Dr. I. M. Mills for discussions, Dr. E. W. J. Mitchell for X-ray facilities, Esso 
Research Ltd. for a maintenance grant (to H. J. F. A.), and Engelhard Industries Ltd. for the 
gift of a mercury-vapour lamp, and a grant (to J. M. B.). 
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408. Organopalladium Compounds. 
By G. Carvin and G. E. Coates. a 
Methyl- and some aryl-palladium compounds have been prepared by the 
action of Grignard or organolithium reagents on complex halides, commonly 
containing tertiary phosphines. Ethyl and propyl derivatives appear to be 
formed but could not be isolated on account of their instability. All aryl- 
palladium compounds prepared have a ¢rans-structure. Complexes with 
chelate ligands never yielded cis-diaryl derivatives, but several cis-dimethyls 
were prepared. The tertiary arsine complex (AsEt,),PdMe, has a cis- 
structure, but its phosphine analogue appears to exist in benzene solution as r 
a mixture of isomers. Reactions between (PEt,),PdMe, and ethanol and C 
some other weakly acidic substances are reported. ( 
SEVERAL years ago one of us began a study of the possibility of preparing normal (sigma- V 
bonded) organic derivatives of transition metals by reactions between organolithium or 
Grignard reagents and transition-metal co-ordination complexes. These methods were a 
suggested by the substantial improvements in yield resulting from the use of dichlorodi- c 
pyridinegold(111) chloride and cis-tetrachlorodipyridineplatinum(Iv), in place of un- 9 
complexed halides, for the preparation of organic gold(111) and platinum(Iv) compounds f 
We were interested mainly in nickel, palladium, and platinum in their +-2 oxidation level, s 
and therefore gave most attention to complexes of halides of these metals with tertiary 
phosphines, which are about the strongest donors to these elements in that oxidation level I 
(particularly platinum ”). a 
When this work was in progress and we had prepared a number of organic compounds s 
of these elements co-ordinated to tertiary phosphines, we learned that Dr. J. Chatt and ( 
his colleagues were working on similar lines and thereafter confined our own work on this d 
group to palladium. : ( 
Most of the organopalladium compounds we obtained, which were generally of the n 
type L,PdRX and L,PdR, (L = tertiary phosphine, R = Me, aryl, or Ph°C:C, X = Br, d 
I, SCN), are unstable, and few of them can be kept undecomposed for long periods at room P 
temperature. Most but not all of them are colourless and slowly turn grey and eventually 
black, owing to formation of elemental palladium. Usually it was necessary to purify 0 
products by crystallization at low temperature. e 
Reaction between dihalides, for instance, dibromo(bistriethylphosphine) palladium, t 
(PEt,),PdBr,, and a Grignard reagent resulted in the rapid replacement of one halogen, a 
but a large excess was necessary to replace both. Organolithium reagents replace both d 
halogens, usually quite rapidly below room temperature, and these were the preferred te 
reagents for the preparation of dimethyl or diary] derivatives.* c 
Donor Groups.—Though triethylphosphine appeared to have a stronger stabilizing P 
effect than other donor substances investigated, organopalladium compounds were also b 
prepared from palladium halides co-ordinated to tertiary arsines, sulphides, a diene, and e 
bipyridyl. u 
Reaction between (PEt,),PdBr, and methyl-lithium yielded (PEt,),PdMe,, but a e: 
single strong donor co-ordinated to palladium is inadequate to stabilize a methyl derivative d 
since treatment of the binuclear complex Bu",P(Cl)PdCl,Pd(Cl)PBu®, with methyl-lithium 0 
resulted in rapid decomposition (formation of metallic palladium) even at —45°. If the 
bridge chlorine atoms are replaced by ethylthio-groups,‘ the metal then being co-ordinated Ww 
to three quite strongly donor groups (I), a dimethyl derivative (II) can then be isolated. 
No significance should be attached to the cis-formulation of (II) | No organopalladium 
1 Foss and Gibson, J., 1951, 299. 
2 Chatt, J., 1951, 652. fa 
% Calvin and Coates, Chem. and Ind., 1958, 160. 
* Chatt and Mann, /., 1938, 1949. Cc 
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compounds could be prepared from ¢érans-(Et,S),PdCl,, but the chelate complex 
(EtS-CH,"CH,-SEt) PdCl, afforded a dimethyl derivative which was liquid at room temper- 
ature and difficult to purify. Reaction with phenyl-lithium resulted in complete 
decomposition at —50° with formation of biphenyl. A crystalline dimethyl compound 
was obtained from the higher-melting complex (MeS:CH,°CH,’SMe)PdCl,. Olefins have 

Bu",P 


PBu", PBu", 


n 

iP SEt Nid Bu Psi SEt 4 
ci~ 7” SEt a Nes Me DS SEt mi we 
(I) (II) 
relatively weak o- but strong x-bonding character to transition metals,5 and, since cyclo- 
octa-1,5-diene seems to form the most stable olefin complexes, the preparation of 
C,H,,.PdMe, was attempted. This compound was obtained but only in low yield, and it 
was very unstable indeed. 

The only aryl derivatives prepared were derived from tertiary phosphine complexes, 
and tertiary phosphines appear also to have the best stabilizing effect on o-bonded organic 
compounds of nickel,* palladium, platinum,” and possibly cobalt. The most stable 
o-bonded organic compounds of elements near the middle of the transition series are, so 
far, those in which the metals form six or more bonds and are in combination with ligands 
such as carbonyl and cyclopentadienyl [examples are MeMn(CO), § and C;H;W(CO),Me 9). 

Organic Groups.—Comparisons between organopalladium compounds (L,PdRX or 
L,PdR,) containing a variety of organic groups suggest that the most stable compounds 
are formed when R is methyl, phenylethynyl, or phenyl bearing an electron-attracting 
substituent. The difference between methyl and higher alkyls is striking; whereas 
(PEt,),PdMeBr and (PEt,),PdMe, are two of the few compounds that melted without 
decomposition, there was evidence from characteristic colour changes during reaction that 
(PEt,),PdEtBr and (PEt,),PdPr°Br were formed from the dibromide and a Grignard 
reagent, but they were too unstable to be isolated. In contrast, nickel ® yielded no methyl 
derivatives, but a variety of stable platinum?’ alkyls, from methyl to butyl, has been 
prepared. 

All the phenyl derivatives prepared in this work were derived from (PEt,),PdBr,; all 
other palladium complexes that were treated with phenyl-lithium decomposed to palladium 
even at low temperatures. The diphenyl compound (PEt,),PdPh, darkens at room 
temperature during a week or more. The di-f-tolyl compound appeared to be consider- 
ably less stable and was not isolated. Both (PEt,),Pd(f-C,H,CF,)Br and the mixed 
diaryl (PEt,),PdPh(p-C,H,°CF,) prepared from it seem to be indefinitely stable at room 
temperature [this is also true of the compounds (PEt,),PdBr(f-C,H,Cl), (PEt,),Pd(p- 
C,H,Cl)., and (PEt,),Pd(p-C,H,Br),, which will be reported later]. The dimethylamino- 
phenyl derivative (PEt,),Pd(p-C,H,’"NMe,), is so unstable that its purification is difficult, 
but its dimethiodide [(PEt,),Pd(p-C,H,-NMe,),|I,, in which electron-attracting replace 
electron-releasing groups, does not readily decompose in solution and remains unchanged 
in the air during long periods. Attempts to prepare mixed alkyl-aryl compounds, for 
example, by reaction between (PEt,),PdMeBr and phenyl-lithium, resulted in complete 
decomposition, and reaction with phenylethynyl-lithium yielded (PEt,),Pd(CiCPh), as the 
only organometallic product. 

Aryl derivatives of platinum bearing ortho-substituents are more stable than those 
without,’ and in the case of nickel ® the stabilizing effect of ortho-substituents is so marked 

5 Chatt. Duncanson, and Venanzi, J., 1955, 4456, 4461. 

* Chatt and Shaw, Chem. and Ind., 1959, 675, J., in the press. 

? Idem, J., 1959, 705, and im the press. 

§ Closson, Kozikowski, and Coffield, J. Org. Chem., 1957, 22, 598; Hieber and Wagner, Z. Natur- 
forsch., 1957, 12, b, 478. 


® Piper and Wilkinson, J. Inorg. Nucl. Chem., 1956, 3, 104; Fischer, Hafner, and Stahl, Z. anorg. 
Chem., 1955, 282, 47. 
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that these are the only aryl compounds to be isolatable pure. Palladium must surely 
occupy an intermediate position in this respect, but it seems that inductive or electromeric 
effects are even more pronounced. We believe this ortho-effect stabilizes trans- 
(PEt,),Pd(mesityl)Br, which remained undecomposed in the air, but is not so stable as its 
nickel analogue since it decomposes on melting (the nickel compound can be sublimed even 
at atmospheric pressure). 

The only other stable complexes prepared were the érans-diethynyl compounds 
(PEt,),Pd(CiCPh), and (PEt;),Pd(CiC-C,H,-NO,-p),. The relatively high stability of 
trans-diethynyl-nickel compounds (complexed with phosphines) is reasonably attributed to 
reduction of energy of the metal d,, and d,, orbitals by conjugation with ethynyl, the d,, 
level being already strongly stabilized by x bonding to the phosphines (the plane of the 
complex is taken as xy with the phosphorus atoms on the x axis). The same effect could 
help to stabilize ethynylpalladium compounds, but in view of our observations on the 
effect of polar substituents on the relative stability of the phenylpalladium compounds, we 
are inclined to attribute part at least of this stability to the electronegative character of 
acetylenic carbon atoms. The stretching frequencies of the ethynyl groups are not 
markedly reduced in either the palladium or the nickel compounds, but they are slightly 
reduced in accordance with partial occupation of the acetylenic antibonding orbitals. 

Structure.—In view of the lability of palladium complexes (relative to platinum) we 
were not surprised to find no evidence of isomerism except in the case of the dimethyl, 
(PEt,),PdMe,. The dipole moment of this compound appears to change with the time 
elapsing since its preparation (decomposition was not involved since all measurements 
were made on colourless specimens). The highest moment recorded was 4-68 D, and 
freshly prepared material, m. p. 46—47°, generally had a moment near this. The lowest 
value was 1-4D, for a specimen, m. p. 66—67°, which had been stored for six months 
under nitrogen and then crystallized from hexane. At present we conclude only that 
freshly prepared material has a largely cis-structure,* as the dipole moment of cis- 
(PEt,),PtMe, is 5-65 D and the ¢rans-dimethyl-platinum is rather difficult to obtain. 
Addition of triethylphosphine to a freshly prepared solution of the dimethylpalladium 
compound did not result in any significant change during three days at room temperature. 
The certainly cis-compound (MeS-CH,°CH,’SMe)PdMe, had a moment of 6-4p. The 
unstable triphenylphosphine complex, (PPh,),PdMe,, has a moment of 4-6 D, so appears 
to be mainly cis [compare cis-(PPh,),PtMe,, 5-45D7]. The triethylarsine complex 
(AsEt,),PdMe, has a dipole moment, 5-4 D, which indicates a cis-structure. The mono- 
methyl compounds have érans-structures; this is expected as the ¢vans-monomethyl 
platinum compounds are evidently considerably more stable than their cis-isomers, into 
which they rapidly and almost completely change in the presence of a trace of free 
phosphine.’ 

All the aryl compounds prepared, and (PEt,),Pd(Ci?CPh),, have érans-structures like 
the parent dihalides. The cis- or ¢rans-structures of non-chelate complexes of this group 
of elements depend on the balance between an electrostatic factor favouring the érans- 
and a x-bonding factor favouring the cis-form. An additional factor which could 
stabilize trans-diaryl compounds is the ring-to-ring conjugation which could take place 
through the d,, metal orbital if the rings are in the xy plane of the complex, or through the 
d,, orbital if they are at right angles to it. 

The instability of the cis-diaryls is striking; every chelate cis-dihalide decom- 
posed when treated with phenyl-lithium. For example, the diphosphine complex 
C,H,(PPh,),PdCl, gave no arylpalladium compound on treatment with phenyl-lithium, 
nor did dichlorobipyridylpalladium on treatment with mesityl-lithium. This could be 
due to the absence of ring-to-ring conjugation, or to a low energy gap between the ground 





* Its infrared spectrum was very similar to that of a specimen of cis-(PEt,),PtMe, kindly given to 
us by Dr. J. Chatt. 


% Chatt and Wilkins, J., 1952, 273, 4300; 1953, 70; 1956, 525. 
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state of a cis-diaryl compound and a transition state leading to biphenyl formation and 
decomposition of the complex. 

The relatively high stability of the bright orange bipyridyl complex, (bipy)PdMe,, is 
surprising; it shows no signs of darkening after six months at room temperature. The 
bipyridyl molecule being taken as co-planar with the xy plane of the complex, it would 
then be able to interact only with the d,, and d,, metal orbitals. The highest-energy non- 
bonding metal orbital is very likely to be d,,, and to achieve stability in a covalently 
bonded complex it is necessary that the energy difference between the highest occupied 
non-bonding orbital (d,,) and the lowest antibonding orbital should be large.*?_ We are 
unable to account for the stability of the bipyridyl complex other than on the basis of a 
reduction of the energy of the important d,, orbital by hyperconjugation with the methyl 
groups. Conditions for hyperconjugation should be favourable in view of the rather 
large metal d orbitals and consequent good overlap with the methyl groups. We believe 
this effect to be important in stabilizing platinum(II1) complexes with ammonia (relative 
to amines) as suggested by Chatt and Gamlen," and other ammonia complexes of metals 
with occupied d orbitals such as the cobaltammines. 

Reactions.—The monomethyl complex (PEt,),PdMeBr undergoes exchange reactions 
with, for example, potassium thiocyanate, giving (PEt,),PdMeSCN. Similar reactions 
have been reported in connection with platinum.’ Attempts to prepare a nitro-derivative 
resulted in decomposition of the complex, but a monomeric cyanide (PEt,),PdMeCN was 
obtained. 

Dimethyl derivatives were converted into dihalides by ethanolic hydrochloric or hydro- 
bromic acid, and this was a useful reaction for the identification of the least stable organic 
compounds. Since (PEt,),PdMe, is prepared in nearly 90% yield by a method involving a 
hydrolysis step, we were surprised to find that it reacts rapidly with ethanol below room 
temperature, with evolution of 1 mol. of methane but without deposition of metallic 
palladium. In this reaction the ethanol appears to act as an acid, forming an ethoxide; 
the process is unaffected by the presence of styrene. The evolution of 1 mol. of methane 
is followed by a second much slower reaction accompanied by evolution of more methane 
together with ethane and ethylene and with deposition of palladium. The second stage 
is evidently a decomposition involving formation of methyl radicals since acetaldehyde 
was detected among the volatile products (attack of CH,* on ethanol), and addition of 
styrene almost entirely suppressed the formation of C, gases as well as giving polystyrene. 
The reaction sequence (in the absence of styrene) is probably 


(PEt,),PdMe, + EtOH = (PEt,),Pd(OEt)Me + CH, 
(PEt,),Pd(OEt)Me = 2PEt, + Pd + EtO- + Me: 
2EtO- = CH,CHO + C,H,-OH 
EtO- + Me: = CH, + CH,CHO, ete. 


Since ethanol attacks (PEt,),PdMe,, the effect of a few other very weak acids was 
studied. Thiophenol reacts rapidly, giving (PEt,),Pd(SPh),, and #-nitrophenylacetylene 
much more slowly, forming (PEt,),Pd(C?C-C,H,°NO,-p)>. 

The dimethyl compound sublimes without decomposition at 40—50° in vacuum, but 
completely decomposes when heated for several hours at 100° in a sealed tube, giving a 
mixture of ethane and ethylene (in one experiment 92 and 8%, respectively) with only a 
trace of methane. 

In decompositions leading to deposition of metallic palladium, the metal is likely to be 
present transiently in a nascent or atomic state which must be the most reactive form 
ofthe element. In fact, it reacts in this state with triphenylphosphine, forming (PPh,),Pd 





1 Chatt and Gamlen, J., 1956, 2371. 
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which had previously been prepared by other methods.!2 No blackening was observed 
when (PEt,),PdMe, decomposed in ethanol in the presence of excess of triphenylphosphine, 

Infrared Spectra.—Spectra of methyl complexes are so very similar to those of the 
parent halides that bands due to methyl bound to palladium are easily recognized. Spectra 
were taken by using the potassium bromide or iodide disc method, since these generally 
unstable compounds lasted longer in this form than in solution in organic solvents. 

In the CH stretching region the spectrum of (bipy)PdMe, was very similar to that of 
(bipy)PdCl, except for two strong additional bands at 2919 and 2842 cm.*. Similarly, 
(PPh,),PdMe, had bands at 2945 and 2876 cm.", absent from (PPh,),PdCl,. Most com- 
plexes prepared were not suitable for study in this region owing to the presence of many 
ethyl groups (PEt, complexes), but a rather low-frequency band, 2854 cm.", was observed 
with o-C,H,(AsMe,),PdMe, and was absent from the corresponding dibromide. 

At lower frequencies the two major features of the spectra of methyl complexes were a 
single sharp band at 1129—1180 cm., which by analogy to methyl compounds of other 
heavy metals we assign to a symmetrical methyl deformation. The bisarsine compound 
(AsEt,),PdMe, was exceptional in having two bands (1152 and 1124 cm.~) in this region, 
The methyl complexes also had absorption bands in the range 435—534 cm.!. Both these 
features are absent from the parent halides. Two low-frequency bands were observed in 
dimethyl and only one in monomethyl complexes, and we assign them to Pd-CH; stretch- 
ing, regarding the methyl group as if it were an atom of atomic weight 15. The lower 
frequencies of (PEt,),PdMe, (457 and 491 cm.) compared with cis-(PEt,),.PtMe, (523 and 
506 cm.) reflect the lower force constant of the Pd—C bond, in accordance with the 
chemical evidence of weaker Pd-C bonding. 

In the Table, only those infrared bands are included which are absent from the parent 
halides. The methyl deformation band in the 1150 cm.* region is omitted in the case of 
(bipy) PdMe, because of the complexity of the spectrum of (bipy)PdCl, in this region. 

Organopalladium compounds prepared in the course of this work are listed in the 
Table. 

Dipole 
Methyl derivatives M. p.* Infrared bands (cm.~*) moment (pD) 
(PEt,),PdMeBr 73—74° 1162, 510 4-0 
(PEt,),PdMeSCN 86—87 1180, 526 
(PEt,),PdMeCN (2127, 2117 CN), 1161, 502 4-75 
(PEt,),.PdMe, 1164, 491, 457 See text) 
1152, 1124, 498, 479 5-4 
197—198 * 1129, 529, 482 4-6 
(bipy) PdMe, 155 * 534, 522 
PBu®,(Me) Pd(SEt),Pd(Me)PBu’, 1148, 501 
(MeS’CH,°CH,°SMe) PdMe, — 1168, 525, 512 
(EtS-CH,°CH,°SEt) PdMe, pees i 1160, 518, 502 
(Ph,P-CH,CH,*PPh,)PdMe, i 1149 
o-C,H,(AsMe,),PdMe, 1160, 498, 435 
o-C,H,(AsMe,)(PEt,) PdMeBr 
(cyclo-octa-1,5-diene) PdMe, Too unstable to obtain these data 
Dipole Dipole 
moment moment 
Aryl derivatives M. p.* (D) Aryl derivatives M. p.* (D) 
trans-(PEt,),PdPhBr 89° * 3-6 (PEt,),Pd(p-C,H,"NMe,), ... 99—100°* 
trans-(PEt,),PdPh, 95 * 0 [(PEt,),Pd(p-C,H,-NMe,),]I,  140* 
trans-(PEt,),Pd(mesityl) Br 162 * 3-52 trans-(PEt,),Pd(C:CPh), ... 162—164 * 0 
(PEt,),Pd(p-C,H,-CF,) Br... 145—146-5 (PEt,),Pd(p-NO,°C,H,-C:C), 123—125 * 
(PEt,),Pd(p-C,H,-CF,)Ph... 74—75 * 
* With decomposition. 


EXPERIMENTAL 
Microanalyses (C, H, and F) are by Mr. A. Wiper, of these laboratories. 
Combustion analyses presented difficulties in many instances, partly because several of the 
compounds were so unstable that some decomposition took place before analysis, and partly 
12 Malatesta and Angoletta, J., 1957, 1186. 
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because the combustion residue often retained carbon, At a relatively late stage experiments 
on the combustion of stable palladium complexes showed that better and more reproducible 
results were obtained when, at the end of a combustion, the boat containing the residue was 
heated with an oxygen-enriched flame. In view of these difficulties we commonly used a 
gravimetric procedure in which an organopalladium compound was converted back into a 
halide which was identified by mixed m. p. and infrared spectrum. 

Palladium was determined as its dimethylglyoxime complex after cautious destruction of 
the organopalladium compound by nitric acid. 

Infrared spectra were measured with a Grubb-Parsons GS2A spectrometer, generally in 
potassium iodide discs. 


Methyl Derivatives. 


trans-Bromo(methyl)bistriethylphosphinepalladium, [(PEt,),PdMeBr].—The dibromide 
(PEt,),PdBr, (10 g., 0-02 mole) in ether (200 c.c.) was cooled to —65° and methylmagnesium 
bromide (0-045 mole) in ether (40 c.c.) was added with stirring during 30 min. The reaction 
mixture was stirred for 15 min. at —65° and then for 30 min, as it was allowed to reach room 
temperature; the colour changed from yellow to white. After hydrolysis at 0° with water 
(100 c.c.) the ether phase was separated from the filtered mixture, and the crude product from 
evaporation of the solvent was crystallized from hexane, yielding 6-7 g. (78%) of colourless 
complex. It is readily soluble in acetone, ethanol, and hydrocarbons (Found: C, 35-0; H, 7-4; 
Pd, 24-7, 24-6. C,,H,,BrP,Pd requires C, 35-6; H, 7-6; Pd, 24-4%). 

Thiocyanato(methyl)bistriethylphosphinepalladium, [(PEt,),PdMeSCN].—Potassium _ thio- 
cyanate (0-089 g.) was added to (PEt,),PdMeBr (0-40 g.) in ethanol (5 c.c.). A white solid was 
precipitated and after the addition of more ethanol the suspension was warmed. Solvent was 
removed at the pump, and the pale yellow residue was washed with water, dried in 
air, and crystallized from methanol—water, forming long needles (Found: C, 40-4; H, 8-1. 
C,,H,3;NPPdS requires C, 40-4; H, 8-0%). 

trans -Cyano(methyl) bistriethylphosphinepalladium, [(PEt,),PdMeCN].—The bromo(methy]l) 
compound (PEt,),PdMeBr (1 g.) was dissolved in methanol (~10 c.c.) and excess of potassium 
cyanide was added. After 16 hr. at room temperature the product was precipitated as an oil 
at 0° by addition of water. After about an hour, scratching induced crystallization, and the 
white solid was dried and crystallized from hexane (Found: C, 43-7; H, 85%; M, 
cryoscopically in 1-72 and 3-90% benzene solution, 395, 395. C,,H,;NP,Pd requires C, 43-8; 
H, 865%; M, 384). 

Dimethyl (bistriethylphosphine) palladium, [(PEt,),PdMe,].—To the dibromide (PEt,),PdBr, 
(10-0 g., 0-02 mole) were added ether (200 c.c.) and a trace of triethylphosphine, and to the 
cooled mixture (— 60°) was added methyl-lithium (0-045 mole) in ether (38 c.c.) during 15 min. 
Stirring was continued for 15 min. after the reaction mixture had reached room temperature. 
Evaporation (by pumping) of the ether phase, after hydrolysis at 0°, afforded a crude complex, 
which was crystallized from hexane (7-4 g., 90%) (Found: C, 44-6; H, 9-6; Pd, 28-0, 27-9. 
C,,H,,P,Pd requires C, 45-1; H, 9-7; Pd, 28-6%). 

Reactions of Dimethyl (bistriethylphosphine)palladium.—Thermal decomposition. The dimethyl 
compound (0-1566 g., 0:-4196 mmole) was heated for 16 hr. in a sealed tube at 100°. The sealed 
tube was then connected to a vacuum system, the seal broken, and volatile matter pumped off 
through two traps at — 196° into a gas burette. Only 0-028 c.c. (i.e., c.c. corrected to S.T.P., as 
for all later values) of gas was collected, and this could only be hydrogen or methane. A 
further 12-1 c.c. of gas were pumped off when the traps were allowed to warm to — 96°, and this 
was shown by combustion analysis and infrared spectrum to consist of 92% ethane and 8% 
ethylene. 

Ethanolic hydrobromic acid. To the dimethyl compound (0-0953 g., 0-255 mmole) was added 
degassed aqueous-ethanolic hydrobromic acid. The gaseous reaction product after passage 
through two traps at — 196°, amounted to 11-1 c.c. (theoretical for 2 mols. of methane, 11-4 c.c.). 

Ethanol. Degassed ethanol (10 c.c.) was added at room temperature to the dimethyl com- 
pound (0-1341 g., 0-3593 mmole), arfd the rapid reaction was allowed to continue until the first 
sign of darkening, at which stage the vessel was cooled in liquid air and 8-53 c.c. of methane 
(identified by combustion analysis) were pumped off. Volatile material which had condensed 
in liquid-air traps was then condensed back in the reaction vessel, and the second stage of 
decomposition allowed to proceed for 3 hr. at room temperature. Fractional condensation of 
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the volatile products yielded methane (4-57 c.c.) and mixed gases (2-60 c.c.) in which ethylene 
and acetaldehyde were identified by infrared spectra. 

Ethanol and styrene. Freshly distilled styrene was condensed on another sample of the 
dimethyl compound (0-1256 g., 0-3365 mmole), and degassed ethanol added at room temperature, 
The initial rapid reaction yielded methane (7-2 c.c., 0-322 mmole), and the subsequent slow 
reaction (overnight at room temperature) yielded methane (4-9 c.c., 0-219 mmole) and only a 
trace (0-13 c.c.) of C, gases. Polystyrene (0-38 g.) was recovered when the filtered product was 
poured into methanol. 

Ethanol and triphenylphosphine. When the dimethyl compound was added to excess of 
triphenylphosphine in ethanol, a yellow precipitate, m. p. 95—105° (decomp.), separated and 
was identified as tetrakistriphenylphosphinepalladium(0), since its infrared spectrum was 
identical with that of a specimen prepared by Malatesta and Angoletta’s method. There was 
no deposition of palladium in this reaction. 

Thiophenol. To the dimethyl compound (0-58 g.) in hexane (10 c.c.) was added thiophenol 
(2-12 mol.). Gas was evolved and the solution became yellow. Next day the orange-yellow 
crystalline diphenylthio(bistriethylphosphine)palladium was collected and crystallized from 
hexane, m. p. 141° (Found: C, 51:3; H, 7-2. C.,HgP.PdS, requires C, 51-0; H, 7-2%). 

p-Nitrophenylacetylene. To the dimethyl compound (0-5 g.) in benzene (10 c.c.) was added 
p-nitrophenylacetylene (1-98 mol.) in benzene (10 c.c.). The solution rapidly darkened and 
after 2 days at room temperature was chromatographed through alumina. Elution 
with hexane and then benzene yielded the yellow complex (Found: C, 52-6; H, 640. 
CysH3,N,0,P,Pd requires C, 52-9; H, 6-0%). 

Dimethyl (bistriphenylphosphine) palladium, [(PPh,),PdMe,].—To the dichloride 
[(PPh,),PdCl,] (14-0 g., 0-02 mole) suspended in ether (200 c.c.) at —50° was added methyl- 
lithium (0-044 mole) in ether (75 c.c.). The mixture was then allowed to warm to room temper- 
ature and more methyl-lithium was added to the cooled mixture until a positive colour test 
(Michler’s ketone) was obtained at room temperature. , A total of 3 mol. was required. The 
complex obtained after hydrolysis at 0° was very unstable and decomposed when warmed to 
35—40° in the presence of solvents; it was crystallized by cooling to —78° its solution in tetra- 
hydrofuran or ethyl methyl ketone (Found: C, 71-3; H, 6-0. C,,H,,P.Pd requires C, 69-0; 
H, 5-5. 0-4871 mole of product, when treated in benzene solution with hydrochloric acid, 
yielded 0-4316 mmole of dichloride). 

Bipyridyl(dimethyl) palladium, [C,jH,N,PdMe,].—To dibromobipyridylpalladium (10-0 g.) 
suspended in ether (200 c.c.) at —60° was added methy]-lithium (2-7 mol.), and the mixture was 
allowed to attain room temperature. 3-0 mol. of methyl-lithium were required before a positive 
colour test was obtained. After hydrolysis of the mixture, the complex was dried and crystal- 
lized from acetone, forming orange needles (4 g., 57%) (Found: C, 48-8, 48-8; H, 5-1, 4-9. 
C,,H,,N,Pd requires C, 49-2; H, 48%. 0-2112 g. afforded 0-2363 g. of dichloride on treatment 
with ethanolic hydrochloric acid; C,,H,,N,Pd requires 0-240 g.). The solubility of this com- 
pound in benzene was too low to allow its dipole moment to be measured. 

1,2-Di(methylthio)ethane(dimethyl) palladium, [C,H,(SMe),PdMe,].—To the dichloride 
C,H,(SMe),PdCl, (12-0 g.) suspended in ether (175 c.c.) methyl-lithium was added until a 
positive colour test was obtained, 3 mol. being required. No reaction appeared to take place 
below —10°. After hydrolysis at 0°, evaporation of the ether phase afforded a buff-coloured 
crude complex which was crystallized from acetone [0-0520 g. of complex afforded the dichloride, 
(0-0604 g.) and methane (8-72 c.c.), when treated with aqueous ethanolic hydrochloric acid. 
C,H,,PdS, requires dichloride, 0-0604 g.; methane, 8-99 c.c.]. 

1,2-Di(ethylthio)ethane(dimethyl) palladium, [C,H,(SEt),PdMe,].—Prepared similarly this was 
an unstable oil, which could not be purified but was identified by conversion into the dichloride 
and by the characteristic Pd—Me infrared absorptions observed at 518 and 502 cm.*}. 

1,2-Bis(diphenylphosphino)ethane(dimethyl)palladium, [C,H,(PPh,),PdMe,].—The dichloride 
C,H,(PPh,)PdCl, (8-1 g.), treated with methy]-lithium until a positive colour test was obtained, 
yielded after hydrolysis a crude complex (6-7 g.), which was thrice crystallized from acetone 
(by cooling) [Found: C, 61-5; H, 5-6. C,,H,)9P,Pd requires C, 62-8; H, 5-65%. 0-1930 g. 
afforded the dichloride (0-2040 g.) when treated with ethanolic hydrochloric acid. C,H, P,Pd 
requires 0-2080 g.]. 

Dimethyl-o-phenylenebisdimethylarsinepalladium, [(C,H,(AsMe,),PdMe,].—From the dibromide 
C,H,(AsMe,),PdBr, and methyl-lithium, a crude product was obtained that appeared 
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to remain unchanged for 3 weeks at room temperature (some free diarsine was present). 
The complex was crystallized by cooling its solution in acetone, but as its purification 
progressed, so apparently did its tendency to decompose. A specimen of the best product, 
which was colourless, turned brown when kept overnight in a refrigerator [Found: Pd, 24-85. 
C,sH22As,Pd requires Pd, 25-35%. 0-2894 g. afforded the dibromide (0-3574 g.) when treated 
with aqueous-ethanolic hydrobromic acid. C,,H,,As,Pd requires 0-3732 g.]. 

Bromo-{(o-dimethylarsinophenyl)diethylphosphine}(methyl) palladium, 
[(o-CgH,-AsMe,PEt,)PdMeBr].—From the dibromide o-C,H,AsMe,PEt,PdBr, (10-7 g.) and 
methyl-lithium, there was obtained a white crystalline complex (6 g., 64%) (from acetone). 
This material was much more stable than the diarsine derivative described above [Found: 
C, 33-5; H, 4:8. C,,;H,,AsBrPPd requires C, 33-1; H, 49%. 0-3301 g. afforded the dibromide 
(0-3760 g.) when treated with aqueous-ethanolic hydrobromic acid. C,,;H,,AsBrPPd requires 
0:3756 g.]. 

Bistri-n-butylphosphine(dimethyl)-uy'-bisethylthiodipalladium (I1).—The dichloride (I) (16-2 
g.), after treatment with methyl-lithium, yielded crude complex (13-0 g., 84%), which was 
purified by cooling its solution in acetone (Found: C, 74:1; H, 9-1. Cyg9H,9P,Pd,S, requires 
C, 46-8; H, 9-1%). 

Cyclo-octa-1,5-diene(dimethyl) palladium, [CgH,,PdMe,].—To the dichloride C,H,,PdCl, (8-5 
g.) suspended in ether (150 c.c.) at —40° was added methyl-lithium (2-2 mol.). The mixture 
became black as it warmed to room temperature. Evaporation of the ether phase, after 
separation of palladium from the hydrolyzed mixture, yielded a small amount of white solid 
which darkened at room temperature. This material was dissolved in ether under nitrogen and 
filtered into a receiver at —78°. The white crystalline complex was separated, washed with cold 
ether, pumped dry, and stored at —78°. All operations were carried out as quickly as possible 
(Found: Pd, 43-2. C,)H,,Pd requires Pd, 43-55%. 0-4790 g. afforded the dichloride 
(05400 g.) when treated with aqueous ethanolic hydrochloric acid. C,)H,,Pd requires 
0-5592 g.]. 

cis-Bistriethylarsine(dimethyl)palladium, [{(AsEt,),PdMe,].—This was prepared from the di- 
bromide (AsEt,),PdBr, and methyl-lithium by the procedure used to obtain dimethylbis(tri- 
ethylphosphine)palladium. It was crystallized by cooling its solution in hexane containing a 
trace of triethylarsine (Found: C, 36-4; H, 8-1. C,,H,,As,Pd requires C, 36-4; H, 7-8%). 


Aryl Derivatives. 


trans-Bromo(phenyl)bistriethylphosphinepalladium, [(PEt,),PdPhBr].—To the dibromide 
(PEt,),PdBr, (10-0 g.) in ether (200 c.c.) at — 60° was added phenylmagnesium bromide (1-1 mol.) 
in ether (75 c.c.). No reaction was apparent at — 60° but the solution darkened at —40°. The 
mixture was stirred for 30 min. at room temperature, cooled to 0°, and hydrolyzed. Evapor- 
ation of the ether phase yielded 7 g. of yellow product which contained starting material. The 
colourless complex was separated chromatographically on alumina, the yellow dibromide being 
eluted first, by hexane (Found: C, 42-2; H, 7-0. C,,H,,;BrP,Pd requires C, 43-2; H, 7-1%). 
trans-Diphenyl (bistriethylphosphine) palladium, [(PEt,),PdPh,].—To the dichloride 
(PEt,).PdCl, (7-04 g.) in ether (200 c.c.) at —75° was added phenyl-lithium (2 mol.) during 
35 min., after which the mixture was stirred for 40 min. at — 75° and then allowed to warm to 
room temperature. After hydrolysis at 0°, evaporation of the ether phase yielded a yellowish- 
green crude product (7-8 g.) which was washed with a little methanol and crystallized by cooling 
its solution in acetone, giving colourless complex (4-7 g., 55%) (Found: C, 58-4; H, 8-3; Pd, 
21-9, 21:5. C,H y P,Pd requires C, 58-0; H, 8-1; Pd, 21-5%). 
trans-Bromo(mesityl)bistriethylphosphinepalladium, [(PEt,),Pd(mesityl)Br].—To the di- 
bromide (PEt,),PdBr, (10-0 g.) in ether (175 c.c.) at —50° was added mesitylmagnesium bromide 
(2-2 mol.) during 10 min. The mixture darkened as it warmed to room temperature. After 
hydrolysis at 0°, the ether phase was evaporated and yielded a pale yellow solid which gradually 
became black on continued pumping. The crude product was dissolved under nitrogen in 
ethyl methy] ketone, filtered from finely divided metallic palladium, and crystallized by cooling 
the solution. Repetition of this pfocedure yielded colourless complex (2-05 g., 19%) (Found: 
C, 46-4; H, 7-7; Pd, 19-5, 19-3. C,,H,,BrP,Pd requires C, 46-5; H, 7-6; Pd, 19-7%). 
Addition of aqueous ethanolic hydrobromic acid to an ethanol solution of the monomesityl 
compound caused no apparent reaction, and the substance is stable to the air. 
Bromo(bistriethylphosphine)-(p-trifluoromethylphenyl)palladium, [(PEt,),Pd(p-C,H,°CF;) Br]. 
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—Reaction between the dibromide and -trifluoromethylphenylmagnesium bromide (1-1 mol.) 
yielded a mixture of starting material and colourless product. These were separated chromato- 
graphically on alumina, the dibromide being eluted first (hexane). The complex was sufficiently 
stable to be recrystallized in the normal way (Found: C, 39-5; H, 6-2; Br, 13-7; F, 949, 
C,,H,,BrF,P,Pd requires C, 40-2; H, 6-0; Br, 14-1; F, 10-0%). 

Phenyl (bistriethylphosphine)-(p-trifluoromethylphenyl) palladium, [PEt,),PdPh(p-C,H,-CF,)}. 
—The monobromide (6-8 g.) just described was treated with phenyl-lithium (1-2 mol.) in ether, 
and yielded colourless complex (5-8 g., 85%), which was crystallized by cooling its solution in 
acetone (Found: C, 53-2; H, 7-5; Pd, 18-8. C,;H3,F,P,Pd requires C, 53-1; H, 67; Pad, 
18-9%). 

Bis -(p-dimethylaminophenyl) (bistriethylphosphine)palladium, [(PEt;),Pd(p-C,H,y*NMe,),].— 
The dichloride (PEt,),PdCl, (12-4 g.) was treated with p-dimethylaminopheny]-lithium (2-1 mol.) 
in ether at —65°. The mixture was allowed to warm to room temperature, and a colour test 
was then positive but weak. After hydrolysis at 0°, the mixture was brown-black. Evapor- 
ation of the filtered ether phase yielded an unstable white product (14 g., 80%). About 2 g. of 
this were recrystallized twice by cooling the solution in hexane, and this was done as quickly as 
possible since the complex readily decomposes (Found: Pd, 18-0. C,sH;9N,P,Pd requires Pd, 
188%). 

The remainder of the base (12 g.) was dissolved in ether, and excess of methyl iodide added, 
After 4 hr. the white precipitate of dimethioide was collected and recrystallized from methanol 
(Found: Pd, 12-9; I, 30-0. C,,H,,I,.N,P,Pd requires Pd, 12-3; I, 29-3%). 

trans-Di(phenylethynyl)bistriethylphosphinepalladium, [(PEt,),Pd(C:CPh),].—The dibromide 
(PEt,),.PdBr, and phenylethynylmagnesium bromide (2-2 mol.) afforded a colourless complex 
(66% yield) which was crystallized by cooling its solution in toluene (Found: C, 61-6; H, 7:7; 
Pd, 20-0. C,,H,y P,Pd requires C, 61-7; H, 7-4; Pd, 19-6%). 


The authors thank the Department of Scientific and Industrial Research and the Salters’ 
Institute for a maintenance grant (G. C.) and for financial support, also Imperial Chemical 
Industries Limited for assistance, Associated Ethyl Ltd. for a gift of tetraethyl-lead, and 
Mr. P. S. Dixon for dipole-moment measurements. 
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409. The Structure of Nyctanthic Acid. 
By G. H. WHITHAM. 


Nyctanthic acid has been shown to be the ring-opened acid (IV) related 
to B-amyrin; its partial synthesis from @-amyrin is described.* 


NYCTANTHIC ACID is one of the constituents of the seeds of the Indian shrub Nyctanthes 
arbor-tristis. Previous work,? which favoured the empirical formula C,,H,,0,, showed 
that the oxygen atoms were present in a carboxyl group and that there were two double 
bonds, thus indicating a tetracyclic structure. One of the double bonds was a methylene 
group which could be readily hydrogenated to give a dihydro-series of compounds; the 
other double bond was trisubstituted and inert to hydrogenation and monoperphthalic 
acid. A skeleton of the lanostane type was assumed by analogy with other tetracyclic 
triterpene acids, and the information was summarised by the tentative partial structure (I). 
The residual nucleus was tetracyclic and contained the trisubstituted double bond. 

On biogenetic grounds this structure possessed two weaknesses. First, all known 
naturally occurring triterpenes with the lanostane type of skeleton are oxygenated at Cg) 


* A preliminary account of this work has appeared. 


1 Whitham, Proc. Chem. Soc., 1959, 271. 
* Turnbull, Vasistha, Wilson, and Woodger, J., 1957, 569. 
® Eschenmoser, Ruzicka, Jeger, and Arigoni, Helv. Chim. Acta, 1955, 38, 1890. 
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and secondly the possession of a methylene group at what would be Cip-Cy) in a com- 
und containing a nuclear double bond would require the intrusion of some special effect. 
Thus dammardienol,‘ in which there is a Cig9~Cig1) double bond, has no nuclear double bond. 


H,C=C-[CH,] - CHMe-CO2H 


C2235 
(I) 


Further information was therefore sought concerning the environment of the nuclear 
trisubstituted double bond in nyctanthic acid. Oxidation with selenium dioxide in acetic 
acid was studied since the “‘ inert ” double bond in the various classes of triterpenes reacts 
characteristically with this reagent.5 A suitable substrate was dihydronyctanthinyl 
acetate in which the methylene group had been removed by hydrogenation and the 
carboxyl group converted into a primary acetate by consecutive reduction with lithium 
aluminium hydride and acetylation. This acetate was heated under reflux with selenium 
dioxide in acetic acid, and a crystalline product was isolated in good yield. The ultra- 
violet spectrum of the latter (Amax, 243, 251, and 260 my; « 24,600, 28,700, and 18,800 
respectively) showed it to be adiene. Furthermore this absorption pattern is characteristic 
of an oleana-11,13(18)-diene ® and quite different from that of a lanosta-7,9(11)-diene. The 
reaction thus parallels the conversion of $-amyrin acetate (II) into 38-acetoxyoleana- 
11,13(18)-diene under the same conditions’ and indicates that the environment of the 
trisubstituted double bond in nyctanthic acid is similar to that in B-amyrin. Similarity 
to a-amyrin was discounted since «-amyrin acetate is unaffected by selenium dioxide 
under the same reaction conditions.’ 

Molecular-rotation differences reinforce the above conclusion; a large negative change 
in rotation accompanies the dehydrogenation of dihydronyctanthinyl acetate (A[M]p 
—682°) and this is in close agreement with the corresponding value in the case of 8-amyrin 
acetate (A[M]p —697°). 

g-Amyrin, however, is pentacyclic whereas nyctanthic acid is tetracyclic. An accept- 
able structure could be biogenetically derived by ring-opening of a suitable $-amyrin 
derivative to give the functional groups of nyctanthic acid. Naturally occurring oleanane 
derivatives oxygenated at Cys) or Cy, are well known so that an attractive biogenetic 
sequence leading from a 3-oxo-precursor to the desired type of compound could be as in 


H-O 


AcO-CH, Q 
(IV) 


HO 
(IIT) CH, 


7 Ol 
oH 
(III —» IV), where OX~ is a suitable leaving group. Formula (IV) possesses all the 
features necessary to explain the known reactions of nyctanthic acid and on this basis 
the diene acetate obtained above would be formulated as (V). 

‘ Mills, J., 1956, 2196. 

5 Simonsen and Ross, ‘‘ The Terpenes,’’ Cambridge University Press, 1957, Vol. IV and V. 


* Barton and Brooks, J., 1951, 257. 
? Ruzicka, Miiller, and Schellenberg, Helv. Chim. Acta, 1939, 22, 767. 
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Some support for structure (IV) was given by the infrared spectra of a number of 
derivatives of nyctanthic and dihydronyctanthic acid. Suitable compounds of the 
dihydro-series exhibited a distinct band of medium intensity at ca. 1165 cm. which was 
absent from the spectra of the corresponding non-hydrogenated compounds. A band in 
this region has been attributed to the isopropyl group.® 

Confirmation of structure (IV) for nyctanthic acid was obtained by partial synthesis 
as follows. §-Amyrin was converted into the corresponding ketoxime ® and the latter was 
treated with toluene-p-sulphony]l chloride in dry pyridine. Two compounds were isolated 
by chromatography of the product. One, which preponderated, had the formula 
Cy9HgON ; its infrared spectrum had a strong band at 1665 cm. (amide). The lactam 
structure (VI) was assigned to this since hydrolysis occurred with 18°, potassium hydroxide 
in n-butanol under reflux [highly hindered amides, such as the alternative formulation 
(VII), should not be affected under these conditions]. It is thus the expected product 
of Beckmann rearrangement resulting from the oxime toluenesulphonate with the toluene- 
sulphonyloxy-group in the less-hindered position anti to the gem-dimethyl group. The 
other product, C,,H,,N, showed infrared bands at 2240 (-C=N) and 3050, 1635, and 899 
cm." (>C=CH,) and was thus the abnormal Beckmann product (IX) derived from the 
oxime toluenesulphonate (VIII —» IX). The unhindered nature of the nitrile group was 
demonstrated by relatively mild alkaline hydrolysis to an unsaturated acid to which 
constitution (IV) must be assigned since the hydrogen atom at C;,;) has not been involved 
in the transformations. The identity of acid (IV) with nyctanthic acid was demonstrated 
by melting point and infrared data, further confirmed by a comparison of the methyl 
esters. 


nae —> = Me,C = CH-[CH,],CN 
Me 


ROTN H 
- (X) _ 


Surprisingly the triterpene literature seems to have no previous example of the Beck- 
mann rearrangement of a 3-ketoxine. However, the formation of an unsaturated nitrile 
from the oxime of a 2,2-disubstituted cyclic ketone has precedent.1! The only point 
requiring comment is the formation of an isopropenyl rather than an isopropylidene 
group in nitrile (IX) since the abnormal Beckmann product from 2,2-dimethylcyclo- 
hexanone oxime ™* (X; R =H) is the nitrile (XI) with the more highly substituted 
double bond. One explanation for this involves the stereoelectronic requirements for 
elimination, which would demand a preferred trans-orientation of the C,,-H bond [num- 
bering as for oxime (X)] to the Ci>-C,) bond, which is the bond being broken. In the oxime 
(X; R = H) the equatorial hydrogen atom on C,,) satisfies these requirements. However, 
in f-amyrenone oxime only an axial 5a-hydrogen atom is available in the corresponding 
position so that ¢rans-elimination of a proton from one of the methyl groups on Cy is 
preferred, giving the less-substituted isopropenyl group. 


8 Sheppard and Simpson, Quart. Rev., 1953, 7, 19. 
* Rollet, Monatsh., 1922, 43, 413. 
10 Heusser, Wohlfahrt, Miiller, and Anliker, Helv. Chim. Acta, 1955, 38, 1399. 
™ (a) Conley, Frainier, and Nowak, Abstracts Amer. Chem. Soc. Meeting, Sept. 1959, 7p; (b) Stevens, 
. Amer. Chem. Soc., 1959, 81, 3593. 
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During preliminary work on nyctanthic acid the derived hydrocarbon 3,4-seco-olean-12- 
ene was readily prepared by the lithium aluminium hydride reduction of the dihydro- 
nyctanthinyl toluene-f-sulphonate. 

After the appearance of the preliminary communication on this work the independent 
work of another group ” was published also proposing structure (IV) for nyctanthic acid. 
Here dihydronyctanthic acid was obtained by photochemical cleavage of 8-amyrenone. 
A further example of this biogenetic type, dammarenolic acid,!* was also reported; it is 
the acid related to hydroxydammarenone-II ‘ with ring A opened. 


EXPERIMENTAL 


Rotations were determined in chloroform. Alumina for chromatography was B.D.H., 
deactivated and neutralised by addition of 5 c.c. of 10% acetic acid per 100 g. of alumina. 
Unless otherwise stated light petroleum refers to the fraction of b. p. 40—60°, and infrared 
spectra were determined in carbon tetrachloride. 

3-A cetoxy-3,4-seco-oleana-11,13(18)-diene.—Dihydronyctanthinyl acetate? (78 mg.) was 
heated under reflux with selenium dioxide (80 mg.) in acetic acid during 2 hr. Selenium was 
filtered off and after dilution of the filtrate with water the product was isolated with ether as a 
gum (80 mg.). Adsorption on alumina (20 g.) followed by elution with light petroleum gave 
the diene acetate which crystallised from ethanol as fine needles (55 mg.), m. p. 133-5—135° 
(raised to 135—136° on recrystallisation from the same solvent), {x],, —74° (c 1-6) (Found: 
C, 81:9; H, 11:2. C,,H;,0, requires C, 82-0; H, 11-2%). 

Beckmann Rearrangement of B-Amyrenone Oxime.—B-Amyrenone oxime (1-25 g.; prepared 
from 8-amyrenone and hydroxylamine acetate in ethanol) was dissolved in dry pyridine (40 c.c.), 
and toluene-p-sulphonyl chloride (1-3 g.) was added. After 16 hr. at 25° a few drops of water 
were added and the mixture was set aside for} hr. After addition of dilute hydrochloric acid 
(1: 1) the product was isolated with benzene as a semi-solid (1-23 g.) which was dissolved in the 
minimum of benzene and chromatographed on alumina (50 g.). Elution with benzene afforded 
3-cyano-3,4-seco-oleana-4(23),12-diene (256 mg.), m. p. 212—214° after two recrystallisations 
from light petroleum (b. p. 60—80°), [a], +72° (c 1-9) (Found: C, 85-5; H, 11-0. CyoH,,N 
requires C, 85-4; H, 11-2%). Further elution of the column with benzene-ether (1:1) gave 
3b-aza-A-homo-olean-12-en-3-one (962 mg.), crystallising in plates (from ethanol), m. p. 280— 
282-5° after two recrystallisations, [a], + 101° (c 1-8) (Found: C, 81-85; H, 10-9. C,,H,.NO 
requires C, 81:9; H, 11-2%). 

Hydrolysis of 3b-Aza-a-homo-olean-12-en-3-one.—The amide (100 mg.) was heated under 
reflux (in nitrogen) with 10 c.c. of 18% potassium hydroxide in n-butanol during 4 hr. The 
cooled solution was diluted with water and extracted with ether; on evaporation of the dried 
extract no starting material was recovered. Evaporation of the aqueous layer to small bulk, 
octan-2-ol being used as an anti-foam, followed by addition of concentrated hydrochloric acid 
until the pH was 5-6, precipitated the crude amino-acid which was not further investigated. 

Hydrolysis of 3-Cyano-3,4-seco-oleana-4(23),12-diene.—The nitrile (50 mg.) was heated under 
reflux with 20% potassium hydroxide in ethanol (5 c.c.) until the smell of ammonia was no 
longer detectable (3 hr.). After dilution and acidification (because of insolubility of the 
potassium salt) the product was isolated with ether. The gummy residue crystallised on 
addition of ethanol; recrystallisation from the same solvent gave the acid as plates (39 mg.), 
m. p. 234—235-5°, [a], +81°. The melting point was undepressed on admixture with a 
recrystallised sample of nyctanthic acid, m. p. 234—235-5° (Turnbull, Vasistha, Wilson, and 
Woodger * record m. p. 222-5—223-5°, [a], +86°, for nyctanthic acid). The infrared spectra 
of the two acids were identical. 

The acid obtained above (25 mg.) was esterified by using diazomethane. Crystallisation 
from methanol-ethyl acetate gave the methyl ester, m. p. 125—127° undepressed on admixture 
with a sample of methyl nyctanthate. The infrared spectra of the two esters (in carbon 
disulphide) were identical. ‘ 

3,4-Seco-olean-12-ene.—Dihydronyctanthinol (35 mg.) was treated with toluene-p-sulphonyl 
chloride (250 mg.) in dry pyridine (2 c.c.), and the mixture set aside at 0° for 16 hr. After 


™% Arigoni, Barton, Bernasconi, Djerassi, Mills, and Wolff, Proc. Chem. Soc., 1959, 306. 
18 Mills and Werner, J., 1955, 3132. 
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addition of 3 drops of water and } hr. at 20°, dilute hydrochloric acid (1: 1) was added and the 
product isolated with ether. Evaporation of the dried extract gave the crude toluenesul- 
phonate as a gum (39 mg.). The infrared spectrum showed no hydroxyl band but possessed 
a strong doublet at 1180 and 1190 cm.™ (toluenesulphonate). This ester was dissolved in dry 
ether (15 c.c.), lithium aluminium hydride (100 mg.) added, and the mixture was heated under 
reflux during 1 hr. The gummy product was dissolved in light petroleum and filtered through 
alumina. The eluate afforded a gum (25 mg.) which was dissolved in methanol-ethyl acetate 
and set aside at 0°. The hydrocarbon crystallised as needles (16 mg.), m. p. 121-5—122-5°, 
fai],, +102° (c 1-3) (Found: C, 87-5; H, 12-7. C3 9H;, requires C, 87-3; H, 12-7%). 


The author thanks Dr. J. H. Turnbull for Nyctanthes arbor-tristis seeds and Dr. T. G. Halsall 
(Oxford) for a gift of B-amyrin benzoate. 
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410. The Kinetics and Mechanisms of Carbonyl—Methylene Condens- 
ations. Part VIA The Reaction of Malononitrile with Aromatic 
Aldehydes in Water. 


By SaAuL Patal and YIGAL ISRAELI. 


The kinetics of the reaction of malononitrile with four aromatic aldehydes 
have been measured at different temperatures in aqueous solution, alone and 
with added acids, salts, and ethanol. The reactions are of first order in 
malononitrile and zero order in aldehyde and show the diagnostic features of 
a unimolecular process. It is concluded that the rate-determining step is 
ionisation of the carbon—hydrogen bond of the active methylene group, 
although the aldehyde has some influence on the overall rate of the reaction. 
The mechanism is discussed. 


Introduction to a Series of Papers.—In investigations! we proposed a mechanism for 
various carbonyl—methylene condensations whereby one of the controlling factors is dis- 
sociation of the C-H bond of the methylene group. In this series of papers we show that, 
according to the nature of the reactants and the solvents, the kinetic order may be strictly 
first or strictly second, or it may appear as any intermediate order between these two. 
We believe that, independently of the actual overall kinetic order, the reaction is always 
of first order in the active methylene component and that the ionic dissociation of the 
C-H bond is the first and necessary step in the mechanism: 


NCH, aa AO HE kk. ae 
k, 


4 


RIR®CH™ -++ RSR¢*CO —— pm “~O°CRIR|CHRIR? . . . . wwe 


ky 


—O-CR®R*CHRIR® wiser tills A ae eS 

(several 

steps) 
If in this sequence the dissociation rate k, is very slow compared with all other rates, 
the result will be overall of the first order, 7.¢., of the first order in R4R®CH, and of zero 
order in the other reactants. In other cases, k, may be fast compared with k, and the 
overall order will be second, but the reaction will still show characteristic properties of a 
dissociation reaction, ¢.g., it will be retarded or even completely inhibited by added protonic 
acids and will be strongly accelerated by more polar media or by added salts. 


1 Parts I—V, J. Amer. Chem. Soc., 1954, '76, 3446; Bull. Res. Council Israel, 1958, 7, A, 59; Chem. 
and Ind., 1957, 1671; Bull. Res. Council Israel, 1958, 7, A, 186; ibid., p. 100. 
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RESULTS 


The reaction of the aldehydes with malononitrile in water at 32° was followed spectro- 
photometrically. ‘The rate measurements (see Table 1) show that each run is of first order 
in the malononitrile and of zero order in the aldehyde. With benzaldehyde the reproducibility 
of the rate data was less satisfactory and the first-order rate coefficient rose somewhat with 
higher concentrations of reagents, owing partly to experimental difficulties and partly to a 
medium effect caused by the larger concentrations of the reagents themselves. Even so, the 
difference between the smallest and the largest concentrations studied is 13-fold in each of 
the reactants, while the first-order rate coefficient changes only by a factor of 1-67 (compare 
the runs marked *). 

With benzaldehyde and /-anisaldehyde precipitation of the product generally started 
before equilibrium was reached. With p-chloro- and with p-nitro-benzaldehyde, owing to their 
low solubility in water, the concentration range at which runs could be carried out was rather 
narrow. At concentrations below 0-001m, equilibrium was reached too quickly for reliable 
kinetic measurements. With 0-002mM-p-nitrobenzaldehyde and 0-002m-malononitrile the re- 
action came to equilibrium when about 0-0003m of the starting materials had reacted. 


TABLE 1. First-order initial rate coefficients of the reaction between malononitrile (MN) and 
anisaldehyde (AA), benzaldehyde (BA), p-chlorobenzaldehyde (CA), and p-nitrobenz- 
aldehyde (NBA) at 32° in water. 


p-Anisaldehyde. 
MN (mole 1.) ......... 0-004 0-004 0-005 0-008 0-010 0-012 0-015. 
AA (mole 1.) _......... 0-00412 0-0149 0-0066 0-00825 0-0099 0-0124 0-015 
BOE) occoccsccess 5-90 6-10 6-25 5-85 6-10 5-75 6-20 
Benzaldehyde. 
MN (mole 1-1) ......... 0-002 0-002 0-004 0-006 0-01 0-02 0-026 
BA (mole 1.4) _......... 0-00205 000615 0-004 0-00615 0-0102 0-0205 0-0263 
1@h, (sec.*) _......... 12-4 * 14-7 13-3 14-3 15-2 18-0 20-7 * 
p-Chlorobenzaldehyde. p-Nitrobenzaldehyde. 


MN (mole 1“)... 0-002 0-002 0-003 0-004 MN(molel—) 0-002 0-002 0-003 0-004 
CA (mole 1)... 0-002 0-004 0-003 0-004 NBA (molel) 0-002 0-004 0-003 0-004 
105k, (sec)... 195 243 25-4 25:5 105k, (sec) ... 470 475 525 55:8 


Table 1 shows that the reaction is essentially of zero order in the aldehyde. Nevertheless, 
the aldehyde influences the overall rate of the reaction; the values for p-nitrobenzaldehyde, 
p-chlorobenzaldehyde, benzaldehyde, and p-anisaldehyde being in the ratio 4: 2:1: 0-3—0-5. 

Effect of Added Acid on the Reaction Rates.—To test the assumption that the reaction is 
governed by a dissociation step, we studied the effect of added acid. Addition of hydrochloric 
acid strongly retarded the reaction and, at higher concentrations, stopped it completely (see 
Table 2). 


TABLE 2. Effect of added hydrochloric acid on the initial rate coefficients (k, in sec.) of the 
reaction between aromatic aldehydes and malononitrile in water at 32°. 
0:00412m-A nisaldehyde with 0-004m-malononitrile. 


IND °c bexcesedneas None 0-00004 0-0001 0-0004 0-0006 0-001 
SL nieinsayeksnanclia 5-9 4-0 1-9 0-4 0-19 0-14 
0-004m-Benaldehyde with 0-004m-malononitrile. 0-002M-p-Nitrobenzaldehyde with 0-002m-malono- 
nitrile. 
| ae None 0-0001 0-001 1] seerereers ey None 0-0004 
TEER. nsdcdodsoieneveses 13-3 3-8 0-53 PP OTD ocisssccccdscdeces 47-0 2-02 


Effect of Added Salt on the Reaction Rates.—Addition of lithium enhanced the reaction rates 
(see Table 3). 


TABLE 3. Effect of added lithium chloride on the initial vate coefficients (k, in sec.) on 
the reaction between 0-00412M-anisaldehyde and 0-004M-malononitrile in water at 32°. 
0:004m-Malononitrile in water at 32°. 
0-2 0-4 0-6 
dictheavspiesestes , 6-85 8-0 9-0 
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Effect of Solvent Composition on Reaction Rates—Addition of up to about 30% (v/v) of 
ethanol to the water raised the reaction rates, but larger amounts depressed them (see Table 4), 


TABLE 4. Effect of solvent composition on the initial rate coefficients (k, in sec.) of the 
reaction between malononitrile and benzaldehyde, p-anisaldehyde, and p-nitrobenzaldehyde. 
EtOH (%, v/v) ... 0 94 184 284 37:9 47-4 569 664 75-9 85:3 90-2 95-0 
0-00412M-A nisaldehyde and 0-004m-malononitrile at 32°. 
90 410-7 140 113 103 f 717 #485 2-85 2:09 09 
0-004m-Benzaldehyde and 0-004m-malononitrile at 32°. 
— 192 233 2:20 — : 167 144 — 1-0 
0-01m-A nisaldehyde and 0-01m-malononitrile at 40°. 
EtOH (%, v/v) .. 0 10 20 24 38 5& 
10°k, 115 133 160 13 
0-02m-p-Nitrobenzaldehyde and malononitrile at 32°. 
EtOH (%, v/v) ... 0 284 
10°, 47-0 55-0 


It is noteworthy that the highest rate was found always in mixtures of about 70% of water 
and 30% of ethanol (v/v). The plots of rate coefficients against solvent compositions were 
straight lines on both sides of the maximum, but the slope of these lines varied with the reaction 
investigated and with the temperature. Deviation from linearity was found at the highest 
ethanol concentrations; unfortunately, no experiments could be carried out in absolute ethanol 
owing to the formation of the acetals of the aromatic aldehydes in this solvent. In all cases 
the slopes leading from the maximum to the pure water side are steeper than those leading 
to the ethanol side of the graph. 

Dependence of the Reaction on Tempevature.—To determine the activation energies, rate 
measurements were made at several temperatures. The results are in Table 5. The critical 
increment of the Arrhenius equation calculated from these data was 9600 -+ 300 cal. mole™ 
for the reaction of malononitrile with anisaldehyde, 7200 + 200 for that with benzaldehyde, 
and 2400 + 300 for that with p-nitrobenzaldehyde. 


TABLE 5. First-order initial rate coefficients (k, in sec.) of the reaction of malononitrile 
(MN) with anisaldehyde (AA), benzaldehyde (BA), and p-nitrobenzaldehyde (NBA) at 
different temperatures. 

MN (m) Aldehyde (m) Temp. 105, MN (m) Aldehyde (m) Temp. 105, 
0-004—0-0015 0-004—0-0015 AA 32° 6-0 0-004 0:004 BA 13:3 
0-006 0-0066 36 6-9 a i ~ 16-0 
0-004 0-00412 40 8-75 om - “ 18-5 
0-006 0-0066 40 8-90 0-002 0-002 NBA 47-0 
0-004 0-00412 ‘ 49 13-5 ve = = 52-0 
0-006 0-0066 49 13-5 


DISCUSSION 


The experiments described above show that the reaction between malononitrile and 
aromatic aldehydes in water is governed by a rate-determining unimolecular ionisation 
of the malononitrile molecule (1) (where R! = R? = CN). This ionisation is facilitated 
by the high solvating power and basicity of the solvent water. It is, in fact, a slow proton- 
transfer involving the breaking of a C-H bond in the active methylene compound. The 
other steps of the reaction, #.e., (2) and (3) (where R = Ar, R = H) are, according to our 
scheme, faster than step (1), although the subsequent steps too have some influence on 
the overall rates. This is shown by the alteration of the rates with different aldehydes. 

The results with different concentrations of reagents (Table 1) in themselves give rather 
convincing evidence for the validity of the mechanism proposed. The retardation of the 
rates by added hydrochloric acid (Table 2) must therefore be explained as a common-ion 
effect, in which the added hydrogen ions depress the ionisation of the C-H bond of the 
active methylene group, in analogy to the observed common-ion effects in Syl reactions. 
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Similarly, the faster rates observed in the presence of added lithium chloride (see Table 3) 
conform to the expected effect of the higher ionic strength of the solvent on the reaction 
rates of a reaction dependent on a unimolecular rate-determining ionisation. 

Thus, our results show the most characteristic diagnostic features of a unimolecular 
mechanism, 7.¢., common-ion retardation, independence of the concentration of the attack- 
ing reagent, and positive (non-common ion) salt effect. On the other hand, the rates are 
not independent of the nature of the attacking reagent, t.e., the aldehyde. Similar cases 
of unimolecular substitutions in which the rates are dependent on the nature of the sub- 
stituting agent, although in a much smaller degree than would be expected in a bimolecular 
process, are well known and have been discussed in detail.2_ The reaction has a necessarily 
unimolecular first step (1), but the overall order and the molecularity of the rate-determin- 
ing step will be a result of the relative rate ratios of steps 1—3. The kinetic complications 
due to the rates of step (2) and/or step (3) cannot be completely disregarded. This is 
shown by both the dependence of the overall rates on the nature of the aldehyde and, to 
a much smaller extent, also on its concentration. Nevertheless, both influences are much 
smaller than would be expected for a bimolecular reaction. 

The dependence of the reaction rates on the carbonyl constituent is also reflected in 
the differences of the activation energies. 

In a pure unimolecular reaction, the activation energies, like the reaction rates, should 
be independent of the nature of the aldehyde. Nevertheless, it seems that the energy 
barrier between the reagents and the products is much lower with the reactive p-nitro- 
benzaldehyde than with the less reactive p-anisaldehyde. Owing to the kinetic complic- 
ations encountered, the activation energy values reported are only approximate. 

Influence of the Solvent Constitution on the Reaction Rates.—Table 4 shows that a small 
amount of ethanol in water acts as a catalyst for the reaction and, conversely, addition 
of water to ethanol also enhances the reaction rates. The two effects together result in 
a maximum in the rates at about 70% water and 30% ethanol (v/v). These facts are 
further discussed in Part VIII of this series. 

The Hammett Reaction Constant.—The reaction constant, p, of the Hammett cquation 
log (k/ko) = oe has been calculated from the values given in Table 4. With Brown’s oc values® 
a straight line was obtained for the four aldehydes studied. From the slope of this line, 
the p value of the Hammett equation was found to be 0-55 for the reaction in water. In 
the above solvent giving the fastest rates in all the water-ethanol mixtures, the p value 
was even smaller, namely, 0-35. It seems that, given a faster reaction, the composition 
of the solvent has a relatively smaller influence; hence the rate coefficients tend to con- 
verge in the “‘ fastest” solvent. At this composition, obviously, the Hammett pe values 
are at a minimum; in ethanol, where the mechanism changed (see following paper) the 
¢ value is nearly normal for a bimolecular reaction. 


EXPERIMENTAL 


Maierials—The aldehydes and the malononitrile were freshly distilled or recrystallised 
every day immediately before the runs. Aldehyde solutions prepared more than 12 hr. after 
the purification gave erroneous results, probably owing to oxidation to the corresponding acid 
and the great sensitivity of the reaction towards acid. Malononotrile solutions were used 
within 6—7 hr. of their preparation. Distilled water was redistilled before use and boiled 
for about an hour so as to expel dissolved carbon dioxide; it then had pH 7. Ethanol was 
distilled from 1% (v/v) of concentrated sulphuric acid, the appropriate fraction was refluxed 
for 6 hr. with 100 g. of zinc and 100 g. of potassium hydroxide per 5 1. of ethanol, distilled, and 
passed through an Amberlite IR-120 (H) resin (Fisher Scientific Co.), redistilled, and adjusted 
to 5% water content. : 


* Bird, Hughes, and Ingold, J., 1954, 634; Bruton, Greenstreet, Hughes, and Ingold, ibid., p. 647; 
Gelles, Hughes, and Ingold, ibid., p. 2918. 
* Brown and Okamoto, J. Amer. Chem. Soc., 1958, 80, 4980. 
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Spectral Data.—Those for the aldehydes and products are given in the following paper, 
The spectra of the products were identical in water and in ethanol. 

Analysis of Products.—The solubility of the products in water was rather small (~10-4y). 
The crystals which separated were collected and identified by m. p. and mixed m. p. with 
authentic samples (benzylidenemalononitrile,t m. p. 84°; anisylidenemalononitrile,* m. 
115°; p-nitrobenzylidenemalononitrile,> m. p. 161°). p-Chlorobenzylidenemalononitrile had 
m. p. 163° (from ethanol) (Found: C, 63-3; H, 3-1; N, 14:5. C,)H,CIN, requires C, 63-7: 
H, 2-7; N, 148%). 

Kinetic Runs.—Stock solutions of the reactants in the appropriate solvents (water or 
ethanol—water) were prepared at the temperature at which the runs were made. Owing to 
the low solubility of the reactants and especially of the products in water, runs could be made 
only at rather low concentrations. Reaction was generally interrupted as soon as the product 
started to separate. The rate data, therefore, are only initial ones, but were calculated on the 
basis of at least 8—10 experimental points. Owing to precipitation of the products, the position 
of the equilibrium for the reaction could not be determined. 

One ml. samples were taken every minute and quenched in a measured amount (25—100 ml.) 
of 0-02m-hydrochloric acid. This procedure stopped the reaction immediately and completely. 
The acid influenced slightly the absorption spectra of the aldehydes, but had no effect on those 
of the products, which were used for the measurements. When the absorption data were 
plotted against time, the experimental points fell on a straight line. First-order rate coefficients 
were calculated from the equation 


ky = f(D, — D,)/(t, — tec 


where D, and D, are the measured optical densities at times ¢, and ¢, respectively, at the wave- 
length of the maximum absorption of the product; the “ dilution factor ’’ (f) is the final volume 
to which 1 ml. of the sample is diluted before measurement of its absorption, e is the molar 
absorption of the product, and c is the concentration of the active methylene compound. Data 
for a sample run are given below. 


0-012M-Malononitrile (MN) with 0-0124M-p-anisaldehyde in water 
at 32°. Dilution factor = 50; ¢« = 30,300. 


Time (sec.)  ....00.0- 120 180 240 300 360 420 480 540 600 660 720 780 
BD... incadigictacneosesees 0-049 0-070 0-102 0-130 0-160 0-195 0-205 0-228 0-245 0-270 0-285 0-315 
MN reacted (%) ... 0-68 0-97 1:42 1:80 2-22 2-70 2-84 3-17 340 3-75 3:96 4-38 
Bs. sevsaccccucsvcecse 5-70 542 598 615 618 650 606 590 581 5-75 565 5-73 


Average k, = 5-88 x 10sec... Calc. from graph of D against ¢, k, = 5-75 x 10° sec.”. 


Control Experiment.—In order to prove that no hold-up of any intermediate product 
occurred in the reaction mixture, a run was made with p-anisaldehyde and malononitrile in 
which both the disappearance of the carbonyl absorption at 281 my and the appearance of 
the absorption of the product (at 351 my) were measured concurrently. From the measured 
values, reaction percentages were calculated both for the amount of aldehyde which reacted 
and for the amount of product formed. These points, when plotted against time, conformed 
to the same curve, although the points for formation of product were much nearer to the curve 
than those for carbonyl-absorption data. The deviation from smoothed-out curves with the 
carbonyl-absorption data was up to 0-5—0-6%, whereas with the measurements of the absorp- 
tion of the product the deviations were generally less than 0-2%. We believe this to be due 
to two experimental difficulties: (a) the carbonyl absorption is influenced by added acids; 
therefore, the samples were not quenched in acid but only in water and the reaction was not 
stopped completely; and (b) the aldehydes are very sensitive to oxidation and possibly gave 
some reaction during the dilution with atmospheric or dissolved oxygen. Neither of these 
factors influenced the measurements of the product. 


DEPARTMENT OF ORGANIC CHEMISTRY, 
THE HEBREW UNIVERSITY, JERUSALEM, ISRAEL. [Received, July 14th, 1959.) 


* Corson and Staughton, /. Amer. Chem. Soc., 1928, 50, 2825. 
5 Hertel and Hoffman, Z. phys. Chem., 1941, B, 50, 382. 
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441. The Kinetics and Mechanisms of Carbonyl—Methylene Condens- 
ations. Part VII... The Reaction of Malononitrile with Aromatic 
Aldehydes in Ethanol. 


By Sau Pata and YIGAL ISRAELI. 


The kinetics of the reaction of malononitrile with five aromatic aldehydes 
in ethanol have been investigated, a wide range of concentration of both 
reactants being used. The reaction was also studied in the presence of 
different acids, bases, and salts. The reaction follows second-order kinetics, 
but still shows the diagnostic features of an ionisation reaction. It is con- 
cluded that in the dissociation of the carbon—hydrogen bond of the active 
methylene group the concentration of the carbanion reaches equilibrium 
practically instantaneously on dissolution in ethanol. The subsequent 
steps of the reaction are discussed. 


THE present paper describes the kinetics of the reaction of five aromatic aldehydes with 
malononitrile in 95% ethanol. These reactions follow strictly second-order kinetics and 
we show that the reaction takes place between the aldehyde and the anion (CN),CH- 
present in the solution in equilibrium concentration. 


RESULTS 


The kinetics of the reactions have been measured in ethanol at various concentrations and 
temperatures. The results (Table 1) show that the second-order rate expression holds over a 
wide range of concentrations of both reacting substances. 


TABLE 1. Second-order initial rate coefficients (k, in mole 1. sec.) of the reaction of malono- 
nitrile (MN) with p-hydroxybenzaldehyde (HA), p-anisaldehyde (AA), benzaldehyde (BA), 
p-chlorobenzaldehyde (CA), and p-nitrobenzaldehyde (pNBA), at various concentrations 
and temperatures in 95%, ethanol (concentrations in moles 1-1; k, in mole 1. sec.“). 


10k, 108k, 10°, 
MN Aldehyde at 40° MN Aldehyde at 40° MN Aldehyde at 40° 
0-01 0-01 HA 0-885 0-001 0-01 AA 3-34 0-01 001 BA 32-8 
0-02 i. “on 0-892 oor 3-49 0-002 0-002 CA 75-2 
001 0-02 ,, 0-860 >» 3-49 0-004 0-002 ,, 80-0 
0-02 “ee 0-870 0-006 2 3-07 0-002 0-004 ,, 80-0 
0-004 0-004 AA 3-04 0-01 a 3-25 0-004 0-004 ,, 80-0 
0-006 0-006 _,, 3-30 0-02 2 3-08 0-006 0-006 _,, 72-0 
0-008 0-008 ,, 3-01 0-03 a 3-20 0-008 0-008 _,, 71-1 
001 OO1 ,, 3°25 0-04 — 2-97 0-01 0-01 ,, 75-2 
0:02, 3-34 0-002 0-002 BA 33-3 0-001 0-001pNBA 618 
001 0-03 ,, 3-58 0-004 0-002 _,, 33-3 0-002 ” ” 584 

m 0:04 =, 3-34 0-002 0-004 ,, 33-3 0-001 0-002 ,, 616 
a 0-05 =, 3-28 0-004 0-004 ,, 32-4 0-002 ns - 603 
“ 0-06 3-08 0-008 0-008 ,, 31-6 

10°, 10*k, 

MN Aldehyde at 30° at 35° MN Aldehyde at 30° at 35° 
0-01 0-01 HA 0-584 0-718 0-002 0-002 CA 56-5 66-7 
0-02 0-02 ,, 0-570 0-710 0-004 0-004 ,, 56-7 66-6 
0-01 0-01 AA 2-19 2-70 0-001 0-001 pNBA 461 534 
0-002 0-002 BA 23-3 28-0 0-001 0-002 _—s,, 470 525 
0-004 0-004 23-0 27-1 


Effect of Various Added Substances on the Reaction Rates.—The effect of various added 
substances, both catalysts and inhibitors, on the reaction rates was also studied (see Table 2). 
It was found that weak bases (acetarhide, pyridine, and aniline) had a very slight effect, whereas 
stronger bases, such as piperidine and piperidinium salts (acetate and benzoate), benzylamine, 
and ammonia catalysed the reaction strongly. The catalysed-reaction rates changed in a 


1 Part VI, preceding paper. 
3U 
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roughly linear manner with the catalyst concentration. To test the relative effects of piperidine 
and piperidinium benzoate (see p. 2028), experiments were made with 0-002M-piperidine with 
the addition of various amounts of benzoic acid. This addition definitely inhibited the 
piperidine-catalysed rates. 

The effect of lithium chloride and nitrate on the reaction rates was also investigated; the 
increase of the rates was roughly proportional to the concentrations of the salts. The salt 
effect is rather small, a concentration of 0-2m of either enhancing the rates by about 50%. 

The inhibiting effect of added acid on the reaction rates was very large. In runs with the 
reactants at 0-01m-concentration, a concentration of even 0-0002m of perchloric acid had a 
measurable depressing effect, 0-0004m-perchloric acid reduced the rate to less than one-fifth 
of the original value, and 0-002m-perchloric acid gave a rate which was slower by a factor of 
400,000 than that without the acid. Other acids, 7.e., hydrochloric, benzoic, and acetic acid, 
also inhibited the reaction. The inhibiting effect seems to be roughly proportional to the acid 


strength (see Table 2). 


TABLE 


Concn, of added substance * 


0-002m- 


, 
” 
, 
’ 


” 


0-00004 
0-00006 
0-00008 
0-00010 
0-00020 
0-00200 
0-001m- 
0-002M 
0-003 


E, 


Starting materials (mole/I.) 
(AMN) 


(AA) 
0-01 
0-01 
0-01 
0-01 
0-01 


2. Second-order initial rate coefficients (ka in mole™ 1. sec.) of the reaction of 0-01n- 
anisaldehyde with 0-01M-malononitrile at 40° in ethanol in the presence of various added 
substances. 


AcNH, 
C,H,N 


Ph-CO,PipH 
Me:CO,PipH 
NEt, 
Ph-CH,"NH, 
Pip 


Pip + 0-0002m-Ph-CO,H 


Pip + 0-0004 
Pip + 0-0008 
Pip + 0-001 
Pip + 0-002 
M-Pip 


” 
” 


Me-CO,PipH 


10°k, 
3°25 
3°68 
3-72 
3-77 
6-20 
6-43 
10-50 
11-50 
28-40 
17-20 
14-80 
10-00 
8-30 
6-20 
4-00 
4-30 
4-43 
5-09 
6-12 
28-40 
5-50 
6-42 
7-50 


Concn. of added substance * 
0-006m-Me-CO,PipH 


0-008 si 
0-010 fa 
0-0002M-NEt, 
0-:0004_ =, 
0-0006 

0-0010 =, 
0-0020 __—,, 
0-0100m-LiCl 
0-0200: 
0-0400 so, 
0-2000 --,, 


0:1000M-LiNO, 


0-1500 ss, 
0-2000 


0-00002mM-HCl 
0-00004 - 
0-00200 ” 
0-0004m-HCl 


Or 


0-0010M-Ph-CO,H 
0-0020mM-Ph-CO,H 


0-0010mM-Me-C 


O,H 


* Pip = piperidine; PipH = piperidinium. 


TABLE 3. Activation energies (E4) for the reaction of different 
benzaldehydes, p-C,H,yR°CHO, with malononitrile in ethanol. 


R 
(cal./mole) 


OH 


MeO 


7550 


H 
6400 


Cl 
6100 


TABLE 4. Equilibrium constant K = [AMN][H,O}/[AA][MN] 
for forward and reverse reactions. 


(MN) 
0-01 2 
0-01 2 
0-01 2 
9. 
9. 


H,O 


2 
7 
- 

7 


8 
8 
8 
8 


7 
0-01 7 


0-01 2-78 


(AMN) at 
equilibrium 
(mole/1.) 
0-0081 
0-0081 
0-0082 


K* 

6250 
6250 
7050 


0-0080 
0-00815 


5560 
6700 


Starting materials (mole/1.) 


(AA) 
0-01 
0-006 


(MN) 
0-01 
0-01 


H,O 
8-05 
2-78 
2-78 
2-78 


(AMN) 


(AMN) at 
equilibrium 
(mole/1.) 
0-0071 
0-0055 
0-00805 


0-0082 


10%, 


K* 
6800 
6800 
5900 
7050 


* The equilibrium constant K is very sensitive to small differences in the experimental determin- 
ation, and a difference of 2% in the determination of the equilibrium concentration of anisylidene- 
malononitrile causes a difference of more than 20% in the value of the constant. 
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Activation Energies.—From the results in Table 1, the activation energies were calculated 
(see Table 3) for the reaction of malononitrile with the five aromatic aldehydes studied. . 

Reversibility and Equilibria.—The reaction is reversible, and practically identical equilibria 
were reached under identical conditions, whether starting from p-anisaldehyde (AA) and 
malononitrile (MN) or from the condensation product (AMN) (see Table 4). Addition of water 
to the ‘‘ forward ’”’ reaction mixture, although enhancing the initial rates, displaced the equi- 
librium position towards the starting materials. In all cases the equilibrium constant, K, 
calculated from the equation K = [AMN][H,O]/[AA][MN], gave reasonably constant values 
for different reactions both in the ‘‘ forward’ and the “ reverse’ direction. If anisylidene- 
malononitrile was dissolved in a 0-001m-solution of perchloric acid in ethanol, no measurable 
reverse reaction took place during 48 hr. 


DISCUSSION 


The foregoing results show that in changing the solvent from water ! to 95% ethanol, 
the kinetics of the reaction change from first to second order. The rate coefficients with 
different para-substituted benzaldehydes give the following series: NO, > Cl>H> 
MeO > OH. This is the order which is to be expected in view of the influence of the 
different para-substituents on the development of a positive charge on the carbonyl- 
carbon atom, and it is the same order as is found for bimolecular nucleophilic substitution 
in aromatic compounds.? Obviously, the common factor in aromatic Sy2 reactions and 
the present case is the presence of a positively charged reaction site. 

The results in Table 1 show that the reaction is of first order in each of the reacting 
substances. Nevertheless, the runs in the presence of acids (Table 2) show the characteristic 
and diagnostic feature of a unimolecular reaction, 7.e., depression of the rate by common 
ions. We believe, therefore, that the mechanism of the reaction is the following: 

Fast 
COs ieee a cee be the 2. we es 
Fast 


Ar*CHO +- ~CH(CN), ———— ~O*CHAr’CH(CN), eee ae eee 
Slow 


Fast Fast 
—O*CHArCH(CN), —— HO*CHAr-CH(CN), —— =Ar*CH=C(CN), eo 6 pair eee 
Ht : 


According to this scheme the equilibrium (1) is immediately established on dissolution of 
malononitrile in ethanol. The overall reaction rates will then be of first order in each of 
the reactants, the amount of malononitrile anions being proportional to the total amount 
of the malononitrile present. The rate depression caused by added acids can be explained 
by the mass-law effect of added hydrogen ions on the equilibrium. 

As no difference was found between reaction rates, whether measured by the dis- 
appearance of the aldehyde or, as usual, by the appearance of the product, we conclude 
that no intermediate is accumulating in the reaction mixture, at least not in measurable 
quantities. Therefore, we assume that the steps following step (2) are fast. We believe 
that the formation of the double bond in the product may take place through a four 
centre transition step, in which the protonation of the intermediate (3) is not necessary: 


Oo7 7OV H 
I osulti 1 yl r 
Ar-CH-CH(CN), <— oe == Ar-CH=C(CN), + OH 
mo dn 
Such a mechanism, in which a hydroxyl ion is eliminated in the final, product-forming 
step, would help to explain the fact that protonic acids inhibit both the forward and the 
reverse reactions. This inhibition would then be the result of a common-ion effect in 
the rate-determining forward step (1), and an inhibition of the reverse reaction by the 
reduction of the concentration of hydroxyl ions in the solvent. 
* Bunnett and Zahler, Chem. Rev., 1951, 49, 273. 
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The fact that in pure water the dissociation of the malononitrile is the main rate- 
determining step, while in ethanol a pre-equilibrium is established instantaneously, shows 
that, at least for the purpose of the present case, 7.e., for assisting the dissociation of the 
carbon-hydrogen bond of malononitrile, ethanol is a stronger base than water (see dis- 
cussion in preceding and following papers). For the explanation of our results it is neces- 
sary to assume that co-operation of several phenomena, é.g., nucleophilicity, solvation of 
both ions formed, etc., establishes an equilibrium faster in ethanol than in water. 

The influence of various bases on the reaction rates has been investigated in some 
detail. It has been claimed by Cope * that ammonium salts and salts of organic amines 
with organic acids are better catalysts for Knoevenagel-type condensations than are the free 
bases. This was explained in terms of Brgnsted’s theory of acid-base catalysis.* Cope’s 
results are based on yields of product (from the reaction of ketones with cyanoacetic esters) 
recovered after a standard reaction period in the presence of the various catalysts. Now, 
yields do not always reflect reaction rates, and this may well be the cause of the discrepancy 
between Cope’s results and ours. In a similar reaction (7.e., the Perkin condensation of 
aromatic aldehydes with acetic anhydride in the presence of potassium acetate) it was 
found ° that the yield of the product falls considerably with time after reaching a maximum 
value. On the other hand, it has also been observed that added acetic acid has a retarding 
effect on the Perkin condensation.® 

According to our reaction scheme the reaction rates will be proportional to the amount 
of the carbanions formed from the active methylene compound. Therefore, any substance 
in the reaction mixture, which is able to supply protons, will depress the reaction rates 
by depressing the ionisation of the active methylene group. Accordingly, we have to 
expect that piperidinium acetate or benzoate must be a weaker catalyst than piperidine 
alone, owing to equilibria of the type: 


CsHypNHy°OAc SP CsHypNH_+ ~OAc + Ht 


Even though the absolute amount of protons supplied by the salts is small, it is probably 
still large in comparison with the dissociation of the active methylene group. This is 
demonstrated in the series of experiments where to a standard reaction mixture of anis- 
aldehyde, malononitrile, and piperidine in ethanol, varying amounts of benzoic acid were 
added (see Table 2). The retarding effect of the acid is especially large on the addition 
of small amounts of benzoic acid, e.g., the rate with 0-02M-piperidine is about twice as 
high as the rate with the same concentration of base in the presence of 0-004m-benzoic 
acid. 

The effect of different bases, in identical concentrations, is, as expected, in about the 
same order as their basic strengths. With different concentrations of the same base, the 
rates are roughly proportional to its concentration in the reaction mixture. Both these 
facts can be explained by the effect of basic strength and the concentration of the catalyst 
on the dissociation equilibrium of the malononitrile. 

The effect of salts added to the reaction mixture was rather small. Lithium chloride 
and nitrate had about the same influence, the effect of the latter being slightly larger. 

The magnitudes of the activation energies of the reactions of malononitrile with the 
different aldehydes are in the order expected from the effect of the para-substituents, 
i.e., OH > MeO > H > Cl>NO,. The values obtained are rather low (5—8 kcal./mole). 

The Hammett Equation—We plotted the logarithms of the rate coefficients for the 
reactions of the five aldehydes against the corresponding Hammett substituent constants. 
With the values given by Jaffe 7 the correlation was rather poor. On the other hand, with 

2 Cope, J. Amer. Chem. Soc., 1937, 59, 2327. 

* Bronsted, Chem. Rev., 1928, 5, 231. 

* Chapell, Thesis, Cornell University, 1933, quoted in ‘‘ Organic Reactions,” Vol. I, p. 238. 


* Kalnin, Helv. Chim. Acta, 1928, 11, 977. 
7 Jaffe, Chem. Rev., 1953, 58, 191. 
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Brown's o values,® all points except that for p-hydroxybenzaldehyde fell on a straight 
line. From the slope of this line the reaction constant p was calculated to be +1-45. 
The deviation of the value for #-hydroxybenzaldehyde is easily explained by the fact 
that this aldehyde contains a strongly acidic phenolic group. The acid dissociation of 
this group retards the reaction owing to its common-ion effect on the dissociation of the 
active methylene group. Indeed, the value of /-hydroxybenzaldehyde lies below the 
line connecting the other points, 7.e., the rate is slower than would be expected from the 
Hammett relation. 
EXPERIMENTAL 

Materials.—These were purified as described in the preceding paper. 

Spectral Data.—As several of our absorption data are different from previously published 
values, both are given in Table 5. Numbers in parentheses are values found in the literature. 

Analysis of Products.—The substituted benzylidenemalononitriles obtained in the reaction 
had the same m. p.s as described in the literature.® 

Kinetic Runs.—Stock solutions of the reactants in ethanol were kept in the dark, as malono- 
nitrile tended to decompose in the light. These solutions were unchanged, as checked frequently 
by their spectra, for 3—4 days. The runs were carried out in stoppered bottles in a thermostat 
bath; samples were taken at intervals of 3—5 min. at the beginning and at greater intervals 
later, and quenched by strong dilution with ethanol (25—100-fold), and the absorption of the 
product at its Ama, was measured immediately. At that wavelength, the absorption of the 
other compounds present in the mixture could be neglected, except that with p-nitrobenzylidene- 
malononitrile the absorption had to be corrected for the p-nitrobenzaldehyde present. 


TABLE 5. Spectral data. 


Benzylidenemalono- Benzylidenemalono- 
Aldehydes nitriles Aldehydes nitriles 
(p-X-CgH,°CHO) [p-X°C,H,-CH=C(CN),] (p-X°CgHyCHO) [p-X°C,H,CH=C(CN),] 
x Amax. (Mp) 10-%e = Amax. (my) 10 ¢ xX Amax.(Mp) 10-%e Amex. (Mu) 10% 
We seksi 246 126 308 220 HO... 285 146 433 433 
(244) (130) ¢ (307) (216) ® (281-5) (140) ¢ 
MeO... 281 163 351 303 Cl ... 267 165 319 240 
(276-5) (155) ¢ (348) (312) NO,... 266 114 306 200 
(265) (114) (303) (157) 4 
306 18 


* Burawoy and Chamberlain, J., 1952, 2312. * Jansen, Engelhardt, and Middleton, J. Amer. 
Chem. Soc., 1958, 80, 2815. ° Walter and Young, J., 1957, 2041. ¢ Kertel and Hoffmann, Z. phys. 
Chem., 1941, B, 50, 390. 


Calculations.—The initial second-order rate coefficients were calculated from the integrated 
form of the equation dx/d¢t = k(a — x)(b — x), where a and b are the concentrations of the 
aldehyde and of the malononitrile respectively, and # is the amount which had reacted at time ¢. 
The value of k,¢ was plotted against ¢, and k, calculated from the slope. Data for a typical run 
were as tabulated. 


Reaction of 0-05m-anisaldehyde with 0-01mM-malononitrile 
at 40° in ethanol. Samples diluted 100-fold. 


4 Ss eres 60 300 600 840 1140 1380 1680 1860 2400 
» UA 0-024 0-156 0-290 0-40 0-502 0-61 0-70 0-78 0-96 
Product formed (10‘m) 0-8 5-2 9-7 13-2 16-8 20-4 234 260 32-0 

| SE ts Sereerren 0-161 1-03 2-06 2-86 3-72 465 6542 620 7-95 
BE hasdince tee tensnesinan’s 2-69 3°44 3°44 342 3-29 336 325 332 3-32 


k, from graph: 3-28 x 10 mole 1. sec... 


Control Experiments——Some runs were made with p-anisaldehyde and malononitrile in 
which the absorption of the samples was measured both at 351 my (Amax, for the product) and 
at 282 my (Amax, for the aldehyde). The values calculated from the disappearance of the 
carbonyl absorption followed roughly the same line as those calculated from the absorption 
of the product. As found previously,’ the reproducibility of the carbonyl absorption values 

* Brown and Okamoto, J. Amer. Chem. Soc., 1958, 80, 4980. 


* Corson and Stoughton, J. Amer. Chem. Soc., 1928, 50, 2825; Hertel and Hoffmann, Z. phys. 
Chem., 1941, B, 50, 382. 
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was lower and the deviations were generally greater. Nevertheless, the results proved that 
no appreciable hold-up of intermediate product occurred. 

Equilibrium Measurement.—These runs were left at 40° for several days, until the absorpton 
measurements showed no more change. 


DEPARTMENT OF ORGANIC CHEMISTRY, THE HEBREW UNIVERSITY, 
JERUSALEM, ISRAEL. (Received, July 14th, 1959.) 


412. The Kinetics and Mechanisms of Carbonyl—Methylene Condensations, 
Part VIII* The Reaction of Ethyl Cyanoacetate with Aromatic 
Aldehydes in Ethanol, in Water, and in Ethanol—Water Mixtures. 

By Sau Patal and JAcoB ZABICKY. 


The reaction of ethyl cyanoacetate with five aromatic aldehydes in 
ethanol, in water, and in ethanol—water mixtures was studied. The effect 
of various acids, bases, and salts on the reaction was also determined. It is 
concluded from the kinetic results that the first step of the reaction is the 
dissociation of the active C-H bond of ethyl cyanoacetate, followed by a 
reaction between the carbanion so formed and the aldehyde. The mechanism 
of the reaction and its dependence on the various factors studied are discussed. 


In the two preceding papers we described the reaction of malononitrile with aromatic 
aldehydes. The kinetic results of these investigations were explained by a mechanism 


TABLE 1. First- and second-order initial rate coefficients of the reaction of ethyl cyanoacetate 
(ECA) with anisaldehyde (AA), p-tolualdehyde (TA), benzaldehyde (BA), and m-nitro- 
(mNBA) and p-nitro-benzaldehyde (pNBA) in 95%, ethanol at 40° (unless otherwise 
stated) (concentrations in mole 1“). 


104k, 10*k, 
10°, (mole 1. 10°, (mole 1, 
ECA R:CHO (sec.“) sec.~!) ECA R-CHO (sec.“4) sec,~1) 
0-002 0-005 AA 0-74 1-48 0-2 0-02 BA 8-68 4:34 
0-005 0-002 _,, 0-32 1-58 es 0-05 ,, 14-84 2:93 
fe 0-005 _,, 0-80 1-61 0-03 0-01 ,, 4-63 4-63 
se 0-010 ,, 1-42 1-42 0-04 0-04 ,, 8-06 2-01 
0-0045 0-020 2-74 1-37 0-05 0-01 ,, 1-4 1-4 
0-005 0-05 ,, 3°75 0-75 * 0-02 ,, 2-81 1-41 
0-01 0-01 ss, 0-98 0-98 0-001 0-002 mNBA 75-5 378 
0-01134¢ 0-01 _,, 0-94 0-94 - 0-005 i, 190-0 280 
001134 0-02 __,, 2-38 1-19 - 0-01 ” 348-0 348 
9 0-05, 6-0 1-20 0-005 0-001 a 36-4 365 
0-005 * . o 0-834 0-834 “ 0-005 172-4 345 
a ’* 0-02 _ ,, 1-400 0-700 0-005 0-005 i, 158-0 316 
0-010 4 0-005 _,, 0-396 0-792 - 0-010 _s,, 350-0 350 
a 0-010 ,, 0-715 0-715 0-01 0-005 si, 175-0 350 
« — 0-690 0-690 0-0003 0-0003 pNBA 18-1 604 
 .. 0-02 _,, 1-352 0-676 “ 0-001 ~ 58-7 587 
0-005 0-005 TA 3°74 7-48 0-0005 ¢ 0-0005 se, 27-0 540 
0-01 eo 4-02 8-04 » ” os 29-2 584 
" 0-010 ,, 6-5 6-5 - 0-001 = 52-4 524 
‘i 0-02 _ ,, 12-2 6-10 0-0007 0-0007 __sé,, 40-5 578 
0-02 0-005 _,, 2-99 5-98 és 0-001 ‘ 56-9 569 
” 0-010 ,, 6-50 6-50 0-001 0-0003 __s, 17-7 590 
fa 0-02 ,, 13-0 6-50 “i 0-0005 ss, 27-0 540 
0-03 0-01 _ ,, 5-36 5-36 i 0:0007__s,, 39-4 563 
0-05 0-005 _,, 2-74 5-48 és 0-001 ‘s 58-8 588 
x 0-01 _ ,, 4-90 4-90 0-002 0-001 a 48-2 482 
ie 0-02 _ =, 11-0 5-50 o ” ” 55-8 558 
0-10 0-01 =, 4:49 4:49 0-005 0-0002 sé, 10-4 519 
0-01 0-01 BA 6-98 6-98 00005 0-0005 _,, 24-0 480 
= 0-02 ,, 10-41 5-20 0-001 ¢ 0-001 ‘0 46-8 468 
0-03 ,, 13-68 4-56 0-002 ¢ “ 46-3 463 
a 0-05 _ ,, 18-32 3-66 ee 0-002 “ 81-8 409 
0-02 0-01 ,, 5-24 5-24 


1 Parts VI and VII, preceding papers. 








in \ 


des 
in € 


hat 


ton 


tic 


atic 
ism 
tate 
itro- 
Wise 





(1960) Carbonyl—Methylene Condensations. Part VIII. 2031 


TABLE 1. (Continued.) 


10°, 10*R, 
ECA R-CHO Added * (sec.~!) (mole= 1. sec.~) 
0-01134¢ 0-010 AA 0-00000484 Pip 3-88 3-88 
o uke 0-00000968 _,, 4-63 4-63 
peeled 0000017 _—_—s, 5-56 5-56 
mn oh 0-0000242 7-02 7-02 
0-01 0-01 BA 0-01 LiCl 11-53 11-53 
on a 0-075 ,, 16-42 16-42 
ff 0-100 ,, 17-24 17-24 
0-01 LiNO, 11-53 11-53 
0-075 ,, 17-14 17-14 
0-00059 Me-CO,PipH 14-11 14-11 
0-00059 HClO, 0-0 0-0 
1% H,O 10-35 10-35 
3% 12-89 12-89 
16-80 16-80 
5%, 18-46 18-46 
10% _,, 19-88 19-88 
16% ,, 21-28 21-28 
20% ,, 23-35 23-35 
ae 25% ,, 23-94 23-94 
00005 t  0:0005 pNBA _—0-00000484 Pip 34-0 680 
-. na ‘i 00000145, 42-4 848 
a . of 0-0000242 50-5 1010 
= x 0-0000484 56-5 1130 
“ 7 0-0000965 —,, 69-0 1380 
0-00000488 HCIO, 29-2 584 
0-00000972 __,, 26-6 532 
0-0000195 _s,, 25-6 512 
0-0000488 _s, 21-2 423 
0-000195 0-0 0-0 
(2%) H,O 40-2 804 
(4%) ,, 46-8 937 
(20%) ,, 151-0 3020 
(30%) ,, 198-0 3960 


* Pip = piperidine; PipH = piperidinium. * At 30°. ff} See text. 


in which the governing (although not necessarily the rate-determining) step was the ionic 
dissociation of one of the C-H bonds of the-active methylene group. The present paper 
describes the kinetics of the reaction of ethyl cyanoacetate with various aromatic aldehydes 
in ethanol, in water, and in their mixtures. 


RESULTS 

The kinetic results are summarised in Tables 1 and 2. As the reaction rate coefficients 
showed marked drifts in several cases, both first- and second-order initial rate coefficients have 
been calculated and are given. 

In ethanol, with p-anisaldehyde, the variation in k, was about 20-fold over the concentration 
range studied, while the variation in k, was only about 2-fold. With p-tolualdehyde agreement 
with second-order kinetics was much better, the deviations being only about 20% of the 
average value. Benzaldehyde gave a rather poor fit for both k, and k, even though the con- 
centration ranges covered were rather narrow. Both m- and p-nitrobenzaldehyde conformed 
quite well to second-order kinetics. 

In water, the rate coefficients of the less reactive aldehydes, i.e., p-anisaldehyde and p- 
tolualdehyde, fit neither the first- nor the second-order rate equation, although conforming 
somewhat better with the latter. With benzaldehyde, the first-order rate coefficients give 
a better fit than the second-order ones: they give a fairly good fit to the first-order rate equation 
with 0-002m of the methylene compound and 0-001—0-005m of benzaldehyde. When the 
methylene compound is in excess, the fit to the first-order equation is less good; with p-chloro- 
benzaldehyde, k, is reasonably constant. With p-bromobenzaldehyde only four runs were 
made, and these conform somewhat better to the first- than to the second-order rate equation. 
With m-nitrobenzaldehyde the order is intermediate, and p-nitrobenzaldehyde gave results 
which fit very well to the second-order rate equation. 
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TABLE 2. First- and second-order initial rate coefficients of the reaction of ethyl cyanoacetate 
(ECA) with anisaldehyde (AA), p-tolualdehyde (TA), benzaldehyde (BA), p-chlorobenz- 
aldehyde (CA), p-bromobenzaldehyde (BRA), m-nitrobenzaldehyde (mNBA), and p- 
nitrobenzaldehyde (pNBA) in water at 32° (unless otherwise stated) (concentrations in 
mole 1“), 


107k, 10*k, 
10°, (mole 1. 1052, (mole}, 
ECA R-CHO (sec.~) sec.~}) ECA R-CHO (sec.~4) sec,~1) 
0-001 0-001 AA 0-126 0-126 0-001 0-002 CA 1-94 0-97 
i. 0-002 ,, 0-286 0-143 oe 0-005 _,, 2-40 0-48 
0-002 0-001 ,, 0-141 0-141 0-002 0-001 ,, 1-80 1-80 
ie 0-002 ,, 0-244 0-122 = 0-002 ,, 2-33 1-16 
* 0-005 _,, 0-444 0-089 “a 0-005 _,, 2-11 0-42 
0-003 0-003 _,, 0-389 0-130 0-005 i. a 1-93 0-39 
0-004 0-004 ,, 0-325 0-081 0-001 0-001 BRA 2-48 2-48 
0-005 0-002 ,, 0-197 0-098 - 0-002 =, 3-76 1-88 
ad 0-005 __,, 0-394 0-079 0-002 0-001 =, 2-14 2-14 
0-001 ¢ 0-002 ,, 0-567 0-284 ai 0-002 =, 2-92 1-46 
0-002 ¢ a 0-339 0-170 0-00025 0-005 mNBA 2-88 5-76 
0-005 ¢ al - 0-368 0-184 0-0005 0-0005 __s,, 2-56 5-12 
0-001 0-001 TA 0-58 0-58 5s 0-001 # 4:14 414 
- = - 0-61 0-61 0-001 0-0005_ 2-07 4-14 
o 0-002 ,, 1-38 0-69 0-001 0-001 a 5-2 5-2 
ad = 9 1:30 0-65 ” 0-002 a 9-3 4-65 
os 0-005 _,, 3-90 0-78 - on - 8-9 4-45 
0-002 0-001 , 0-45 0-45 0-002 0-001 = 5-27 5-27 
" 0-002 ,, 1-30 0-65 as - 5-98 5-98 
* 0-005 ,, 2-54 0-51 “ 0-002 7-55 3°78 
0-005 os - 1-70 0-34 0-005 0-001 ai 5-09 5-09 
0-001 0-001 BA 0-67 0-67 ve i a 5-31 5-31 
es 0-002 ,, 0-92 0-46 ad 0-002 os 5-03 2-52 
= 0-005 _,, 0-90 0-18 2 } o 5-35 2-68 
0-002 0-001 0-57 0-57 0-001 ¢ 0-001 we 9-02 9-02 
a 0-002 0-67 0-34 0-002 * a os 8-40 8-40 
a 0-005 0-69 0-14 0-005 ¢ me: i 7-16 7-16 
0-005 0-001 0-57 0-57 0-001 0-001 pNBA 29-8 29-8 
- 0-002 1-22 0-61 as ™ = 33-3 33-3 
‘ a 1-32 0-66 ie 0-002 —S,, 58-3 29-2 
aa 0-005 1-81 0-36 a - pet 62-2 31-1 
Ge i. 1-32 0-26 " 0-005, 120-0 24-0 
0-001 ¢ 0-002 ,, 2-62 1-31 0-002 0-001 _s,, 28-2 28-2 
0-002 * va a 2-40 1-20 ia 0-002 _ —,, 60-0 30:0 
0-005 * a a 2-01 1-00 Be 0-005 _ si, 13-90 27°8 
0-001 0-001 CA 2-23 2-23 0-005 0-005 a 137-5 27°5 
a. i 1-91 1-91 
Added HCI1O, 105k, 107k, 
ECA R-CHO (10 mole 1.-) (sec.-1) (mole 1. sec.) 
0-002 0-002 AA 0-24 0-152 0-076 
a a 0-96 0-048 0-024 
‘nn sn 0-48 0-40 0-20 
me si 0-96 0-24 0-12 
“ » mNBA 0-48 4-02 2-01 
o o» 0-96 2-26 1-13 
” » PNBA 1-0 10-5 5-25 
- oi 5-0 1-7 0-85 
* At 40° 


Effect of Added Acids, Bases, and Salts.—Addition of relatively small amounts of perchloric 
acid to the reaction mixture strongly depressed the reaction, and somewhat larger acid con- 
centrations stopped it completely, both in water and in ethanol. 

Addition of piperidine to the ethanolic reaction mixture increased the reaction rates, its 
effect being proportional to its concentration at very low concentrations. At somewhat higher 
base concentrations the effect was weaker. When the uncatalysed reaction was slow, ¢.g. 
with p-anisaldehyde, the effect of the first, very small, amount of base (0-00000484m) was 
considerable (compare runs marked +), whereas the effect of the same amount of base was rela- 
tively small on a reaction, the non-catalysed rate of which was already comparatively fast (¢.g., 
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with p-nitrobenzaldehyde, compare runs marked {). After this initial difference, the effect 
of small amounts of base on the rates was very similar. When 10‘k, for p-nitrobenzaldehyde 
and anisaldehyde is plotted against the piperidine concentration the two lines obtained run 

el to each other up to 0-0000242m of the base; thus, although the rates differ from each 
other with the two aldehydes by a factor of about 200, the absolute effect of the catalysts in 
poth cases is the same. 

Some experiments were made in ethanol with benzaldehyde, lithium chloride or nitrate 
being added to the reaction mixture. Their effect in similar concentrations was practically 
identical. Relatively the strongest accelerating effect was observed at the lowest concentration 
(0-01m) of the salt. 

Addition of water to the ethanolic reaction mixture also accelerated the rates, although 
water, as one of the products of the reaction, must have also a retarding (mass-law) effect. To 
obtain more information on this point, the reaction rates of p-anisaldehyde, benzaldehyde, 
and m-nitrobenzaldehyde with ethyl cyanoacetate in various concentrations were measured 
at 32° and at 40° in different water-ethanol mixtures (Table 3). As with malononitrile } the 
rate-solvent composition graphs at 32° showed a maximum at 20—30% (w/w) of ethanol. 
From this maximum, the slope of the line leading towards pure water is generally steeper 
than that of the line leading towards pure ethanol. Moreover, the slope of the line tends to 
lessen as it approaches the highest ethanol concentrations, so the effect of added ethanol after 
about 60% is relatively less. At 40° fewer experiments were made, but these show that the 
general trend is the same, except that anisaldehyde and benzaldehyde give maximum rates 
in solvents which contain somewhat less ethanol, i.e., only 15—20% w/w. 


TABLE 3. First-order rate coefficients (10°k, sec.) for the reaction of anisaldehyde (AA), 
benzaldehyde (BA), and m-nitrobenzaldehyde (mNBA) with ethyl cyanoacetate (ECA) in 
various water—ethanol mixtures at 32° and 40°. 


Solvent (w/w% EtOH) 0 7-77 15:69 23-61 32-74 42-06 56-31 73-47 

ECA Aldehyde 
(mole 1.-*) Temp. 
0-001 0-002 AA 32° 0-286 0-430 0-529 0-524 0-427 0-209 0-130 
0-002 - os ye 0-244 0-350 0-494 0-345 0-334 0-186 0-106 
» 0-005 _,, - 0-444 0-875 1-16 1-14 0-767 0-480 0-232 
0-005 0-002 ,, aia 0-197 0-382 0-334 0-456 0-279 0-199 0-102 
a 0-005 ,, s 0-394 0-736 1-06 0-679 0-476 0-204 

0-001 0-002 ,, 40 0-567 0-635 0-650 0-496 0-450 

0-002 ~ ne de 0-339 0-540 0-645 0535 0-460 0-262 

0-005 pet ie os 0-368 0-370 0-600 0-494 0-414 

0-001 0-002 BA 32 0-92 1-02 1-91 2-84 2-18 1-69 0°57 
wT 0-005 _,, a 0-90 0-94 1-48 1-31 2-51 1-79 

0-002 0-002 ,, - 0-67 1-14 2-32 1-99 2-10 1-68 0-52 
™ 0-005 _,, ” 0-69 1-29 1-35 2-05 1-76 0-54 

0-005 0-002 ,, *" 1-22 1-70 1-76 1:86 1-57 0-51 
mm 0-005 ,, fe 1-32 1-10 1-39 1-83 1-66 0-46 

0-001 0-002 ,, 40 2-66 3:46 3-26 3-20 

0-002 ~ as a 2-44 3-06 3-17 2-96 

0-005 es = * 2-04 2-95 2-58 1-89 

0-00025 0-005 mNBA 32 2-88 5-04 5-68 7-00 5-96 5-80 3-76 

0-0005 - ” at 2-56 3-46 4-66 6-08 5-80 5-40 3-84 

0-001 - F 2-07 4-10 4-44 5-61 6-12 4-92 3-39 
6 0-001 a 5-20 8-24 11-90 13:15 12-70 11-18 8-53 7-71 

0-002 4 5-27 7-92 10-67 11-68 12-60 10-50 9-18 6-79 

0-005 . om 5-09 5-50 8-85 9-82 11-40 9-23 7-55 6-18 

0-001 M ‘ 40 9-02 11-87 17-20 15-70 12-98 

0-002 2 a sa 8-40 11:56 1435 15:12 1550 15-04 

0-005 - " ad 7-16 931 12-78 13-80 14-58 


Activation Energies.—The activation energies were calculated for p-methoxy- and -nitro- 
benzaldehyde, from the mean of the values given in Table 1 at 30° and at 40°, being 9400 and 
3800 cal./mole, respectively. Owing to large deviations from both k, and k, in Table 2, no 
activation energies were calculated for the reaction in water. 
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DISCUSSION 


The reaction of aromatic aldehydes with ethyl cyanoacetate, like their reaction with 
malononitrile,! shows the diagnostic features of a dissociation-governed reaction, i.¢., the 
inhibition by added common (hydrogen) ions and a considerable positive salt effect, 
Nevertheless, the overall rates follow very nearly second-order kinetics in ethanol and 
varying orders with different aldehydes in water. We believe that the reaction scheme 
proposed for the condensations with malononitrile can be applied to the present case too, 
The marked effect of added protonic acids can be reasonably explained by the mass-law 
effect of the common hydrogen ions on the dissociation (1). This effect will retard, or 
even completely inhibit the reaction in all cases, whether step (1) is rate-determining or 
not. The observed overall rates will be determined by the relative magnitudes of the 
rate coefficients k,, kg, and ky. In the case of the reaction in ethanol, rates are approxim- 
ately of second order, and we believe that this means that step (1) is practically in- 
stantaneous (in both directions), and the reaction of the carbanion with the aldehyde 
becomes the rate-determining step. The possibility of a slow, rate-determining reaction 
between the aldehyde and the undissociated ethyl cyanoacetate molecule is excluded by 

ky 
CH,(CN)*CO,Et SP ~CH(CN)'CO,Et + Ht. . 2 1 ee. 
ku 


ks 
X*CgHyCHO ++ ~CH(CN)*CO,Et SP —O°CH(CgH,X)CH(CN)"CO, Et ~ « oe 
ks 
k 
-O*CH(C4H,X)°CH(CN)CO,Et ———> X'C,HyCH=C(CN)'CO,Et ww. . 


(several 
steps) 


the inhibiting effect of added acid. Deviations from the second-order rate law were 
largest when the aldehyde was in a large (5- or 10-fold) excess over the ethyl cyanoacetate, 
giving lower second-order rate coefficients. This may have been caused, at least partly, 
by traces of acid impurities in the aldehyde used, and also by the inherent tendency of a 
reactant in excess to “‘ weigh”’ less than its actual molar concentration. Even so, the 
maximum deviation from the mean of 12 runs with anisaldehyde at 40° (1-17 mole sec.*) 
is only about +40%, although these runs cover a concentration range of aldehyde from 
0-002m to 0-OllmM. With f-tolualdehyde, covering a 10-fold concentration range in the 
ethyl cyanoacetate and a 4-fold concentration range in the aldehyde, the maximum 
deviation from the mean second-order rate coefficient of 12 runs is about +20%. With 
both m- and p-nitrobenzaldehyde the second-order rate law is obeyed satisfactorily in the 
concentration range studied. 

The least satisfactory results were obtained with benzaldehyde. According to our 
reaction scheme, with the same active methylene compound, the more reactive aldehydes 
should have a tendency to approach first-order kinetics, and the less reactive to approach 
second-order kinetics. Now, in the present case the fastest aldehydes give good second- 
order kinetics, and so the much slower benzaldehyde would also be expected to obey the 
second-order rate law accurately. Nevertheless, in runs covering a concentration range 
of only 5-fold in both aldehyde and ethyl cyanoacetate, the second-order rate coefficients 
vary from 1-4 to 6-98 mole sec.. Benzaldehyde is the most difficult aldehyde to work 
with; it oxidises very easily and its solutions in ethanol are less stable than those of other 
aromatic aldehydes. It may well be, therefore, that the results with benzaldehyde are 
poor owing to experimental difficulties. 

On the other hand, a slow rate-determining dissociation followed by much faster sub- 
sequent steps should result in overall first-order kinetics, independently of the nature and 
concentration of the aldehyde. Although this condition is never fully satisfied, the 
observed reaction rates in water indicate that, at least with some aldehydes, the reaction 
approaches such a mechanism. 
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In water, anisaldehyde and #-tolualdehyde give nearly second-order kinetics; benz- 
aldehyde gives an intermediate order, but the rates conform better to the first- than to the 
second-order rate equation; #-chlorobenzaldehyde gives a fairly good fit to the first-order 
rate equation, whereas p-bromo- and #-nitro-benzaldehyde approach second-order kinetics. 
Our results can be summarised thus: 

Substituent p-MeO p-CH, H p-Cl p-Br m-NO, p-NO, 

Overall rate Slow > Fast 

Reaction order ... 2nd > i > 2nd 











The first part of this sequence is easily understandable in terms of our hypothesis regarding 
the mechanism of the reaction, but we cannot suggest a satisfactory explanation for the 
change in reaction order in the second part of the series. 

The approach to second-order kinetics in water with the “ fast’ aldehydes could be, 
at least in part, due to a complex-formation between these aldehydes and the active 
methylene compound. If the formation of such a complex would give a geometrically 
favourable configuration for the subsequent reaction, then the complex-formation could 
be the rate-determining step, but the reaction would be still inhibited by added acids, as 
the ionisation of the C-H bond of the active methylene compound incorporated in the 
complex could still be a necessary step for the subsequent reaction. The fact that sub- 
stituents in the aldehyde which activate the carbonyl group are those which also may 
be expected to favour complex-formation may be significant in this connection. Such a 


8+ 3— 
complex may be held together by interaction between the C=O dipole of the aldehyde 


b— 3+ 

and the C-H dipole of the active methylene compound. Owing to the fast reaction 
between the reactants, we could devise no experiment to prove or disprove this hypothesis 
by, ¢.g., measuring differences in the absorption spectra of the two reactants alone or 
mixed together. 

An additional complicating factor may be the low solubility of the aromatic aldehyde 
in water. Even if a solution does not precipitate the solute after long standing, it is by 
no means certain that a solute such as p-nitrobenzaldehyde in a solvent such as water is 
in true molecular solution, for it may be present as small or large aggregates. If so, then 
in these cases the stoicheiometric concentrations are meaningless for kinetic purposes, as 
the terms in the conventional rate equations will not reflect the actual concentrations of 


. . . "1 
particles per unit volume. For instance, in a unimolecular reaction where A —> B and 


B+ C—» Product, and V, < Ug, UV, will be rate-determining only if the concentration 
of C is comparable with that of A, and the overall rate will tend to conform to second-order 
kinetics if [C] << [A]. In these equations it is assumed that the stoicheiometric con- 
centrations of A and C are identical with or proportional to the actual number of reactant 
particles per unit volume. If, however, the reactant is present in solution in the form of 
larger aggregates, the reaction velocity will be determined, not by the stoicheiometric 
concentration term, but by the actual number of such aggregates per unit volume, and 
such a condition would then be manifested by the observation of second-order kinetics 
in a basically unimolecular reaction. Further, the presence of aggregates may cause 
heterogeneous catalysis of the reaction. 

Influence of Solvent Constitution on the Reaction Rates.—It is a moot point whether 
water or ethanol is the stronger base. On the one hand, the autoprotolysis constant of 
ethanol (pK = 19-1 at 25°) is higher than that of water (pK = 14-0 at 25°), but, on the other 
hand, Braude and Stern‘ explain the fact that the basicity of water was found to be 
greater than that of ethanol (as deduced from measurement of acidity function values, 


. * Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” G. Bell and Sons, London, 1953, p. 
14. 


> Hammett, ‘“‘ Physical Organic Chemistry,’’ McGraw-Hill, New York, 1940, p. 250. 
* Braude and Stern, /., 1948, 1975. 
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and the change of these values in different water-ethanol mixtures) by changes in the 
structure of the solvent. According to them, “. . . pure water will have a smaller proton 
affinity than a mixture of 90% of water with 10% of ethanol, as in pure water the proton 
affinity of individual molecules is partly satisfied by hydrogen bonding with neighbouring 
molecules. On addition of organic solvent the tetrahedral structure will be gradually 
broken down .. .”’ Our results then could be explained by this hypothesis, but we could 
reach similar conclusions also by assuming that ethanol, in the present case at least, 
behaves as a stronger base than water. It has been stated by Ingold ® that the strengths 
of acids and bases do not have to stand in the same order in different solvents. One could 
indeed argue that, if that is so, then the “ basicity ” of different solvents does not have 
to stand necessarily in the same order for different reactions. So, if for our case ethanol 
is a stronger base than water, we could also explain the data in Table 3 (as well as the 
results in Table 4 of Part VI of this series) as follows: addition of ethanol to water enhances 
the reaction rates owing to the catalytic effect of the more basic ethanol. Starting from 
pure ethanol, the addition of water, owing to its greater solvating power and higher 
dielectric constant, stabilises the carbanions formed, effectively depressing their recombin- 
ation rate with protons. The result of the sum of the various effects is that in a certain 
water-ethanol mixture the rate coefficient-solvent constitution curve has a maximum. 
This maximum is found to be very nearly at the same position (20—30°% of ethanol) in 
the reaction of ethyl cyanoacetate with all the three aldehydes studied. 

The Hammett Equation.—From the results in Table 1, when o* values ©? are plotted 
against log k,, the points fall on a straight line (the value for benzaldehyde is neglected). 
The pe value calculated from the slope of the log k,-« line in ethanol was 1-65, somewhat 
higher than the ep value found for the reaction of malononitrile in ethanol (p = 1-46). 
When the values of In &, for reaction mixtures containing 0-001m of each of the reactants 
in water were plotted against the o* values, a line ‘was obtained from the slope of which 
the reaction constant p was calculated to be 1-5. 

Jaffe § calculated the p value as 0-226 for the reaction of aromatic aldehydes with 
diethyl malonate in the presence of piperidine and hexanoic acid, in ethanol, from the 
data given by Pratt and Werble.® For data ” for the reaction of aromatic aldehydes with 
malonic acid we calculated the value of p as 0-57 + 0-18. As expected, in all cases studied 
the value of p is positive, as the reaction is facilitated by a low electron density at the 
reaction site, t.e., at the carbonyl carbon atom,™ and therefore electron-attracting sub- 
stituents (e.g., nitro-groups) enhance the rates, while electron-donating substituents (e.g., 
methoxy-groups) lower them. We believe that low pe values for carbonyl—methylene 
condensations also show that the main rate-determining step of the reaction is the ionic 
dissociation of the C-H bond of the active methylene group, whereas higher ep values show 
a more important contribution of the polarisation of the carbonyl group of the aldehyde 
to the transition stage of the rate-determining step. 


EXPERIMENTAL 


Materials.—Alcohol. Commercial ethanol was distilled, and a 15 1. fraction of constant- 
boiling solvent was treated with 150 g. of zinc powder and 150 g. of potassium hydroxide 
pellets,’ refluxed for 5 hr., and distilled with a Vigreux column, then passed through a Dowex- 
50-packed column, distilled again, and stored in a stoppered bottle in the dark. The purified 
ethanol was boiled for 15 min. before use, to expel dissolved carbon dioxide. 

Ethanol-water mixtures. These were prepared before use and kept in a delivery flask, 


5 Ingold, ref. 2, p. 726. 

* Okamoto and Brown, J. Org. Chem., 1957, 32, 485. 

7 Brown and Okamoto, J. Amer. Chem. Soc., 1958, 80, 4980. 

8 Jaffe, Chem. Rev., 1953, 58, 191. 

* Pratt and Werble, J. Amer. Chem. Soc., 1950, 72, 4638. 

10 Patai and Goldmann-Rager, Bull. Res. Council Israel, 1958, '7, A, 59. 
1 Jaffe, ref. 8, p. 217. 

12 Bladon, Henbest, and Wood, Chem. and Ind., 1951, 866. 
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protected from carbon dioxide. The determinations of specific gravity were made with a 
pycnometer at 20° and the corresponding compositions were taken from the literature,!* 

Water. Redistilled water was boiled for 20 min. before use to expel carbon dioxide. 

Commercial ethyl cyanoacetate (“‘ AnaiaR ’’) was redistilled and a cut of b. p. 204°/700 mm. 
was used. 

Aldehydes. Benzaldehyde (B.D.H.) was purified by the method suggested in ref. 14 and, 
immediately before use, distilled with a Vigreux fractionating column, the fraction boiling at 
174° being used. -Tolualdehyde (Light & Co.) was steam-distilled, dried over ‘‘ Drierite,’’ 
and distilled with a Vigreux column, the fraction of b. p. 199—200° being redistilled before use. 
p-Anisaldehyde (B.D.H.) was distilled with a Vigreux column at 244°, and then at 113—114°/9 
mm. m-Nitrobenzaldehyde was prepared by nitration of benzaldehyde ™ and purified by 
repeated crystallisations: it was dissolved in ethanol—-water (2:1) at 50°, and the solution 
filtered and cooled slowly with constant stirring in order to avoid precipitation of uncrystallised 
oily drops. Purification was carried on until white needles, m. p. 56°, were obtained. /- 
Nitrobenzaldehyde was prepared by nitration of benzylidene diacetate * and purified by 
recrystallisations from boiling ethanol—-water (2:1) until a white product, m. p. 106°, was 
obtained. -Chlorobenzaldehyde (Light & Co.), recrystallised twice from ethanol—water (3: 1) 
and dried, had m. p. 47°.17 »-Bromobenzaldehyde was prepared from p-bromotoluene ** and 
recrystallised until m. p. 58° was obtained. 


TABLE 4. Absorption spectra.* 
Substituted ethyl benzylidenecyano- 


Substituted benzaldehydes acetates 
Substituent A (mp) 10“¢ Note A (mp) 10“e Note 
EE eve svbbotmunivtiogs 245 (max.) 1-250 b 223 (max.) 0-900 c 
280 (max.) 0-152 b 228 (max.) 0-940 
299 0-032 d 299 (max.) 1-910 d 
p-Methoxy ...........+ 282 (max.) 1-760 240 (max.) 1-150 
360 0-000 d 344 (max.) 2-960 
360 2-157 d,e 
PEE! .5...0000000000 255 (max.) 1-360 230 (max.) 1-020 
335 0-006 d 235 (max.) 1-020 
320 (max.) 2-580 
335 1-717 d,e 
PEED cccccccecsesees 256 (max.) 1-680 229 (max.) 0-790 
312 0-000 d 233 (max.) 0-755 
; 312 (max.) 2-180 d 
SEY conscscsonscese 260 (max.) 1-740 230 (max.) 1-000 
315 0-000 d 235 (max.) 0-890 
315 (max.) 2-740 d 
Ee 231 (max.) 1-250 f 268 (max.) 1-800 
300 0-130 d 300 1-480 d,e 
BD: eaivetedusvtee 265 (max.) 1-160 304 (max.) 1-830 d 
304 0-200 d 345 0-236 d,e 
345 0-026 d 


(a) The molar absorbance coefficients of ethyl cyanoacetate, piperidine, perchloric acid, lithium 
chloride, and lithium nitrate were found to be negligible in the range studied. (b) Cf. Braude, Ann. 
Reports, 1945, 42, 105. (c) There was practically no difference in the spectrum of this substance in 
ethanol or in water. All other condensation products were precipitated during attempts to prepare 
their aqueous solutions. (d) Kinetic measurements were made at these wavelengths. (e) It was not 
possible to work at the Amax. of the condensate, owing to the high absorption of the aldehyde at that 
wavelength. (f) Cf. Walker and Young, J., 1957, 2041. Data in this paper are erroneous for m-nitro- 
benzaldehyde (personal communication by Dr. Y. R. Young). 


Piperidine (B.D.H.) was distilled with a Vigreux column, the fraction of b. p. 104—105°/700 
mm. being used. Perchloric acid (Baker’s “‘ Analysed ’’) (12N) was diluted as needed. Lithium 
chloride and nitrate (Baker’s ‘“‘ Analysed ’’) were dried in an oven at 110° to constant weight. 

3 “‘ Handbook of Chemistry and Physics,” Chemical Rubber Publishing Co., Cleveland, Ohio, 39th 
Edn., 1957. 

* Vogel, ‘‘ A Textbook of Practical Organic Chemistry,” Longman, Green & Co., London, 1948, p. 
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% Icke, Redeman, Wisegarver, and Alles, Org. Synth., Coll. Vol. III, 1955, p. 644. 
16 Lieberman and Connor, Org. Synth., Coll. Vol. II, 1943, p. 441. 
1” Jackson and White, Ber., 1878, 11, 1043. 

'®§ Coleman and Honeywell, Org. Synth., Coll. Vol. II, 1943, p. 89. 
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Condensation products, Ar‘CH=C(CN)-CO,Et. These were prepared by refluxing for 1—4 hr, 
20 g. of ethyl cyanoacetate with an equimolecular weight of the corresponding aldehyde, 50 ml. 
of ethanol and a few drops of piperidine. They were purified by recrystallisation from ethanol, 
until m. p.s identical with the literature values were obtained. 

Ethyl p-bromobenzylidenecyanoacetate. p-Bromobenzaldehyde (0-002 mole), ethyl cyano- 
acetate (0-025 mole), piperidine (0-2 ml.), and ethanol (10 ml.) were refluxed for 1 hr. and allowed 
to cool; the product was filtered off and washed with two portions of ethanol; ethyl p-bromo- 
benzylidenecyanoacetate (0-012 mole), m. p. 96°, was obtained; after several recrystallisations 
it had m. p. 97-5° (Found: C, 51-6; H, 3-5; Br, 28-1; N, 49; OEt, 15-4. Calc. for 
C,,.H,,0,NBr: C, 51-5; H, 3-6; Br, 28-5; N, 5-0; OEt, 16-1%). 

Absorption Spectva.—These were determined for all the aldehydes and condensation products 
in purified ethanol. A Beckman DU-spectrophotometer with photomultiplier was used. All 
the observed products obeyed the Lambert—Beer law in the concentration ranges used. Data 
for the aldehydes and condensation products used are summarised in Table 4. 

Kinetic Measurements.—Standard solutions of freshly purified reactants (other than 
aldehydes) were prepared and kept for no more than 3 days; aldehyde solutions were prepared 
on the day of use. Kinetic runs were made by pipetting the appropriate volumes of standard 
solutions of the two reactants into a measuring flask partially filled with the solvent, then 
rapidly filling it to the mark with more solvent and shaking it; standard solutions, solvent, 
and pipettes were all kept at the experimental temperature. Measurements were made in 
two ways: by taking samples at various time intervals and quenching the reaction by diluting 
it with enough ethanol to make absorbance measurements feasible, or by placing a sample 
of the reaction mixture in a ground-glass stoppered silica absorption cell placed in the spectro- 
photometer chamber at the experimental temperature, using a Beckman Dual Thermospacer 
Set, and measuring im situ the changes in the absorbance of the reaction mixture. 
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413. The Kinetics and Mechanisms of Carbonyl—Methylene Condens- 


ations. Part IX.* The Reaction of Cyanoacetamide with Aromatic 
Aldehydes in Ethanol and in Water. 


By Sau Patal, JAcoB ZABIcKy, and YIGAL ISRAELI. 


The kinetics of the condensation of cyanoacetamide with aromatic 
aldehydes in ethanol and in water at different concentrations and tem- 
peratures have been measured. The reaction order is generally an inter- 
mediate one, varying from zeroth to first order in the aldehyde. The 
mechanism of the reaction is discussed, and some remarks are made on the 
reactivities of various active methylene compounds towards aromatic 
aldehydes. 


THE present paper describes the kinetic results obtained for the condensation of cyano- 
acetamide with aromatic aldehydes in ethanol at various temperatures and also in the 
presence of different acids, piperidine, water, and lithium nitrate (Table 1). Table 2 
summarises the results for the same reaction in water at 40°. 


DISCUSSION 


In previous papers of this series, we tried to show that, in the uncatalysed reaction 
between aromatic aldehydes and active methylene compounds, the two limiting mechanisms 
are unimolecular and bimolecular. The results of the present study show that the reaction 
of cyanoacetamide with aromatic aldehydes in ethanol approaches the bimolecular 
mechanism. For #-anisaldehyde the reaction follows second-order kinetics both in 


* Part VIII, preceding paper. 
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TABLE 1. Initial rate coefficients of the condensation of cyanoacetamide (CAM) with .anisal- 
dehyde (AA), benzaldehyde (BA), p-chlorobenzaldehyde (CA), and p-nitrobenzaldehyde 
(pNBA) in 95% ethanol at different concentrations and temperatures. (Concentrations in 
mole 1.1; ky in mole* 1. sec..) 


k, at 

CAM R-CHO CAM R-CHO 

0-02 0-02 AA . 0-02 0-01 CA 

0-02 0-04 ,, . 5: 0-02 0-02 

0-02 0-06 ,, . . 0-02 0-04 

0-02 0-01 ,, . , 0-02 0-06 

0-03 0-06 ,, . . 0-02 0-10 

0-04 0-06 ,, . 0-02 0-20 

0-02 0-01 BA — 0-01 0-05 

0-02 0-02 0-04 0-06 

0-02 0-04 . — 0-06 0-06 ,, 

0-02 0-06 0-01 0-01 pNBA 1930 

0-02 0-08 : 0-01 0-02 ‘a 1630 

0-02 0-10 0-01 0-03 a 1380 

0-01 0-06 f 0-01 0-04 = 1220 

0-06 ,, 0-01 0-06 pi 1150 
0-06 0-002 0-02 a 1920 

0-005 0-02 = 1870 
0-02 0-01 e 1250 
0-03 0-01 - 1000 


R-CHO Added* kh, at40° CAM  R:CHO Added h, at 40° 

002AA 20%H,O0 . 185 002 002BA  0-0002 ACOH 33 
0-0002 Pip 38-4 is atti 0-02 p-HO-C,H,-CHO 0 
0-2 LiNO, 15-1 » ~~ 0-02 CA 20% H,O 300 
0-0002 HC1O, 0-0 “- 0-2 LiNO, 280 
20%, H,O 150 : 0-0002 Pip 860 
0-0002 Pip 200 ‘ 0-0002 HC1O, 0 
0-2 LiNO, 125 20% H,O 2250 
0-0002 HCIO, 0 0-02 LiNO, 2200 
00002 PhOH—s 85 0-0002 LiNO, 2840 
0-02 PhOH 0 


* Pip = Piperidine. 


TABLE 2. Initial rate coefficients of the reaction of cyanoacetamide (CAM) with anisaldehyde 
(AA), benzaldehyde (BA), p-chlorobenzaldehyde (CA), m-nitrobenzaldehyde (mNBA), 
and p-nitrobenzaldehyde (pNBA) in water at 40°. (Concentrations in moles 1.*). 


105k, 105k, 
10%, (mole, Added 10%, (mole 1. 

CAM R-CHO (sec.“) sec.~}) CAM R-CHO HClO, (sec.~) sec.~1) 

00005 + 0-0005 AA 1-6 3-2 0-002 0-002 CA — 60-0 30-0 

” 0-002 6-6 3-3 0-:00005 40-0 20-0 

0-001 0-0005 3-3 6-6 0-0001 20-6 10-3 

0-001 4:8 4:8 0-0005 6-6 3-3 
0-002 5-5 2-8 196 392 
0-0005 2-7 5-3 392 392 
0-001 4:7 4-7 696 348 
0-002 5-5 2-8 162 324 
0-0005 297 297 
0-001 690 345 
0-002 ° S 441 220 
0-0005 _,, , 300 150 
action 0-001 ie - , 0 0 
: 0-002 0-:0005 pNBA 188 376 
nisees 0-001 » 0-001 429 429 
action 0-002 _~—C«,, 9 . 0-0005 196 391 


ecular 0-001 CA ‘ 0-001, 437 437 
. » 0-002 _,, . 0-0005 185 370 
th in 0-001 |. 0-001 335 
0-002 |. 0-001 |. 31 31 
0-001 
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ethanol and in water. With the more reactive aldehydes deviations from the second- 
order rate law in ethanol are found at the lower temperatures, but they tend to disappear 
at higher temperatures. In water, the reaction follows first-order kinetics with benz- 
aldehyde and with -chlorobenzaldehyde, but very nearly second-order kinetics with the 
two nitrobenzaldehydes. 

With cyanoacetamide, as with the other active methylene compounds investigated in 
this series, relatively small amounts of acid very strongly inhibit the condensation, again 
supporting our view that the first and necessary step in the reaction is the dissociation 
of the C-H bond of the active methylene compound: 


‘A 
CH,(CN)CO-NH, Ht ++ “CH(CN)\CO"NH, «se eee il) 

via 
This ionisation step may in some cases be rate-determining; but the actually measured 
kinetic order may depend on various other factors, as noted in the preceding papers. 

Although exact data are not available, it can be deduced from recorded data! that 

cyanoacetamide is a weaker acid than ethyl cyanoacetate and a much weaker one than 
malononitrile. If so, the results in Table 1 can be explained as follows: With a very 
unreactive aldehyde, such as #-anisaldehyde, the reaction follows pure second-order 
kinetics, for owing to the slowness of the condensation step (2), the equilibrium (1) will be 
established. In this case then, v, > v,, and the rate-determining step will be (2). On the 
other hand, owing to the relatively lower acidity of the cyanoacetamide, the condition 
v, > v, will not be true with the more reactive aldehydes, and in these cases intermediate 
reaction orders will result, as the equilibrium (1) will not be established: the carbanions 


Vv; 
=CH(CN):CO-NH, + ArCHO——p Products .......Q) 


will be used up by the aldehyde molecules at a rate which is of the same order of magnitude 
as the rate of the ionisation. The runs with p-chlorobenzaldehyde at 40° (Table 1) show 
that when the amide is in excess or when it is in equivalent concentration to the aldehyde, 
the second-order rate law is obeyed. With an excess of the aldehyde, however, the second- 
order rate coefficient falls strongly, and finally, doubling the aldehyde concentration 
exactly halves this coefficient, 7.e., in this region the first-order rate law is accurately 
obeyed. Hence, when the concentration of a reactive aldehyde is five times that of the 
cyanoacetamide, this is a ‘‘ swamping” excess, giving kinetically zero-order dependence 
on this reactant. 

At higher temperatures the reactions tend to conform much better to second-order 
kinetics. The results with p-chlorobenzaldehyde at 50° and 65°, and with #-nitrobenz- 
aldehyde at 50°, illustrate this trend well, for they conform to the second-order rate law 
within the experimental error. We believe that at higher temperatures the rate of 
ionisation of the active methylene compound is much increased, thus making the establish- 
ment of the equilibrium (1) possible even with the most reactive aldehydes, and, on the 
other hand, the condensation has a rather low activation energy, and thus the overall 
reaction conforms to the second-order rate law. 

Additional complications arise in the reaction in water. Here, the overall picture with 
differently substituted aldehydes is: 

Substituent p-CH,O H p-Cl m-NO, p-NO, 

Rate Slow > Fast 


: a 


Order Intermediate > ist > 2nd 


a 











As explained in the preceding paper, the second-order rate dependency found for the 
two nitrobenzaldehydes does not necessarily mean that the reaction takes place by a 
bimolecular mechanism, for it may be due either to complex formation or to the aldehydes’ 
forming large molecular aggregates in solution. 

1 Pearson and Dillon, J]. Amer. Chem. Soc., 1953, '75, 2439. 
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As the preceding explanation of the kinetic results is mainly qualitative, we tried to 
apply to the results several of the more obvious rate expressions. Equations of the type 
dx/dt = k[(CAM]}"(Aldehyde]” in which values of m and were varied between 0 and 1 gave 
no consistent values fork. Equations of the type dx/dt = k,[CAM] + k,[CAM][Aldehyde] 
can be eliminated, as the effect of acid, which even at relatively low concentrations stops 
the reaction completely, shows that the reaction must take place between the aldehyde 
and the carbanion formed from cyanoacetamide, and not the undissociated cyanoacetamide 
molecule. 

A few examples taken from Table 1 illustrate the fact that any equation fitting all the 
rate data with a single reactant pair must indeed be an artificial and probably a meaningless 
one. In the reaction of 0-02M-cyanoacetamide with p-chlorobenzaldehyde at 40°, doubling 
of the initial aldehyde concentration has almost no effect on the second-order rate co- 
efficient. Then the differences in the k, values grow, and finally doubling the concen- 
tration of the aldehyde from 0-1 to 0-2m exactly halves the value of k,. Hence, any 
“general ’’ rate equation would have to be practically identical with the second- or the 
first-order rate equation in the ranges of 0-01—0-02m-aldehyde, or 0-06—0-2mM-aldehyde 
respectively. 

p-Hydroxybenzaldehyde had to be excluded from the present kinetic study for it did 
not react in the absence of a basic catalyst. We attribute this to the acidity of the phenolic 
hydroxyl group, which, owing to the common hydrogen-ion effect of the protons supplied 
by its dissociation, depresses the ionisation of the methylene group of cyanoacetamide so 
strongly that no measurable reaction takes place. This effect was also noticed with 
malononitrile (see Part VII) but there the reaction still occurred (probably owing to the 
much higher acidity of malononitrile) although at an anomalously low rate. 

To test whether the inhibition of the reaction is indeed caused by the acidity of the 
phenolic group, or by some other property of -hydroxybenzaldehyde, an experiment was 
made in which 0-02 each of the benzaldehyde, phenol, and cyanoacetamide were mixed 
in ethanol (Table 1). No measurable reaction occurred, showing again that there is no 
mechanism operating in which the aldehyde could react with an undissociated active 
methylene group, and that even a weak acid such as phenol is able to inhibit completely 
the dissociation of the active methylene group. The inhibitory effect of different acids is 
dependent on their acid strength; the rate coefficient of the reaction of 0-02mM-benzaldehyde 
with 0-02M-cyanoacetamide in the presence of 0-0002m-acids is 0, 3-3 x 10% and 8-5 x 10% 
mole |. sec. with perchloric acid, acetic acid, and phenol respectively, 1.e., inhibition 
increases with acid strength. Incidentally, in 0-02M-cyanoacetamide, 0-02M-benzaldehyde, 
and 0-02mM-p-hydroxybenzaldehyde no reaction could be detected at all with either of the 
aldehydes present, the effect of the p-hydroxybenzaldehyde being similar to that of phenol. 

In the presence of 0-0002M-piperidine, 0-2mM-p-hydroxybenzaldehyde reacted with 
0-02M-cyanoacetamide in ethanol at a rate (1-2 x 10* mole™ 1. sec.) which was only 
about 3% of the similarly catalysed rate for anisaldehyde. The added base probably 
buffers the acidity of the phenolic group sufficiently to permit the reaction to proceed, even 
though only very slowly. 

From the values of k, for runs with 0-02M of each of the reactants (0-01m with -nitro- 
benzaldehyde) the value of the reaction constant, p, of the Hammett equation log 
(k/ko) = op was calculated from the o* values given by Brown and Okamoto.2 The value 
of p in 95°, ethanol was found to be 1-52, 7.e., very near to those found for the reaction of 
malononitrile (1-45) and of ethyl cyanoacetate (1-65) with various aromatic aldehydes.® 
The runs with the same reactant concentrations in the presence of lithium nitrate gave 
e = 1-44, 7.e., within the experimental error. In the presence of 20% of water and of 
0-0002M-piperidine fell to 1-3 and 1-1, respectively. It is noteworthy that the fall in the 
p values is due to the fact that the catalysts (added water or piperidine) influence relatively 


* Brown and Okamoto, J. Amer. Chem. Soc., 1958, 80, 4980. 
* Parts VII and VIII, preceding papers. 
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more strongly the rates with the “slow” aldehydes than with the “ fast ’’ aldehydes, 
The lowering of p in the presence of catalysts may show a tendency for a change to the 
direction of a mechanism in which the importance of the aldehyde in the rate-determining 
step is smaller. The value of e calculated from runs in which the concentration of each 
of the reactants was 0-001M in water was 1:2. 

Reactivity of Active Methylene Compounds in Condensation Reactions.—The data in the 
literature for the rates of ionisation (k,) and for the acid dissociation constants (K,) of 
various methylene compounds were summarised by Pearson and Dillon. Although a 
rough correlation exists in most cases between k, and K,, there are cases where the 
deviations are considerable. For the active methylene compounds used by us, the following 
data (in water, at 25°) are given: malononitrile, k, = 9 x 107 min.+, K, = 6-5 x 1072. 


TABLE 3. Rate coefficients of the reactions of various aromatic aldehydes X*C,H,CHO 
with different active methylene compounds. 
108%, (sec.-1) in water 
— = =e 
CH,(CN), CH,(CN)-CO,Et CH,(CN)-CO-NH, 
32° 40° 32° 40° 40° 





6000 9000 300 500 
14,000 18,000 1000 2500 
24,000 2000 — 
50,000 52,000 50,000 — 

105k, (mole 1. sec.) in ethanol 


‘CH,(CN), CH,(CN)-CO,Et CH,(CN)-CO-NH, 
e 40° 30° 40° 40° 





30 


220 330 } 7 14 
2300 3300 —_ 50 


5700 8000 15 


60,000 4500 6000 150 


ethyl cyanoacetate, k, = 7 x 10° min.1, K, = 10°; diethyl malonate, k, = 1-5 x 10° 
min.1, K, = 5 x 10. No data are available for cyanoacetamide. 

In general, one would expect that the rates should be proportional to the proton- 
transfer rates (k,) in the unimolecular cases and to the K, values in the bimolecular cases. 
However, many quantitatively unknown factors are involved in a fairly complex chemical 
reaction such as the present, so one cannot expect more than a qualitative agreement 
between the data quoted and the experimentally determined rates. 

For the purposes of this discussion we use first-order rate coefficients in the experiments 
made in water and second-order ones in those made in ethanol. The values given in 
Table 3 are average and rounded-off values; where the experimental results fitted neither 
the first- nor the second-order rate equation, the coefficients given in Table 3 indicate only 
the order of magnitude, but even these values are useful for comparison. In addition to 
the values in Table 3, extrapolation of the data given in Part IV of this series * shows that 
the second-order coefficient of the uncatalysed condensation of diethyl malonate with 
benzaldehyde in ethanol at 40° must be of the order of 1—2 x 10° mole? 1. sec.*. The 
order of reactivities of the various methylene compounds towards aromatic aldehydes in 
ethanol is accordingly: 

CH4(CN)2>CH4(CN)*CO,Et> CH,(CN)*CO*NH,>CH,(CO,Et), 
This order does not fit Pearson and Dillon’s estimated value of 10° for K, of ethyl cyano- 
acetate} which, as judged from our data, should be rather smaller than the value for 
malononitrile. 

In water, the order of reactivity found by us is again the same for the first three com- 
pounds and here our data are consistent with the values given for the ionisation rates. 

4 Patai, Saltiel, and Zabicky, Bull. Res. Council Israel, 1958, '7, A, 186. 
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The data in Table 3 show some quantitative regularities. Thus, in water the first-order 
rate coefficients of malononitrile with p-anisaldehyde, benzaldehyde, and #-chlorobenz- 
aldehyde are some 10—20 times higher than those with ethyl cyanoacetate and about 
1000—2000 times higher than those with cyanoacetamide, but the differences in the rates of 
p-nitrobenzaldehyde with the same active methylene compounds are smaller. The second- 
order rate coefficients of malononitrile with p-anisaldehyde, benzaldehyde, and #-chloro- and 
p-nitro-benzaldehyde are all between 300 and 400 times higher than the corresponding 
rates with cyanoacetamide. The ratios of the rates with malononitrile and ethyl cyano- 
acetate are 10 with p-nitrobenzaldehyde, 20—30 with p-anisaldehyde, and 55 with benz- 
aldehyde, 7.e., although the differences are considerable, the rate ratios are still of the same 
order of magnitude. Very roughly, the relative reactivities of the different active 
methylene compounds towards aromatic aldehydes according to our results are: 


CH,(CN), CH,(CN)-CO,Et CH,(CN)-CO‘NH, —CH,(CO,Et), 
10,000 1000 10 1 


EXPERIMENTAL 


The aromatic aldehydes and the solvents were purified as described in the previous papers.* 
Cyanoacetamide was prepared from ethyl cyanoacetate.® 

Preparation of Substituted Benzylidenecyanoacetamides.—To cyanoacetamide (0-01 mole) 
and the aromatic aldehyde (0-01 mole) in 95% ethanol (100 ml.) there was added 0-1 ml. of 
2n-aqueous sodium hydroxide. The mixture was refluxed for 3 hr., then cooled, the product 
being precipitated. Water had to be added to the mixture to precipitate the product from 
benzaldehyde. The products were obtained in 75—85% yield and were recrystallised from 
ethanol. (Omission of the alkali led to smaller yields.) Benzylidenecyanoacetamide * (m. p. 
123°) and p-anisylidenecyanoacetamide’ (m. p. 210°) are described in the literature. 
p-Hydroxybenzylidenecyanoacetamide (m. p. 258—259°) (lit.,7 m. p. 191°), was obtained as 
light yellow plates and columns (Found: C, 64-0; H, 4-1. Calc. for CygH,O,N,: C, 63-7; 
H, 43%). p-Chlorobenzylidenecyanoacetamide, m. p. 207°, crystallised in colourless needles 
(Found: C, 58-7; H, 3-5; N, 13-4. C,,H,ON,Cl requires C, 58-1; H, 3-4; N,13-6%). p-Nitro- 
benzylidenecyanoacetamide, m. p. 240°, formed light yellow plates (Found: C, 55-3; H, 3-5; 
N, 19-4. C,9H,O,N, requires C, 55-3; H, 3-25; N, 19-35%). m-Nitrobenzylidenecyano- 
acetamide was prepared by leaving overnight.at room temperature 0-06 mole each of cyano- 
acetamide and m-nitrobenzaldehyde with 15% aqueous potassium hydroxide (1 ml.) in ethanol 
(50 ml.). The product (0-045 mole) had m. p. 163° (from ethanol) (Found: C, 55-2; H, 3-7; 
N, 19-6. 

Spectra of Benzylidenecyanoacetamides.—The following data were determined for the various 
p-substituted products: H, Amax, 301 my. [e 17,200 (for the kinetic runs the absorption at 320 muy, 
¢ 10,000, was used, as benzaldehyde interfered with the measurements at 301 my]; p-MeO, 
hmax, 337 my (¢ 27,600); P-OH, Amax, 345 my (e 21,500); p-Cl, Amax, 308 my (e 22,500); p-NO,, 
Imax, 304 my (¢ 18,000) (in the kinetic runs, the absorption of p-nitrobenzaldehyde at this wave- 
length, « 1900, had to be taken into consideration). m-Nitrobenzylidenecyanoacetamide 
[Amax, 266 my (¢ 22,000)] was measured at 308 my (ce 7600). At this wavelength m-nitro- 
benzaldehyde had e 800. 

Kinetic Measurements.—Standard solutions of the reagents were prepared and used the same 
day. A sample of the aldehyde solution (and of the acid when needed) was placed in a 50 ml. 
measuring flask, and solvent was added, leaving room only for the necessary volume of the 
cyanoacetamide solution, which was added when the desired temperature was reached. 
Measurements of the rate of reaction in the case of anisaldehyde and benzaldehyde were made 
by transferring samples from time to time into an absorption cell and measuring the optical 
density of the solution. With p-chloro-, m-nitro-, and p-nitro-benzaldehyde, a sample of the 
mixture was rapidly transferred to a ground-stoppered silica absorption cell placed in the cell 
compartment of a Beckman DU spectrophotometer which was heated to the desired tem- 
perature with a Beckman dual thermospacer set. The operation from time zero (taken as the 

® Corson, Scott, and Vose, Org. Synth., Coll. Vol. I, 2nd edn., 1941, p. 179. 

* Day and Thorpe, J., 1920, 117, 1465. 

? Curtis and Day, J., 1923, 128, 3131. 
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delivery of half-volume of the cyanoacetamide solution) until the closure of the cell compart- 
ment took 30 sec. or less. 

With p-hydroxybenzaldehyde and cyanoacetamide in ethanol no measurable reaction 
occurred at various concentrations up to 0-2m-cyanoacetamide and 0-5m-aldehyde. 

Calculations.—Rate coefficients were calculated either from the integrated form of the 
equation dx/d¢ = k,(a — x)(b — x) or graphically from the optical density-time plots, as 
described previously. Both methods gave practically identical values for k (see typical run, 
Table 4). 


TABLE 4. Reaction of 0-02M-cyanoacetamide with 0-02M-benzaldehyde in 95%, ethanol at 
40°. Optical density measured at 320 mu; samples diluted 20-fold. 

Time (sec.) 1980 3350 4550 5820 7150 8750 10,000 

Optical density , 0-075 0-100 0-120 0-143 0-170 0-195 0-228 

Product (%) ‘ 0-40 0-70 0-85 1-125 1-35 1-60 1-825 

10°, (mole™ 1. sec.-) p 10-1 9-19 9-35 8-85 9-60 9-25 9-24 


Average of k, values, 9-45 x 10 mole™ 1. sec.1; k, calc., from slope of the optical density—time 
plot, 9-60 x 10° mole™ 1. sec.7}. 

Analysis of Products—The products (apart from the unsubstituted benzylidenecyano- 
acetamide) usually separated from the reaction mixture in work with higher concentrations, 
They were identical with the authentic samples prepared. 


DEPARTMENT OF ORGANIC CHEMISTRY, THE HEBREW UNIVERSITY, 
JERUSALEM, ISRAEL. [Received, July 14th, 1959.] 





414. Two trans-Hexahydroindanones and their Rotatory Dispersion 
Curves. 


By Miss P. M. Bourn and W. KLyYNE. 


(+)-trans-Hexahydroindan-5-one has been made by methods previously 
used for the preparation of the racemic compound; its configuration has 
been allotted from its rotatory dispersion curve. 

The rotatory dispersion curve of (—)-trans-hexahydroindan-2-one has 
also been measured and the large amplitudes of the curves given by some com- 
pounds containing a carbonyl group in a five-membered ring are discussed. 


(+-)-trans-HEXAHYDROINDAN-5-ONE (I; X =H), required for determination of the 
absolute configuration of gibberellic acid } by optical rotatory dispersion studies, has been 
prepared from (—)-frans-cyclopentane-1,2-diacetic acid ** by way of (-+-)-trans-bicyclo- 
[3,3,0]octan-3-one (II) by the method used for the preparation of the racemic 
compound.,*-5.6 

In the preparation of trans-cyclopentane-1,2-diacetic acid by reduction of ethyl «-cyano- 
a-2-ethoxycarbonylmethylcyclopentylideneacetate in the presence of palladised char. 
coal, followed by hydrolysis, the ratio of trans to cis acid obtained (7 : 3) was greater than 
that obtained by Nau,® but less than that claimed by Bergmann and Ikan.’ 

The identity of sign between the rotatory dispersion curves of the ketones (I; X =H 
and Me) § and the similarity in their amplitudes (for nomenclature see ref. 9) prove that 
the trans-hexahydroindan-5-one prepared has the configuration shown (I; X = H) and 
not its mirror-image. 

t Cross, Grove, McCloskey, Mulholland, and Klyne, Chem. and Ind., 1959, 1345. 

Barrett and Linstead, /J., 1935, 436. 
Barrett and Linstead, J., 1935, 1069. 
Granger, Nau, and Nau, Trav. Soc. Pharm., Montpellier, 1957, 17, 177. 

5 Granger, Nau, and Nau, Bull. Soc. chim. France, 1958, 531. 

Nau, Thesis, Montpellier, 1958. 
Bergmann and Ikan, J. Amer. Chem. Soc., 1956, 79, 1482. 


Djerassi, Marshall, and Nakano, J. Amer. Chem. Soc., 1958, 80, 4853. 
Djerassi and Klyne, Proc. Chem. Soc., 1957, 55. 
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This allotment on the grounds of general similarity of the dispersion curves is supported 
by the application of the octant rule; compounds (I; X = H and Me) should have 
almost identical dispersion curves since the angular methyl group falls in a plane of 
symmetry of the carbonyl group and should thus make no contribution to the Cotton effect 
(cf. the octant projection (ITT)). 





H 
(I) (11) 


The rotatory dispersion curve of trans-hexahydroindan-2-one +" (IV; X = H) was also 
measured. In this series also the corresponding 8-methyl compound (IV; X = Me) had 
been prepared by Djerassi, Riniker, and Riniker from starting materials of known 
absolute configuration, and had been found to have an unusually large negative Cotton 
effect curve (amplitude, 10a, —219). The near-identity of the curves for the ketones 
(IV; X = H, 10%a, —222; and X = Me) is almost complete evidence for the identity of 
their absolute configurations. 

Octant projections (cf. V) of the two compounds (IV; X = H and Me) show that the 
angular methyl group is nearly in one of the planes of symmetry of the carbonyl group, 
and would therefore not be expected to make any major contribution to the Cotton effect. 

It is now necessary to consider the large amplitudes of the Cotton effect curves of these 
trans-hexahydroindan-2-ones (IV) and of their steroid analogues, in contrast to the 
moderate amplitudes of similar compounds carrying a carbonyl group in a six-membered 
ring (10°°a generally +-+ 100). The amplitudes of a wide range of cyclohexanones, 
decalones, and their extended polycyclic derivatives have been rationalised in terms of the 
octant rule, and whilst no claim can be made to high precision estimates of the amplitudes 
due to methyl and methylene groups attached to a cyclohexanone ring in various positions 
range from 10 to 50 units. 

The much larger amplitudes of the hexahydroindan-2-ones must, it is suggested, be 
ascribed to the asymmetry of the carbonyl-carrying ring itself. This asymmetry is well 
shown by a comparison of projections (V and VI); in (VI) (cyclohexanone) the ring is 
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(VI) 


symmetrical about the vertical plane (B), and any asymmetry is due to second-order effects 
of substituents. The contributions of C-3L and C-3R to the Cotton effect cancel out. 
In the indanone (V) the five-membered ring is not symmetrical and Ci) and Cy) are both 
in negative octants (the cyclohexane ring adds further small negative contributions).* 


* One of us (W. K.) presented these ideas in tentative form at colloquia in Zurich and Basle in July, 
1959, and this proposal is partly due to discussions with colleagues in Switzerland, notably Professors 
V. Prelogand W. Kuhn. See also International Colloquium on Stereochemistry, Montpellier, September, 
1959; Bull. Soc. chim. France, in the*press. 


1 Djerassi, Rec. Chem. Progr., 1959, 20, 101; “Optical Rotatory Dispersion,’’ McGraw-Hill, New 
York, 1960; Klyne J. Roy. Inst. Chem., 1960, 84, 50. 

1 Hiickel, Sachs, Yantschulewitsch, and Nerdel, Annalen, 1935, 518, 155. 

% Djerassi, Riniker, and Riniker, J]. Amer. Chem. Soc., 1956, 78, 6362. 
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EXPERIMENTAL 


M. p.s are corrected. Rotations were determined for ethanol solutions, except where 
stated. 

cis- and trans-Cyclopentane-1,2-diacetic Acids.»*—Ethy] «-cyano-a-2-ethoxycarbonylmethyl- 
cyclopentylideneacetate (55-3 g.) in ethanol (200 ml.) in the presence of 5% palladised charcoal 
(1-6 g.) took up hydrogen (4-965 1., 1-01 mol.) during 6-5 hr. Filtration and recovery gave a 
yellow oil containing ethyl 2-«-cyano-x-ethoxycarbonylmethylcyclopentylacetate which was 
refluxed with concentrated hydrochloric acid (180 ml.) for 15 hr. and then steam-distilled. The 
distillat egave crude cis-bicyclo[3,3,0]octan-3-one (3-15 g.), and the residue gave a mixture of 
cis- and trans-cyclopentane-1,2-diacetic acid. The first crop of acid (17-5 g.), when recrystal- 
lised once from water, had m. p. 140—142°. This indicates 65% of the tvans-acid in the mixture 
(Barrett and Linstead # give pure cis-acid, m. p. 173°, and pure trans-acid, m. p. 133°). Further 
crops (9-5 g.) contained up to 80% of the trans-acid. 

(+-)-3-Cyano-trans-bicyclo[3,3,0]octan-3-ol (Granger et al.5).—(-+)-trans-Bicyclo[3,3,0]octan- 
3-one * (II), b. p. 98°/38 mm., {a)?5,, +446° [c 0-91 in light petroleum (b. p. 40—60°)] (3-03 g.), in 
ethanol (20 ml.), to which potassium hydroxide (175 mg.) in water (3 drops) had been added, was 
treated with redistilled hydrogen cyanide (8 ml.) and stored at 0° for 24hr. After acidification 
to pH 3, excess of hydrogen cyanide and the solvent were removed, and the oily residue was 
extracted with ether. The extract, on recovery, gave (+-)-trans-3-cyanobicyclo[3,3,0]octan-3-ol 
(2-27 g.), b. p. 98°/0-1 mm., [a)Fig, + 67°, [a],,2 +57° (c 3-12) (Found: C, 71-9; H, 9-0. C,H,,ON 
requires C, 71-5; H, 8-7%). 

(+)-trans-Hexahydroindan-5-one.—The above cyanohydrin (2-09 g.) was converted 5 into 
the acetyl derivative (1-82 g.), [aJ3is, —6°, [J,** —6° (c 1-16). This was reduced with lithium 
aluminium hydride to (+)-3-aminomethyl-ivans-bicyclo[3,3,0]octan-3-ol (1-52 g.), a yellow 
oil, b. p. (bath) 110°/0-5 mm., solidifying at room temperature, [«)${_, + 20°, [aJ,,2° + 20° (c 0-94). 
Treatment of this amino-alcohol (986 mg.) with sodium nitrite 5 gave (+-)-trans-hexahydroindan- 
5-one (428 mg.), b. p. (bath) 100°/14 mm., [aJ$is, +87°,:[a),24 + 68° (c 1-52), 1° 1-4777 (Found: 
C, 78:1; H, 10-0. C,H,,O requires C, 78-2; H, 10-2%). The semicarbazone crystallised from 
methanol as needles, m. p. 197—199° (decomp.), [x],,”5> ++ 19° (c 0-96 in acetic acid) (Found: N, 
21-8. C,,H,,ON, requires N, 21:5%). The 2,4-dinitrophenylhydrazone crystallised from 
chloroform—methanol as plates, m. p. 149—151° (Found: C, 56-7; H, 6-0. C,;H,,0,N, requires 
C, 56-6; H, 5:7%). 

Rotatory Dispersion Curves.—Values refer to methanol unless otherwise stated (c ~0-1 for 
plain curves, or 0-01 for Cotton effect curves). Values are [¢], molecular rotation, at 18—22°. 

(+-)-tvans-Hexahydroindan-5-one; positive Cotton effect curve. (600 my) +80°; (310, 
peak) + 2440°; (265, trough?) —2820°. Amplitude, 10a, +53. 

(—)-trans-Hexahydroindan-2-one; negative Cotton effect curve in three solvents. Methanol 
(600 mu) —220°; (312, trough) —11,150°; (275, peak) +11,100°; (265) +-10,200°. Amplitude, 
10a, —222. Chloroform (600 mu) —190°; (315, trough) —11,150°; (275, peak) +11,500°; 
(270) +11,200°. n-Heptane (600 my) —830°; (328, trough) —10,250°; (278, peak) +9750°; 
(272) +9250°. 

(+-)-tvans-Cyclohexane-1,2-diacetic acid; plain positive curve (600 my) + 120°; (300) +430°; 
(280) +510°. 

(—)-trans-Cyclopentane-1,2-diacetic acid; plain negative curve (600 my) —90°; (300) 
—420°; (280) —480°. 


We are grateful to Professor R. Granger and Dr. P. Nau (Montpellier, France) for inform- 
ation in advance of publication and particularly to Dr. Nau for a copy of his Thesis. One of 
us (W. K.) is indebted to the Wellcome Trust for the loan of a spectropolarimeter, to the Depart- 
ment of Scientific and Industrial Research for a grant, and to Miss Jane Jackson for technical 
assistance. 


AKERS RESEARCH LABORATORIES, 
IMPERIAL CHEMICAL INDUSTRIES LIMITED, WELWYN, HERTs. 
POSTGRADUATE MEDICAL SCHOOL, 
DucaNnE Roap, Lonpon, W.12. (Received, November 13th, 1959.] 









(300) 


nform- 
One of 
epart- 
chnical 


1959.) 












(1960) Adams, Chatt, and Shaw. 2047 


415. The Infrared Spectra of Some Alkylplatinum Complexes, and 
the Influence of Various Ligands on the Pt-C Bond Strength. 


By D. M. Apams, J. Cuatr, and B. L. SHaw. 


The infrared spectra in the range 4000—400 cm." of a series of alkyl- 
platinum complexes of the types [PtR,(PR’,).] and [PtX R(PR’,).], where R 
and R’ are alkyl groups and X is a univalent acid radical, have been recorded. 
Bands attributable to the platinum—carbon stretching modes have been found 
in the region 500—600 cm.}, and to the symmetrical deformation mode of 
methyl groups bonded to the platinum atom in the 1170—1230 cm." region. 
The shifts in frequency of these bands on varying the groups R, R’, and X in 
the complex are discussed in terms of the strength of bonding within the 
molecule. 


Ove ligand can have a marked effect upon the binding of another to the same metal atom. 
This has been noted especially in substitution reactions of complexes of platinum(I1), where 
ligands exert directing effects very similar to those observed in aromatic substitutions.! 

In this laboratory we have made a number of infrared spectroscopic investigations of 
the influence of each of a series of similar ligands on one other particular ligand attached to 
the same metal atom, usually to platinum(1).23 This particular ligand we may call the 
detector ligand. 

It has not usually been possible to determine the influence of ligands on the stretching 
frequency of the metal-to-detector ligand bond, although this would be the most significant 
frequency for our study; this frequency has usually been outside the range of our 
spectrometer. The series of platinum hydrides évans-[PtHX(PEt,),] was an exception, 
for the platinum—hydrogen stretching frequencies were readily measured; but hydrogen 
isnot a typical ligand. In general, we have had to measure shifts of some higher frequency 
in the detector ligand, e.g. vy_y in piperidine or vg=o in carbon monoxide, and infer from 
these how the metal-to-ligand bond is affected by the other ligands. This procedure is 
open to uncertainty in interpretation and we are now attempting to find systems where the 
bond between the metal and the detector ligand is amenable to direct spectroscopic study. 

For this purpose the recently discoveréd * and very stable alkylplatinum complexes 
[PtR,(PR’;),] and [PtX R(PR’,),] (where R and R’ are alkyl radicals, and X is a univalent 
acid radical) are proving suitable. The frequency which is mainly associated with the 
Pt-C stretching mode, (vp,—<), has been found in the 500—600 cm. region, so that alkyl 
groups (especially methyl) attached to the platinum atom are useful detector ligands. 
Bands attributable to the symmetrical deformation frequency of the methyl groups bonded 
to platinum [8yseym.)] and to the phosphine—carbon stretching frequency [vp—cgym.)] in the 
organic phosphine were also observed. In this paper we describe these three bands for 
some twenty alkylplatinum complexes (Tables 1 and 2). In particular, we shall discuss 
the way in which the platinum—carbon stretching frequency, vp;—c, in a series of compounds 
trans-[PtX(CH,)(PR’s)] is affected by different anionic ligands (X) in ¢vans-position to the 
methyl group. 

Some complexes containing triphenylphosphine were also examined, but the out-of- 
plane vibrations of the benzene ring give rise to absorption in the same region of the 
spectrum as vp. and it was not possible to identify vp, with certainty under these 
conditions. 

A complex of platinum(11) with square planar configuration and four identical ligands 
(point group D,,) should have four Pt-ligand stretching modes of vibration. Of these, two 

1 For a recent summary see Basolo and Pearson, ‘‘ Mechanisms of Inorganic Reactions,” John 
Wiley and Sons, Inc., New York, 1958, p. 172. 

* Chatt, Duncanson, Shaw, and Venanzi, Discuss. Faraday Soc., 1958, 26, 131, and references therein. 


* Chatt and Hayter, Proc. Chem. Soc., 1959, 153. 
* Chatt and Shaw, J., 1959, 705, 4020. 
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TABLE 1. Frequencies of some bands in dichloro- and dialkyl-platinum complexes. 


vpt-c (cm.~) Sytecs) (cm.~) vp—os) (Cm.-) 
Compound (in benzene) (Nujol mull) (Nujol mull) 
(A) Dichloro-complexes 
cis-[PtCl,(PMes) 4] — - 689 w 
680 m 
cis-[PtCl,(PEt,) 4] — — 643 w 
637 m 
tvans-[PtCl,(PEts) 4] — — 632 m 


(B) Dialkyl complexes 
cis-[PtMe,(PMe;).] 525s 1205 vw 678s 
508 s 1183 m 671s 
cis-[PtEt,(PMe,),] 5llw 1190 m 678 m 
500 w 1174m 672 m 
cis-[PtPr,"(PMe;).] 609 * vw 1ll7lw 676 m 
601 * vw 1155 m 669 m 
cis-[PtMe,(PEt;),] 526 m 1202 vw 641 m 
506 m 1179 m 629 m 
cis-[PtEt,(PEts) 2] 516 w 1190s n.r. sh 
496 w 1179s 625 m 
[PtMe,(Et,P-CH,°CH,°PEt,)} 521 m 1188 vw 
512m 1171 vw 
[PtMe,(EtS-CH,°CH,’SEt)] ... 555 sh 1218 w 
548 m 1199 w 
* Doubtful assignment (see p. 2050). 
[s = strong, m = medium, w = weak, v = very, sh = shoulder, n.r. = not resolved.] 


TABLE 2. Frequencies of some bands in monoalkylplatinum complexes. 
vet—c (cm.~*) Smet) (cm.-?) vp—o(s) (cm.~*) 
{in benzene) : (Nujol mull) (Nujol mull) 
Compound R=Me R=Et R=Me R=Et R=Me R=Et 
(A) trans-Effect series ‘ 
trans-[Pt(NO,)Me(PR;j).] 567 w 566 w _- — 675s 630 m 
trans-[PtClMe(PR;).] 551 m 551 w 1229s 1224 m 675s 630 m 
tvans-[PtBrMe(PR;),] 546 m 548 m 1221s 1220 m 675s 630 m 
trans-[PtIMe(PR;).} 538 m 540 m 1217s 1215 m 675s 633 m 
trans-[Pt(NO,)Me(PR;).] 545 m 544 m — -—— 676s 633 m 
or 524s 527s 
tvans-[Pt(SCN)Me(PR;j),] 558 w 556 w 1241 m ~- 675s 626 m 
tvans-[Pt(CN)Me(PR;),] -—- 516s _ 1199 m - 637 m 
or 453 m 
(B) Miscellaneous 
cis-[PtClMe(PR,),] 529 m 527 m 1189 w 1189 w 686 m 
(in Nujol) 675 m 
trans-[PtClEt(PR;) 4] _ 38 ~- 1200 w -- 
trans-[PtIEt(PR;).] _- 522 w - = 1193 s _- 
trans-[PtClPr®(PR;).] Vv. — 1181 m ~- 674 m 


{s = strong, m = medium, w = weak, n.v. = not visible.] 


will be Raman-active only (A1,, Bz,) and the other two will be degenerate and infrared 
active only (Z,). With the lower symmetry of the cis-dialkylbis(trialkylphosphine)- 
platinum complexes (point group C2), the originally doubly degenerate mode splits into 
two non-degenerate infrared active modes and the two originally Raman active modes now 
become infrared active as well. Of these four stretching modes, two will be associated 
mainly with the Pt-C bonds and correspond roughly to symmetric and antisymmetric 
stretching motions of the C-Pt-C unit. In the monoalkylplatinum complex the Pt 
bond will have only one stretching mode mainly associated with it. 

The Platinum—Carbon Stretching Frequency (vp,—c).—This was first identified by compar- 
ing the spectra of cis-[PtCl,(PMe,),] and cis-[PtMe,(PMe,),]. In the dichloride there was 
no absorption in the range 620—400 cm.-', but in the dimethyl compound a prominent 
doublet was observed which we assign to the two platinum-carbon stretching modes. This 
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doublet is accompanied, at higher frequencies, by the expected stretching, deform- 
ation, and rocking modes of methyl groups. The spectra of other cis-djalkyl- 
platinum complexes, viz., [PtR,(PR’s),] (R, R’ = Me, Et), [PtMe,(Et,P*CH,°CH,°PEt,)], 
and [PtMe,(EtS-CH,°CH,°SEt)], also showed two platinum-carbon stretching frequencies 
in this range. 

The one platinum-carbon stretching frequency expected for monoalkylplatinum com- 
plexes [PtXR(PR’s).] (X = NO,, Cl, Br, I) was observed within the same range as for 
dialkyl complexes. When X = NO, or CN a second band due to vp,—y or vp;—cy was found 
in this same low-frequency region, but without isotopic substitution we cannot distinguish 
these from the vp;cu, bands. The spectra of the thiocyanate complexes (X = SCN) also 
have a second, but very weak band in this region. This band may be due to the SCN 
deformation mode (which occurs ® at 470 cm. in KCNS) although this seems unlikely in 
view of its low intensity. 

The intensities of the vp,o absorptions differed widely amongst the complexes we have 
studied. Apparently, for some of these compounds, the changes in platinum—carbon bond 
moments induced by vibration were small, and hence the low intensity of the platinum- 
carbon absorptions. 

The Platinum—Methyl Deformation Frequency (8yer,).—The methyl group attached to 
the platinum atom has stretching, deformation, and rocking vibrations of lower frequencies 
than the methyl or other alkyl groups in the trialkylphosphine ligand. Of these 
vibrations, the symmetrical deformation frequency, 8yeq@t)s, of the Pt-methyl group has 
been identified in most of the complexes. The antisymmetrical deformation mode 8y.cpy)as, 
which is not expected to show as much variation as the symmetrical mode,® is hidden in 
these complexes by the vibrations of the alkyl groups of the phosphine ligand. 

The symmetrical deformation frequency cannot be traced unambiguously throughout 
the whole series, because other vibrations absorb at the upper end of its range. However, 
in the monoalkylplatinum complexes trans-[PtXR(PR’,).] in which X = Cl, Br, I or CN, 
where the assignment is clear, it is found that vp,o and 3y,,,) follow the same sequence; 
there is a simple linear relationship * between them.” In dimethylplatinum complexes 
they again follow the same mutual sequence but do not, of course, allow interpolation into 
the sequence found for monomethylplatinum complexes. 

The methyl deformation frequencies of Pt-ethyl and Pt-propyl groups are also included 
in Table 1 but these are not comparable with the other deformation frequencies because 
there are one or two methylene units between the platinum atom and the methyl group. 

In previous spectroscopic studies,®® shifts in the N-H stretching frequency, vy—y, in 
amines attached to the metal were used as an indication of the M-N bond strength. It was 
expected that an increase in this bond strength would lead to a decrease in vy_4 but it was 
not possible to test this experimentally as vy. was beyond the range of the equipment 
available at the time. It is of interest in this connection that for a series of 
strictly comparable substances such as the monomethyl complexes tvans-[PtXCH,(PR,)o], 
vpr-o and Sy.cPt)s follow the same rather than opposed sequences. 

The Phosphorus—Carbon Stretching Frequencies.—In the trimethylphosphine ligand the 
PC; skeleton will undergo normal modes of vibration analogous to those of the methyl 
group. In free trimethylphosphine the symmetric and antisymmetric phosphorus—carbon 
stretching frequencies are 652 and 708 cm.*1, respectively.® The corresponding frequencies 
in trimethylphosphineplatinous complexes are in the ranges 669—689 cm.-! and 721— 
743 cm.7}, 


* The authors thank a Referee for this observation. 


5 Jones, J. Chem. Phys., 1956, 25; 1069. 

* Sheppard, Trans. Faraday Soc., 1955, 51, 1465. 

’ Cf. Bellamy and Williams, Spectrochim. Acta, 1957, 9, 341; J., 1957, 863. 
* Chatt, Duncanson, and Venanzi, J., 1955, 4461; 1958, 3203. 

* Siebert, Z. anorg. Chem., 1953, 278, 161. 
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The spectra of triethylphosphineplatinous complexes are more complicated and it is 
not possible to make a clear assignment of the vp_¢ modes. However, these complexes 
always have an absorption band in the range 625—643 cm.* and it is likely that this js 
due to the symmetrical PEt, stretching mode. 

In trans-complexes the vp_cj,, mode appears as a single peak whereas in cis-complexes 
this peak is always split (Tables 1, 2). This is a useful spectroscopic test to distinguish 
between cis- and trans-isomers in these bistrialkylphosphineplatinum(II) complexes. 

Platinum(tv) Complexes.—Only the three complexes, listed in Table 3, were examined 
and these are known from dipole-moment studies to have either the configuration (I) or 
(II).4 Both of these are of symmetry group C2, and in each case two stretching frequencies 
involving mainly Pt-C bonds are to be expected. From the spectra it is clear that the two 
complexes [PtX,Me,(PEts),], with X = Cl and X = I severally, do not have the same 


x Me 
R,P Me Me PR; 
(I) Xx Xx (II) 


configuration. All three show absorption below 650 cm.-1, but most of the bands are weak 
and assignment to vp,¢ modes must be regarded as tentative. The observed bands are 
given in Table 3 for completeness. 


TABLE 3. Low-frequency bands in Pt(Iv) complexes. 


In Nujol mull (cm.~') In benzene (cm.~) 
By ON) 8 ere 536m : 540 
545 ww 
[PtCl,Me,(PEt,),] ....-.0.00e0ce0e0s ee Hs Pai 
525 vw Too weak to be observed 
[PtI,Me,(PPr®,),] .......-.00s0000 { roth 
DISCUSSION 


In the two pairs of complexes, cis-[PtR,(PMe,).] and ¢trans-[PtCIR(PEt,),], the 
intensities of the Pt-C stretching bands decrease markedly upon replacing R = Me by 
R = Et: this change is accompanied by a shift to longer wavelengths (Tables 1, 2). Since 
these alkyl groups are light compared with the great mass of the platinum atom, they will 
tend to move as a unit during the Pt-C stretching vibration, thus causing the observed 
lowering of vp,. when R = Et replaces R = Me. In [PtClPr®°(PMe,),], however, there is 
no detectable absorption at all below 660 cm., but in [PtPr",(PMe,),] a weak doublet is 
found near 600 cm.!. This seems high for a Pt-C stretch (being about 40 cm.* higher than 
any of the other Pt-C stretching frequencies observed) even if we assume that the propyl 
group does not move as a whole and that we are thus observing a true vp,;—g as against a 
vpt-rn- A more likely explanation is that, as in [PtClPr°(PMe,),], the Pt-C stretching 
frequency is too weak to be observed, and that the bands at ca. 600 cm. are due toa 
skeletal mode in some way associated with the propyl group. 

In Table 2 the complexes trans-[PtXMe(PR’,).| have been arranged in order of increas- 
ing trans-effect of anionic ligand (X). The sequence is the same as that given in recent 
Russian publications 1 except that the nitro-group has been kept in the original position 
assigned by Chernyaev " (see also Chatt e¢ al.2). It is seen from Table 2 that, except for 
the thiocyanates, the platinum-carbon stretching frequencies decrease in the same order as 
that in which the trans-effect of the anionic ligand increases. The trans-effect order is 
thus the order of decreasing Pt-methyl bond strength in this series (excluding the thio- 
cyanate). 


10 See Hel’man, Akad. Nauk, U.S.S.R., Bull. Plat. Sect., 1954, 28, 88. 
 Chernyaev, Ann. Inst. Platine, U.S.S.R., 1927, 5, 118. 
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Our use of vp,—o as indicative of platinum-carbon bond strength may be criticised on 
the grounds that our so-called platinum-—carbon stretching modes are coupled to other 
modes of the molecule. This is true to some extent, but platinum is very heavy compared 
with most ligands and coupling across the molecule will probably be small. In any case, 
the above conclusion should be valid because in the monomethylplatinum complexes 
(Table 2) we have altered only one small part of the molecule at a time. 

The position of the thiocyanate complexes is anomalous. It may be that in these 
particular complexes the isothiocyanato-group is attached to the platinum through the 
nitrogen. This is unknown in mononuclear platinous complexes but does occur in a bi- 
nuclear complex when both the sulphur and the nitrogen atom of the bridging thiocyanato- 
group are attached to platinum." If this suggestion is correct, the observed Pt-C 
stretching frequencies would place the isothiocyanate group between nitrate and chloride 
in the trans-effect series. 

Our results are consistent with the widely held view that ligands of high trans-effect 
weaken the bond in the ¢rans-position. Similar results were obtained from the study of 
vp- in the corresponding series of hydrides, trans-[PtHX(PEt,),]. A plot of vp, against 
the electronegativities of the halogens gives a curve similar to the analogous plot of vp,—j.” 

Of the isomers cis- and trans-[PtClMe(PEt,),] the former has a lower vp,¢ by 
24cm.1. This may be further evidence of the much greater ¢rans-effect of the phosphine 
over the chloride ion.# 

Only two analogous compounds with different ligand atoms (S and P) in the uncharged 
ligand have been investigated; vp, decreases by 35 cm. in passing from the sulphur to 
the phosphorus complex [Table 1 (B)]._ This agrees with the view that organic phosphines 
have a greater ¢rans-effect than organic sulphides. 

These bond-weakening effects of the ligands are fairly substantial. If we assume that 
the force constants of the bonds are related to the frequencies by k,/k, = v,?/v,", as was 
done by Powell,!® we find that in passing along the series, trans-[PtXMe(PEt,),], from 
X = NO, to X = I some 10% weakening in the Pt-C bond force constant occurs. In the 
similar series of hydrides the lowering in Pt-H force constants is also about 10%. The 
ratio of Pt-C force constants of the two isomers of [PtClMe(PEt,),] is about 1-13, and in the 
case of the sulphide and phosphine complexes in Table 1(B) it is about 1-14. These are all 
significant differences. 

All the effects which we have observed might be mainly effects of the different electro- 
negativities of the ligand atoms. Thus in the series of Pt-methyl compounds in Table 2 
and in the isomers cis- and trans-[PtClMe(PEtg).], vp;—o falls with decreasing electro- 
negativity of the ligand atom in ¢rans-position to the methyl group. We are therefore 
attempting to extend the scope of this investigation to include uncharged ligands of high 
trans-effect and relatively low electronegativity such as olefins, and of low trans-effect and 
relatively high electronegativity such as aliphatic amines. In this way we hope to find 
whether the trans-effect or the electronegativity of the ligand is the more important factor 
in determining the Pt-C bond strength as indicated by vp;,—c. 


Spectra of Some Alkylplatinum Complexes, etc. 2051 


EXPERIMENTAL 


All spectra were recorded on a Grubb-Parsons GS2A prism-grating spectrometer in Nujol 
mulls over the range 4000—400 cm.!. Spectra in benzene were measured in a cell of path 
length 0-43 mm., the instrument being used without a solvent reference cell. This gave better 
results because of the small amount of energy available in this region. 

Many of the alkylplatinum complexes studied in this paper have been described previously ; ¢ 
the preparations and properties of the remainder are given later. 


 Chatt, Duncanson, Hart, and Owston, Nature, 1958, 181, 43. 
8 Owston and Rowe, Acta Cryst., 1960, 18, 253. 

“ Chatt and Wilkins, J., 1952, 273, 4300. 

Powell, J., 1956, 4495. 
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cis - Bistrimethylphosphinechloro(methyl)platinum, [PtClMe(PMe,),].—cis - Bistrimethylphos- 
phine(dimethy])platinum (1-681 g.) in dry ether (20 c.c.) was treated with an ethereal solution of 
dry hydrogen chloride (2-82 c.c.; 1-58N). There was an immediate evolution of gas and a white 
precipitate formed. This product (1-69 g.) was collected after 10 min. and had m. p. 142—144°, 
except for a little unmelted cis-bistrimethylphosphine(dichloro)platinum. The product was 
dissolved in cold benzene, and the solution filtered and evaporated to dryness to give 
cis-bistrimethylphosphinechloro(methyl)platinum (1-6 g.) as rhombs, m. p. 142—144° (Found: (¢, 
21-35; H, 53. C,H,,CIP,Pt requires C, 21:15; H, 53%). This cis-isomer on melting 
resolidified almost immediately to give needles of the tvans-isomer, m. p. 172—174° (with 
sublimation). 

trans - Bistrimethylphosphinechloro(methyl) platinum .—cis - Bistrimethylphosphine(dimethy)) - 
platinum (0-592 g.) was split with hydrogen chloride as above. The resulting crude product 
was crystallised from light petroleum (b. p. 60—100°) giving trans-bistrimethylphosphinechloro- 
(methyl)platinum (0-61 g.) as needles, m. p. 173—174-5° (with sublimation) (Found: C, 21-45; 
H, 5-35%). 

trans - Bistrimethylphosphine(methyl)nitratoplatinum, [Pt(NO,)Me(PMe;),].—¢rans - Bistri- 
methylphosphinechloro(methyl)platinum (0-238 g.) in methyl alcohol (10 c.c.) was treated with 
a solution of silver nitrate (0-102 g.) in water (2 c.c.). After 5 min. silver chloride was filtered 
off, the filtrate evaporated to dryness, and the product isolated with ether. trans-Bistrimethyl- 
phosphine(methyl)nitratoplatinum was obtained as rhombs (0-165 g.), m. p. 160—163° (decomp), 
from benzene-light petroleum (b. p. 80—100°) (Found: C, 19-95; H, 5-0. C,H,,NO,P,Pt 
requires C, 19-8; H, 5-0%). 

trans-Bistrimethylphosphinebromo(methyl)platinum, [PtBrMe(PMe,),].—A mixture of the 
tvans-chloride [PtClIMe(PMe,).] (0-25 g.) and lithium bromide (1 g.) in acetone (12 c.c.) was heated 
under reflux for 15 min. The solution was then evaporated to dryness, and treatment with 
water and isolation with ether then gave the required product as needles (0-18 g.), m. p. 170— 
172° from light petroleum (b. p. 60—80°) (Found: C, 19-15; H, 4-8. C,H,,BrP,Pt requires C, 
19-0; H, 48%). 

trans-Bistrimethylphosphineiodo(methyl) platinum, [PtIMe(PMe;),].—This was similarly pre- 
pared, sodium iodide being used instead of lithium bromide. The product was obtained as 
needles, m. p. 158—160° from light petroleum (b. p. 60—80°) (Found: C, 17-45; H, 4-45. 
C,H,,IP,Pt requires C, 17-2; H, 4-35%). Yield 77%. 

trans-Bistriethylphosphinecyano(methyl) platinum, [Pt(CN)Me(PEt;).].—trans- 
[PtClMe(PEt,),] (0-400 g.) in methyl alcohol (8 c.c.) was treated with a solution of potassium 
cyanide (0-054 g.; 1 mol.) in methyl alcohol—water (5-0 c.c.; 4:1, v/v). After 10 min. the 
solution was evaporated to dryness, water was added, and the product isolated with ether and 
benzene giving needles (0-24 g.), m. p. 118—120° from benzene-light petroleum (b. p. 60—80°) 
(Found: C, 35-4; H, 7-0; N, 3-2. C,,H,,NP,Pt requires C, 35-6; H, 7-05; N, 2-95%). 

trans -Bistrimethylphosphinechloro-(n-propyl)platinum, [PtClPr®(PM3),].—cis - Bistrimethyl- 
phosphine(di-n-propyl)platinum (0-782 g.) in dry ether (20 c.c.) was treated with a solution of 
dry hydrogen chloride in ether (5-88 c.c.; 0-307N). After 10 min., charcoal was added, and the 
solution filtered and evaporated to dryness. Crystallisation of the residue from light petroleum 
(b. p. 80—100°) gave trans-bistrimethylphosphinechloro-(n-propyl)platinum (0-21 g.) as needles, 
m. p. 113—116° (Found: C, 25-1; H, 5-9. C,,H,,CIP,Pt requires C, 25-4; H, 5-9%). 

trans-Bistrimethylphosphinecyano-(n-propyl)platinum, [Pt(CN)Pr®(PMe,),], was prepared 
from the trans-chloride [PtClPr®(PMe,),] by treatment with potassium cyanide in aqueous 
methyl alcohol as above and formed fibrous needles (21%), m. p. 150—152° (with sublimation) 
from light petroleum (b. p. 80—100°) (Found: C, 28-9; H, 6-1. C,H,;NP,Pt requires C, 28-85; 
H, 6-05%). 

trans-Bistrimethylphosphine(methyl)nitroplatinum, [Pt(NO,)Me(PMe,),].—Sodium _ nitrite 
(0-8 g.) in water (4 c.c.) was added to the érans-chloride (0-40 g.) in methyl alcohol (8 c.c,). 
After 20 min. at room temperature, the mixture was evaporated to dryness, water added, and 
the product isolated with benzene, giving needles (0-26 g.), m. p. 207—209° (with much sublim- 
ation above 170°) from benzene-light petroleum (b. p. 80—100°) (Found: C, 20-65; H, 5-25. 
C,H,,NO,P,Pt requires C, 20-55; H, 5:2%). 

trans - Bistriethylphosphine(methyl)nitroplatinum, [Pt(NO,)Me(PEt,),].—trans - Bistriethyl- 
phosphinechloro(methyl)platinum (0-50 g.) in acetone (15 c.c.) was treated with a solution of 
sodium nitrite (1-5 g.) in water (10c.c.). After }? hr. at room temperature excess of water was 
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added, and the product filtered off. Crystallisation from light petroleum (b. p. 40—60°) then 
gave. trans- bistriethylphosphine(methyl)nitroplatinum as needles (0-40 g.), m. p. 102—104° 
(Found : C, 32-15; H, 6-7. C,,H,,NO,P,Pt requires C, 31-7; H, 6-75%). 

trans-Bistrimethylphosphine(methyl)thiocyanatoplatinum, [Pt(SCN)Me(PMe,),].—This was 
prepared in a similar way to the bromide by treating the ¢vans-chloride with potassium thio- 
cyanate in acetone. The product formed needles, m. p. 139-5—141° from light petroleum 
(b. p. 80—100°) (Found: C, 22-95; H, 5-1. C,H,,NP,PtS requires C, 22-85; H, 5-05%). 
Yield 59%. 

Determination of Dipole Moments (u).—The method of determination and meanings of the 
symbols are as described in ref. 4. 


10% Ac/w —Aviw rP* gP oP* p* (p) 10% Asc/w —Aviw pP* gP oP* p* (Dd) 
cis-[PtCIMe(PMe;,).] trans-[Pt(NO,)Me(PEt;,),] 
2-172 19-68 3-965 5-376 (0-48) 596 (100) 481 4-85 
3-544 19-25 (0-53) 1531 (69) 1451 84 trans-[PtClPr*(PMe,),] 
trans-[PtCIMe(PMes) ] 3-240 3-812 
2-495 3-661 3-920 3-771 (0-53) 381 (79) 290 3-75 


2-730 3-667 (0-53) 348 (69) 268 3-6 
tvans-[Pt(NO,)Me(PMe;,),] 

1-756 6-930 

2-218 6-904 (0-53) 606 (71) 525 5-05 


* Calculated from $e/w by using estimated values of densities and refractivities (see Chatt and 
Shaw ‘). Estimated values are given in parentheses. 


The authors thank Miss I. Bates for measuring the dipole moments and Mr. C. Wills and 
Mr. A. E. Field for experimental assistance. 
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416. Some Derivatives of 1,2-Dihydro- and 1,2,3,4-Tetrahydro- 
quinoline. 
By R. F. Coins. 


1,2-Dihydro-1-toluene-p-sulphonylquinoline has been prepared by a new 
method from 1,2,3,4-tetrahydro-4-oxo-1-toluene-p-sulphonylquinoline, and a 
general method is described for the introduction of basic alkyl chains on to 
the weakly basic nitrogen atom of 1,2,3,4-tetrahydro-4-oxoquinoline and its 
derivatives. 


1,2-DIHYDROQUINOLINE was first prepared by Johnson and Buell? during an attempt to 
distil 1,2,3,4-tetrahydro-4-phenethylaminoquinoline and by Bohlmann? who reduced 
quinoline with lithium aluminium hydride. The dihydro-compound disproportionates 
within 24 hr. into quinoline and 1,2,3,4-tetrahydroquinoline, but the 1-toluene-p-sulphony] ® 
and the 1-benzoyl* derivative are stable. A new route to 1,2-dihydroquinolines from 
the readily prepared 1,2,3,4-tetrahydro-4-oxo-1-toluene-f-sulphonylquinoline (I; R = 
S0,°C,H,Me-p, R’ = R” = R’” = H) is described which involves dehydrating the corre- 
sponding alcohol, with the toluene-p-sulphonate (II) as an intermediate. An advantage 
is that the resultant 1,2-dihydro-1-toluene-f-sulphonylquinoline 3 is stable, and the method 
should be a general one. 

Compounds of the type (I) containing a 1-(aminoalkyl) group were required for testing 

? Johnson and Buell, J. Amer. Chem. Soc., 1952, '74, 4517. 

* Bohlmann, Chem. Ber., 1952, 85, 390. 

* Rosenmund and Zymalkowski, Chem. Ber., 1953, 86, 37. 


* Collins, J., 1954, 3641. 
*ce Collins, Ph.D. Thesis, London, 1956. 
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as agents against bilharzia. Methods® available for simple 1l-alkyl derivatives were 
unsuitable or gave low yields. A new method involves reduction of a l-acyl derivative 
and subsequent oxidation of the hydroxyl group thus formed from the 4-oxo-group. 
1,2,3,4-Tetrahydro-4-oxoquinoline was prepared directly in almost quantitative yield 
by cyclisation of 8-N-toluene-p-sulphonylanilinopropionic acid with polyphosphoric acid; 
the sulphonyl group was probably hydrolysed on dilution of the mixture after cyclisation, 


rR’ O H O-Tos 


R% 
Rm (Tos = p-C,H,Me-SO,) 
N 


N 
R Tos 


(I) (II) 


This is supported by the fact that 6-anilinopropionic acid required a higher temperature for 
conversion into the tetrahydro-4-oxo-quiniline by means of polyphosphoric acid (and the 
yield was lower). Johnson e¢ al.’ obtained a good yield of the 1-toluene-f-sulphony| 
derivative by cyclisation with stannic chloride in benzene and acid-hydrolysis was then 
quantitative. A sample of this toluene-p-sulphonyl derivative was prepared by their 
method and the 4-oxo-group was reduced by the Meerwein—Ponndorf reaction quantit- 
atively to the alcohol, the toluene-p-sulphonate of which when heated with quinoline gave 
1,2-dihydro-1-toluene-f-sulphonylquinoline ® identical with that prepared by Rosenmund 
and Zymalkowsky.® 

Direct N-alkylation of the tetrahydroquinolone (I; R = R’ = R” = R’” = H), which 
is a very weak base, with 2-diethylaminoethyl chloride proved difficult but in the presence 
of sodamide a poor yield (7-6%) of the ketone (I; R = CH,°CH,*NEt,, R’ = R” = 
R’” = H) was isolated after careful fractionation of the reaction mixture. Another route 
to this compound was based on the fact that l-acetyl-1,2,3,4-tetrahydro-4-oxoquinoline 
([; R= Ac, R’ = R” = R” = H) is reduced by lithium aluminium hydride to 1-ethyl- 
1 ,2,3,4-tetrahydro-4-hydroxyquinoline which is oxidised in situ under Oppenauer conditions 
to l-ethyl-1,2,3,4-tetrahydro-4-oxoquinoline (I; R= Et, R’=R” =R’’ =H). 1-(2 
Diethylaminoethyl)-1,2,3,4-tetrahydro-4-oxoquinoline (I; R= CH,°CH,NEt,, R’= 
R’’ = R’” = H) was then prepared by the same method from the chloroacety] derivative 
([; R = CO-CH,Cl, R’ = R” = R’”’ = H) via 1-diethylaminoacetyl-1,2,3,4-tetrahydro-4 
oxoquinoline (I; R = CO-CH,’NEt,, R’ = R” = R’”’ = H). 

1,2,3,4-Tetrahydro-6-methyl-4-oxoquinoline § (I; R= R’ = R’’ =H, R” = Me) 
obtained by the cyclisation of N-toluene-f-sulphonyl-8-f-toluidinopropionic acid in 
polyphosphoric acid was converted similarly into 1-(2-diethylaminoethy])-1,2,3,4-tetra- 
hydro-6-methyl-4-oxoquinoline (I; R = CH,°CH,NEt,, R’ = R’’ =H, R” = Me). 
Both 5- and 7-chloro-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline (I; R= R’”’ =H, 
R” = Me, R’=Cl; and R= R’ = H, R” = Me, R’” = Cl respectively) were isolated 
from the cyclisation of $-(3-chloro-4-methyl-N-toluene--sulphonylanilino) propionic acid 
with polyphosphoric acid. The structure of the 7-chloro-isomer (I; R = R’ = H, R” = 
Me, R’” = Cl) was confirmed by Wolff—Kishner reduction (as modified by Huang-Minlon ) 
to the known 7-chloro-1,2,3,4-tetrahydro-6-methylquinoline.” The 5-chloro-isomer (I; 
R = R’” = H, R” = Me, R’ = Cl) could not be obtained pure and was isolated as its 
N-chloroacetyl derivative [corresponding to 31% of 5-chloro-isomer in the mixture 
obtained after the cyclisation], whence acid-hydrolysis yielded the pure compound (I; R= 
R’”’ = H, R” = Me, R’ = Cl). Both 5- and 7-chloro-1,2,3,4-tetrahydro-6-methyl-4-oxo- 
quinoline were converted via the chloroacetyl derivatives into the diethylaminoacetyl 


* Allison, Braunholtz, and Mann, /J., 1954, 403. 

7 Johnson, Woroch, and Buell, J]. Amer. Chem. Soc., 1949, 71, 1901. 
* Clemo and Perkin, J., 1925, 2297. 

* Huang-Minlon, J. Amer. Chem. Soc., 1946, 68, 2487. 

10 Bayer, B.P. 758,570/1956. 
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derivatives (I; R = CO-CH,NEt,, R’ = Cl, R” = Me, R’’ = H; and R = CO-CH,NEt,, 
R’ =H, R” = Me, R’” = Cl respectively), and the 7-chloro-isomer was converted by the 
above general method into 7-chloro-1-(2-diethylaminoethy])-1 ,2,3,4-tetrahydro-6-methyl-4- 
oxoquinoline (I; R = [CH,],"NEt,, R’ = H, R” = Me, R”” = Cl).* 

Reduction of 5-chloro-1-diethylaminoacetyl-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline 
(I; R = CO-CH,"NEt,, R’ = Cl, R” = Me, R’” = H) with lithium aluminium hydride 
gave apparently a mixture of 5-chloro-1-(2-diethylaminoethyl)-1,2,3,4-tetrahydro-4- 
hydroxy-6-methylquinoline and 5-chloro-1,2,3,4-tetrahydro-4-hydroxy-6-methylquinoline 
which were separated by fractional distillation. (Lithium aluminium hydride converts 
certain N-acyl-1,2,3,4-tetrahydroquinolines into the corresponding alcohols and 1,2,3,4- 
tetrahydroquinoline. This may have occurred partially in the earlier reductions, in which 
the low-boiling fractions were discarded, since the yields were not quantitative.) Neither 
of these alcohols was oxidised under Oppenauer conditions to a ketone, but activated 
manganese dioxide converted the lower-boiling 5-chloro-1,2,3,4-tetrahydro-4-hydroxy-6- 
methylquinoline into 5-chloro-6-methylquinoline. This unexpected product nevertheless 
confirmed the structure of the 5-chloro-6-methyl-4-oxoquinoline isomer isolated during 
the cyclisation of 8-(3-chloro-4-methyl-N-toluene-p-sulphonylanilino)propionic acid. Un- 
fortunately the high-boiling 5-chloro-1-(2-diethylaminoethyl)-1,2,3,4-tetrahydro-4-hydr- 
oxy-6-methylquinoline, obtained in the reduction, was not fully characterised. It was 
isolated after the distillation (which probably caused some decomposition) as a low-melting 
solid (which could not be recrystallised), giving a poor analysis, from which no crystalline 
derivative could be prepared. 

The basic quinolines (I; R = CH,°CH,*NEt,, R’ = R” = R’” =H; R’= R”’ =H, 
R” = Me; and R’ = H, R” = Me, R’” = Cl) were all yellow-fluorescent oils which did 
not form the usual crystalline derivatives, but eventually a crystalline (—)-di-p-toluoyl- 
base (+-)-tartrate (suitable for identification and analysis) was prepared from each. Our 
colleague, Mr. J. Hill, reported that these compounds had no activity in bilharzia. 


EXPERIMENTAL 

1,2,3,4-Tetrahydro-4-hydroxy -1-toluene-p-sulphonylquinoline.—1,2,3,4-Tetrahydro-4-oxo-1- 
toluene-p-sulphonylquinoline 7 (5 g.) in dry propan-2-ol (200 ml.) was refluxed with aluminium 
isopropoxide (6-5 g.), and the resulting acetone was slowly distilled from the mixture. After 
3hr. no further acetone was detected, and the solvent was removed in vacuo. The residue was 
treated with an excess of dilute hydrochloric acid, and the product, which was isolated by means 
of chloroform, was crystallised from ethyl acetate-light petroleum (b. p. 60—80°). The pure 
product (5 g.) had m. p. 75—77° (shrinks at 70°) (Found: C, 63-5; H, 6-1; S, 10-55. 
C,,H,,NO,S requires C, 63-3; H, 5-6; S, 10-55%). 

1,2- Dihydro -1-toluene-p-sulphonylquinoline.'—1,2,3,4-Tetrahydro-4-hydroxy -1-toluene-p- 
sulphonylquinoline (5 g.) in pyridine (100 ml.) was treated rapidly with toluene-p-sulphonyl 
chloride (5 g.), and the red solution was heated at 100° for 3 hr. The pyridine was removed by 
distillation and the residue taken up in chloroform, which was then washed with dilute hydro- 
chloric acid and with water and dried. The solvent was evaporated and the residue, which did 
not solidify, was heated in quinoline (40 ml.) at 170—180° for 4 hr. The product was isolated 
as before and after removal of the solvent the residue partially solidified under light petroleum 
(b. p. 40—60°). Extraction of the semi-solid material with light petroleum (b. p. 80—100°) 
gave the dihydro-derivative (1 g.), m. p. 91° (Found: C, 67-3; H, 5-45; N, 4:7. Calc. for 
C\H,;NO,S: C, 67-3; H, 5-25; N, 4.9%) (Rosenmund and Zymalkowski * give m. p. 94°). 

1,2,3,4-Tetrahydro-4-oxoquinoline.—(A) 8-(N-Toluene-p-sulphonylanilino)propionic acid 7 (51 
g.) was added, with stirring, to polyphosphoric acid (400 g.), and the mixture was heated on the 


* This compound was reduced bythe Wolff—Kishner method (as modified by Huang-Minlon *) to 
7-chloro-1-(2-diethylaminoethy])-1,2,3,4-tetrahydro-6-methylquinoline which formed a crystalline 
hydrochloride, and its m. p. was not depressed upon admixture with that of an authentic specimen ™ 
prepared independently. 


4 Midovic and Mikailovi¢, J]. Org. Chem., 1953, 18, 1190. 
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steam-bath for 1-25 hr. The cooled orange melt was decomposed with water (the temperature 
reached 80°) and the solution was basified and extracted with ether. The ethereal extract 
afforded the product (23-4 g., 100%), b. p. 120—130°/0-:02 mm., m. p. 38—40° (from light 
petroleum, b. p. 40—60°) (Johnson e¢ al.’ give m. p. 43—44-5°) [l-acetyl derivative, b. p. 206~ 
210°/17 mm.; m. p. 92—93° (from ether) (Found: N, 7:4; Ac, 23-0. C,,H,,NO, requires N, 
7-4; Ac, 23-3%)]. (B) 8-Anilinopropionic acid (6-7 g.) was added with stirring to polyphos- 
phoric acid (80 g.), and the mixture heated at 130—140° for 4hr. The deep red melt was then 
worked up as in (A) to give the product (3-6 g., 60%), b. p. 120°/0-02 mm., m. p. 42—43°. 

1-Ethyl-1,2,3,4-tetrahydro-4-oxoquinoline.—1-Acety]-1,2,3,4-tetrahydro-4-oxoquinoline (5-2 g.) 
in dry tetrahydrofuran (40 ml.) was added dropwise to a stirred suspension of lithium aluminium 
hydride (2-2 g.) in ether (80 ml.). After being stirred and refluxed for 2 hr., the mixture was 
kept overnight. Ethyl acetate (about 5 ml.) was slowly added to decompose the excess of 
reagent, followed by aqueous sodium hydroxide. The ethereal layer afforded the crude 1-ethyl- 
1,2,3,4-tetrahydro-4-hydroxyquinoline as a colourless oil, which was heated in benzene (25 ml) 
with cyclohexanone (25 ml.) and aluminium isopropoxide (3 g.) for 18 hr. on the steam-bath, 
Ether was added to the gelatinous yellow solution which was then extracted with 6N-hydro- 
chloric acid (5 x 20 ml.). The extract was basified to give the product as a bright yellow oil 
(2-3 g., 48%), b. p. 185—190°/15 mm. (Found: C, 74:3; H, 7-5; N, 8-1. C,,H,,;NO requires 
C, 74:5; H, 7-4; N, 80%) [semicarbazone, m. p. 180—182° (from aqueous methanol) (Found: 
N, 24:0. C,,H,,N,O requires N, 24-2%)]. The infrared spectrum of this yellow fluorescent oil 
showed an intense absorption band at 1670 cm.~, indicative of an aromatic ketone rather than 
an alcohol. (An attempt to oxidise the intermediate 1-ethyl-1,2,3,4-tetrahydro-4-hydroxy- 
quinoline with chromium trioxide failed to yield the ketone; Elderfield and Maggiolo !* oxidised 
1-benzoy1-6-chloro-1,2,3,4-tetrahydro-4-hydroxy-2-methylquinoline to the corresponding ketone 
by using this reagent.) 

1-Chloroacetyl-1,2,3,4-tetrahydro-4-oxoquinoline.—1,2,3,4-Tetrahydro-4-oxoquinoline 7 (37 g) 
was treated with chloroacetyl chloride (18-3 ml.) and heated on the steam-bath for 2 hr, 
Hydrogen chloride was evolved and a clear melt was obtained. After being triturated with 
ether the product (52 g., 93%) had m. p. 122—124° raised to 128—130° by recrystallisation from 
ethanol (Found: N, 6-15; Cl, 15-8. C,,H,,CINO, requires N, 6-3; Cl, 15-9%). 

1-Diethylaminoacetyl-1,2,3,4-tetrahydro - 4 - oxoquinoline.—1-Chloroacetyl-1,2,3,4-tetrahydro- 
4-oxoquinoline (52 g.) was treated with diethylamine (100 ml.), and the mixture refluxed for 
lhr. The cooled mixture was poured into excess of 2N-sodium hydroxide; the product (48 g,, 
79%) which was extracted by ether had b. p. 165—168°/0-02 mm. (Found: C, 69-3; H, 8-0; 
N, 10-85. C,,;H.)N,O, requires C, 69-2; H, 7-7; N, 10-8%). 

1-(2-Diethylaminoethyl)-1,2,3,4-tetrahydro-4-oxoquinoline.—(a) 1-Diethylaminoacetyl-1,2,3,4 
tetrahydro-4-oxoquinoline (24 g.) in tetrahydrofuran (100 ml.) was added dropwise to a 
suspension of lithium aluminium hydride (7-4 g.) in ether (250 ml.), and the reaction was carried 
out as described above. The crude 1-(2-diethylaminoethy])-1,2,3,4-tetrahydro-4-oxoquinoline 
was dissolved in benzene (100 ml.) and heated with cyclohexanone (115 ml.) and aluminium 
isopropoxide (14 g.) on the steam-bath for 18 hr. The gelatinous yellow solution was worked 
up as before to give the ketone, a yellow oil (15 g., 66%), b. p. 145—150°/0-02 mm., 7,,”° 1-572 
(Found: C, 72-8; H, 9-2; N, 11-3. C,;H,.N,O requires C, 73-1; H, 8-9; N, 11-4%). The 
(—)-di-(p-toluoyl)-base (-+-)-tartrate formed bright yellow crystals (from ethanol), m. p. 166 
(decomp.) (Found: N, 4:3. C,,H,.N,0,C,9H,,O, requires N, 4-4%). 

(b) 1,2,3,4-Tetrahydro-4-oxoquinoline (11-05 g.) in toluene (20 ml.) was added to a suspension 
of powdered sodamide (3-3 g.) in toluene (60 ml.), followed by 2-diethylaminoethyl chloride 
(10-2 g.) in toluene (105 ml.), and the mixture was stirred and heated at 80° for 1 hr. and then 
refluxed for 0-5 hr. It was kept overnight, excess of sodamide was destroyed by the careful 
addition of water, and the toluene layer was separated and then extracted with dilute acetic 
acid. This gave the crude product (3-5 g.), b. p. 145—155°/0-03 mm., whence refractionation 
afforded a pure sample (1-4 g., 7-6%), b. p. 145—150°/0-02 mm., ,° 1-577 (Found: C, 73°; 
H, 9-0; N, 11-2%). 

8-(N-Toluene-p-sulphonyl-p-toluidino)propionic Acid.8—Methyl -p-toluidinopropionate ® 
(110 g.) in pyridine (500 ml.) was treated with toluene-p-sulphony] chloride (120 g.) at 0° (max. 
temp. was 30° during the addition). The mixture was heated at 100° for 15 min., cooled, and 


12 Elderfield and Maggiolo, ]. Amer. Chem. Soc., 1949, '71, 1906. 
13 Crouch and Southwick, ]. Amer. Chem. Soc., 1953, 75, 3413. 
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ured into dilute hydrochloric acid. The crude methyl 6-(N-toluene-p-sulphonyltoluidino)- 
propionate (a gum) was dissolved in methanol (1 1.) and treated with potassium hydroxide 
(40 g.) in water (400 ml.). After 24 hr. the mixture was poured into water and acidified with 
acetic acid. The product (137 g., 72%), m. p. 109—111°, was recrystallised from benzene to 
yield the pure acid, m. p. 117—118° (Found: N, 4:2; S, 93. C,,H,gNO,5 requires N, 4-2; S, 
9-6%) (Clemo and Perkin * give m. p. 116—117° but no supporting analysis for this acid which 
was obtained from N-toluene-p-sulphonyl-p-toluidine and 8-chloropropionic acid). 

1,2,3,4- Tetrahydro - 6 - methyl - 4 - oxoquinoline.’—f - (N - Toluene -p-sulphonyl- p-toluidino) - 
propionic acid (134 g.) was cyclised in polyphosphoric acid (1 kg.) to the ketone [from light 
petroleum (b. p. 100—120°)] (34 g., 52%), m. p. 81—83° (Found: N, 8-45. Calc. for CjgH,,NO: 
N, 87%) (Clemo and Perkin § give m. p. 85—86° for this product obtained by acid hydrolysis of 
the N-toluene-p-sulphonyl derivative). The 1-chloroacetyl derivative (82%) had m. p. 123— 
124° (from ethanol) (Found: N, 5-8; Cl, 14-8. C,,H,,CINO, requires N, 5-9; Cl, 14-9%). 

1-Diethylaminoacetyl -1,2,3,4-tetrahydro - 6 - methyl - 4 - oxoquinoline.—1-Chloroacetyl-1,2,3,4- 
tetrahydro-6-methyl-4-oxoquinoline (40-2 g.) and diethylamine (100 ml.) were allowed to react 
as above, to give the ketone (yield 93%), b. p. 165—170°/0-03 mm. (Found: C, 69-9; H, 8-1; N, 
10-0. C,,H,.N,O, requires C, 70-0; H, 8-0; N, 10-2%). 

1-(2-Diethylaminoethyl)-1,2,3,4-tetrahydro-6 -methyl-4-oxoquinoline.—1 - Diethylaminoacety] - 
1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline (42-0 g.) in ether (200 ml.) was reduced and oxidised 
as described above. The ketone was obtained as a yellow oil (30-2 g., 75%), b. p. 140°/0-02 mm. 
(Found: C, 73-6; H, 9-6; N, 11-0. C,gH,,N,O requires C, 73-8; H, 9-2; N, 108%). The 
(—)-di-(p-toluoyl)-base (+-)-tartrate crystallised from ethanol as bright yellow crystals, m. p. 
155° (decomp.) (Found: C, 66-8; H, 6-2; N, 4:5. C,gH,.N,0,C.9H,,O, requires C, 66-8; H, 
65; N, 43%). 

Methyl 8-(3-Chlovo-4-methylanilino) propionate.—3-Chloro-4-methylaniline (154 g.), methyl 
acrylate (119 ml.), and acetic acid (19 ml.) were refluxed for 18 hr. The cooled mixture was 
mixed with ether and poured into cold aqueous potassium hydrogen carbonate. The ethereal 
layer was separated, washed with water, dried, and distilled. The product (196 g., 79%) had 
b. p. 135—140°/0-02 mm. (Found: N, 6-2; Cl, 15-1. C,,H,,CINO, requires N, 6-15; Cl, 15-6%). 

8-(3-Chlovo-4-methyl-N-toluene -p-sulphonylanilino) propionic Acid.—Methy1 #-(3-chloro-4- 
methylanilino)propionate (194 g.) in pyridine (700 ml.) was treated with toluene-p-sulphonyl 
chloride (197 g.) at below 30° as described above. The crude product, a gum, was dissolved 
in methanol (1-5 1.) and treated with potassium hydroxide (60 g.) in water (600 ml.). The 
mixture was shaken occasionally for 24 hr., and the resulting clear solution was poured into ice 
and excess of acetic acid. The product slowly solidified, and was then recrystallised from 
ether-light petroleum (b. p. 40—60°) to give the pure acid (170 g., 54%), m. p. 1384—136° 
(Found: C, 55-6; H, 4-9; N, 3-8. C,,H,,CINO,S requires C, 55-5; H, 4:9; N, 38%). A 
further crop (28-5 g., 9.4%), m. p. 127—135°, was isolated from the mother-liquors. 

7-Chloro-1,2,3,4-tetrahydro - 6 -methyl-4-oxoquinoline.—® - (3-Chloro-4-methyl-N -toluene-p- 
sulphonylanilino) propionic acid (74-5 g.) was added with stirring to polyphosphoric acid (600 g.), 
and the mixture heated on the steam-bath for 5 hr. and finally at 120° for l hr. It was com- 
bined with another batch carried out with the same quantities of material and worked up as 
before, giving a crude crystalline mixture of the 5- and the 7-chloro-isomer (75 g., 95%), m. p. 
95—120°, which was twice recrystallised from methanol to yield the pure 7-chloro-isomer (20-0 g., 
25-4%), m. p. 153—154° (Found: N, 7-2; Cl, 18-3. Cy, gH, CINO requires N, 7-2; Cl, 18-1%). 
A further crop (7-3 g., 9°-2%), m. p. 154—155°, was obtained (via the 1-chloroacetyl derivative) 
from the mother-liquors during the isolation of the 5-chloro-isomer (see below). The structure 
of 7-chloro-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline was confirmed by a modified Wolff-— 
Kishner ® reduction to give 7-chloro-1,2,3,4-tetrahydro-6-methylquinoline (80%), m. p. 76— 
77° [from light petroleum (b. p. 60—80°)] not depressed on admixture with a specimen prepared 
independently by the reduction of 7-chloro-6-methylquinoline. The hydrochloride had m. p. 
224—226° (Bayer give m. p. 77—77-5° for the base, and 226—227° for the hydrochloride). 
The chloroacetyl derivative (90%), m. p. 123—124° [recrystallised from benzene-light petroleum 
(b. p. 60—80°)] (Found: N, 5-2; Cl, 25-75. C,,H,,Cl,NO, requires N, 5-15; Cl, 26-1%), was 
prepared as before. 

1-Chloro-1-diethylaminoacetyl-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline.—7 -Chloro -1-chloro- 
acetyl-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline (34-1 g.) reacted with diethylamine (100 ml.) 
as before, to give the amino-compound (34-8 g., 90%), m. p. 93—94° (from aqueous ethanol) 

3x 
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(Found: N, 8-7; Cl, 11:5. C,.H,,CIN,O, requires N, 9-1; Cl, 11-5%). A further crop (1-8 g, 
4-7%), m. p. 91—92°, was isolated from the filtrate. 

7-Chloro-1-(2-diethylaminoethyl)-1,2,3,4-tetrahydro-6 - methyl - 4-oxoquinoline.—7 -Chloro -1-qj- 
ethylaminoacetyl-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline (36-6 g.) in tetrahydrofuran 
(200 ml.) was successively reduced and oxidised as before, to give a yellow oil (21-5 g., 62%) which 
was not distilled since it was thought that the presence of the 7-chloro-atom might lead to 
decomposition at the expected distillation temperature. The oil was converted into the (—)-4j- 
(p-toluoyl)-base(-+-)-tartrate, bright yellow crystals, m. p. 169° (decomp.) (from ethanol) (Found: 
N, 4:2; Cl, 5-0. C,,H,,;CIN,O,C,9H,,0, required N, 4:1; Cl, 5-2%). 

5-Chlovo-1-chloroacetyl-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline.—Crude 5-chloro-1,2,34- 
tetrahydro-6-methyl-4-oxoquinoline (1-2 g.; m. p. 100—110°; recovered from residues after 
isolation of the 7-chloro-isomer) in benzene (10 ml.) was refluxed with chloroacetyl chloride 
(0-5 ml.) for 2 hr. Light petroleum was then added and the crystalline product was twice 
recrystallised from ethanol, to give the chloroacetyl compound (0-8 g., 48%), m. p. 166—168° 
(Found: N, 5:2; Cl, 25-95. C,,H,,Cl,NO, requires N, 5-15; Cl, 26-1%). (The m. p. was 
depressed to 114° on admixture with the 7-chloro-isomer.) Use of this derivative of 5-chloro- 
1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline was the best method for isolation of the 5-chloro- 
isomer from crude mixtures containing the 7-chloro-isomer (see below). 

5-Chlovo-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline.—5-Chloro -1-chloroacety1-1,2,3,4-tetra- 
hydro-6-methyl-4-oxoquinoline (0-7 g.) was refluxed for 15 min. in hydrochloric acid (10 ml.) and 
water (10 ml.) in the presence of ‘‘ Lissapol N ”’ wetting agent (1 drop). The solution was 
cooled and basified; the product (0-35 g., 70%) had m. p. 120—122°. Recrystallisation 
from aqueous methanol gave the pure 5-chlovo-isomer (0-2 g.), m. p. 129—131° (Found: N, 7:1; 
Cl, 18-0. Cy9H,gCINO requires N, 7-2; Cl, 18-1%). The m. p. was depressed to 105° by the 
7-chloro-isomer. 

5-Chloro-1-diethylaminoacetyl-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline.—5 -Chloro -1-chloro- 
acetyl-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline (34:0 g.) was refluxed with diethylamine 
(100 ml.), and the mixture worked up as for the 7-chloro-isomer. After being recrystallised 
from ether and light petroleum, the product (37 g., 96%) had m. p. 71—72° (Found: N, 84; 
Cl, 11-3. C,,H,,CIN,O, requires N, 9-1; Cl, 11-5%). 

Attempted Preparation of 5-Chloro-1-(2-diethylaminoethyl)-1,2,3,4-tetrahydro-6-methyl-4-ox0- 
quinoline.—5-Chloro-1-diethylaminoacetyl-1,2,3,4-tetrahydro-6-methyl-4-oxoquinoline (37-0 g.) 
in tetrahydrofuran (80 ml.) was reduced and oxidised as before and, as a crystalline salt could 
not be isolated, the crude mixture was distilled. Two fractions were obtained: A (Ill g, 
46-5%), b. p. 140—150°/0-1 mm.; and B (8-3 g., 23%), b. p. 170—190°/0-1 mm. Fraction A 
solidified overnight and, after being crystallised from light petroleum (b. p. 40—60°), the 
product (6-8 g.) had m. p. 90—92° (Found: C, 61-0; H, 6-5; N, 7-1; Cl, 18-6. C, 9H,,CINO 
requires C, 60-8; H, 6-1; N, 7-1; Cl, 18-0%). Thus the analysis agreed with its formulation 
as §-chloro-1,2,3,4-tetrahydro-4-hydroxy-6-methylquinoline. A further independent _ treat- 
ment with cyclohexanone and aluminium isopropoxide gave unchanged material but oxidation 
with activated manganese dioxide under standard conditions yielded 5-chloro-6-methyl- 
quinoline (56%), m. p. 44—45° [from light petroleum (b. p. 40—60°)] (Found: C, 67-9; H, 51; 
N, 7:7. Calc. for C,gH,CIN: C, 67-6; H, 4:5; N,7-9%). The picrate, crystallised from ethanol, 
had m. p. 213—215° (Found: N, 13-7; Cl, 8-8. Calc. for CygH,CIN,C,H,N,0,: N, 13-8; Cl, 
8-7%) (Bayer ™ give m. p. 45—46° for the base and 206—207° for the picrate. Marais and 
Backeberg ™ give m. p. 47° and 210°, respectively, for these compounds) (neither the base nor 
the picrate depressed the m. p. on admixture with authentic material prepared by Marais and 
Backeberg’s method ™“). Fraction B (Found: C, 65-6; H, 8-3; N, 9-1; Cl, 11-9. C,,H,,CIN,0 
requires C, 64-9; H, 8-4; N, 9-4; Cl, 12-0%) did not possess the deep yellow fluorescence 
characteristic of the other ketones of this series, and it did not form a crystalline (—)-di-(p- 
toluoyl)-base (+)-tartrate. No crystalline derivative could be prepared from this crude base, 
by which to characterise the compound as a ketone or an alcohol, although the latter structure 
was favoured because of its general properties. Further attempts to purify fraction B were 
abortive owing to decomposition on storage, with loss of some of the halogen. 

7-Chloro-1-(2-diethylaminoethyl)-1,2,3,4-tetrahydvo-6-methylquinoline.—(A) A modified Wolff- 
Kishner® reduction of 7-chloro-1-(2-diethylaminoethy]l)-1,2,3,4-tetrahydro-6-methyl-4-0x0- 
quinoline (10-5 g.) in diethylene glycol (450 ml.) with 85% hydrazine hydrate (45 ml.) and 

14 Marais and Backeberg, J., 1950, 2208. 
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tassium hydroxide (3-6 g.) at 195° for 2 hr. yielded material (1 g.), b. p. 145—148°/0-05 mm., 
which although not analytically pure gave a hydrochloride, m. p. 195—196° (from ethanol) 
which was not depressed by an authentic sample prepared independently by route (B). The 
picrate, m. Pp. 103—105° (decomp.) (Found: Cl, 7-5. C,,H,;CIN,,C,H,N,O, requires Cl, 7-0%), 
was also prepared. 

(B) The compound was also formed as described in the Bayer patent ™ and isolated as the 
hydrochloride, m. p. 194—195° (from ethanol-ether) (Found: N, 8-9; Cl, 22-2. Calc. for 
CygHsCIN,, HCI: N, 8-85; Cl, 22-4%) (Bayer !! gives m. p. 190—191°). 


The author thanks Mr. S. Bance, B.Sc., A.R.I.C., for the semimicro-analyses. 
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417. The Reactions of Alkyl Radicals. Part VI.* The Reactions 
of Methyl Radicals with Aliphatic Aldehydes. 


By R. N. Brrrevt and A. F. TROTMAN-DICKENSON. 


The rate constants for the reactions of methyl radicals, produced by the 
thermal decomposition of di-t-butyl peroxide between 119° and 175°, with 
eight aliphatic aldehydes have been determined; the Arrhenius parameters 
for the reactions are given. The rate constant at which methyl radicals 
abstract hydrogen atoms from the aldehydes at 182° is approximately 10**5 
mole cm.® sec.“!; it does not depend upon the nature of the alkyl group. 


THERE are two reasons why the rate at which methyl radicals abstract hydrogen atoms 
from a series of aliphatic aldehydes would be of interest. First, it is probable that the 
aldehydic hydrogen atoms are by far the most reactive in the molecules, so that the rates 
would show the influence of the structure of alkyl groups on the reactivity of -CHO. 
Secondly, comparisons may be made between the reactivity of methyl with a series of 
molecules, R-CHO, and the reactivity of a series of alkyl radicals R- with their parent 
aldehydes: the result would indicate whether variations in rate should be attributed to 
variations in the reactivity of R or of R-CHO. Very little information is yet available 
on either of these general problems. 

Previous workers have determined the rate of abstraction of hydrogen atoms by methyl 
from acetaldehyde, using the decomposition of di-t-butyl peroxide,’ the photolysis of 
azomethane,? and the photolysis of the aldehyde as radical sources (see also Pritchard, 
Pritchard, and Trotman-Dickenson *). The rates of reaction of methyl with propion- 
aldehyde © and crotonaldehyde ® (at one temperature) have also been determined, with 
di-t-butyl peroxide as the source of methyl. Since this work was completed the rate of 
reaction with formaldehyde has been determined for methyl obtained by photolysis of 
azomethane ? and decomposition of di-t-butyl peroxide.6 No work on the higher aldehydes 
has been reported. 

In the present investigation the decomposition of di-t-butyl peroxide was used as the 
source of methyl. The amounts of methane and ethane formed when the decomposition 
of the peroxide took place in the presence of the aldehyde were determined. An allowance 
of about 2% was made for the amount of methane formed by reaction of methyl with the 


* Part V, J., 1960, 1611. 


? Brinton and Volman, J. Chem. Phys., 1952, 20, 1053. 

* Ausloos and Steacie, Canad. J. Chem., 1955, 38, 31. 

* Dodd, Canad. J. Chem., 1955, 38, 699. 

* Pritchard, Pritchard, and Trotman-Dickenson, J. Chem. Phys., 1953, 21, 748. 
* Brinton and Volman, J. Chem. Phys., 1954, 22, 929. 

. Pitts, Thompson, and Woolfolk, J. Amer. Chem. Soc., 1958, 80, 66. 

* Toby and Kutschke, Canad. J. Chem., 1959, 37, 672. 

* Blake and Kutschke, Canad. J. Chem., 1959, 87, 1462. 
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TABLE 1. Hydrogen abstraction by methyl radicals from aldehydes. 
[R-CHO k 


- ) . Ron, Row, 
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TABLE 1. (Continued.) 


Temp. (10* mole [R‘CHO] (104% mole (104? mole (mole 
(°K) cm.-%) [Perox.] cm. sec.-!) cm. sec.) cm.? sec.) 


Isovaleraldehyde 


399-2 0-98 
404-8 1-08 
412-4 1-10 
421-8 0-98 
432-6 0-93 
435-0 1-35 724 557 
444-3 1-06 1220 1110 


2-Methylbu dehyde 
385-5 0-87 
392-3 0-83 
397-7 0-87 
405-0 1-02 
412-4 1-19 
412-4 1-14 
413-1 0-97 
420-5 
426-8 
436-4 
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Pivalaldehyde 
392-3 , 
398-6 
404-8 600 
412-4 1200 
418-2 180 
423-4 360 
426-8 120 
435-1 120 
436-2 180 
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Crotonaldehyde 


394-8 14,820 . 
400-6 690 
407-1 1800 
407-1 7200 
413-7 1800 
427-9 240 
427-9 180 
430-9 480 
436-6 180 
440-6 180 
448-3 100 
448-3 120 
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parent peroxide, being based on the known rate of this reaction.® The rate constants for 
the reactions (1) 
CH, + RCHO=CH,+RCO ..... . (i) 


were then obtained from the expression 
k, = kt Rou,/ Rou A{R°CHO] 
where k, is the rate constant of reaction (2) and Rox, is the rate of formation of methane. 
2CH, = C,H, de, Bi 1eced8G: cfd Oia 


We have taken log k, = 13-34 mole cm.3 sec.“ (ref. 10). This expression is only correct 
if the methyl radicals are released at a uniform rate by the source. Specimen calculations 


* Pritchard, Pritchard, and Trotman-Dickenson, J., 1954, 1425. 
%” Shepp, J. Chem. Phys., 1956, 24, 939. 
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show that the discrepancy is insignificant if less than 40% of the peroxide is decomposed; 
less than 15% was decomposed in most runs. Less than 3% of the aldehyde was normally 
consumed, so that its initial concentration was regarded as invariable. 


EXPERIMENTAL 


Apparatus.—A spherical Pyrex reaction vessel (700 c.c.) was housed in an electric furnace; 
the temperature varied less than +0-25° along the vessel. The peroxide was stored in a 400 
c.c. bulb with a cold finger. Pressures were measured on a dibutyl phthalate—mercury mano- 
meter with a magnification of 8-07. All the connecting tube was wound with heating tape, 
A conventional low-temperature distillation train was used to separate the methane + carbon 
monoxide and ethane. The carbon monoxide was oxidised by copper oxide and the gases were 
measured in a gas-burette. The ethane was contaminated with small amounts of propane and 
propene in the runs done with butyraldehyde. The proportion of ethane in the “ C, ”’ fraction 
was then determined by gas-chromatography. Ethylene was formed in the runs with croton- 
aldehyde; it was removed with a “‘ mercuric acetate absorbent.”’ 1 

Materials.—Di-t-butyl peroxide (L. Light and Co.) was used after bulb-to-bulb distillation, 
The aldehydes were tested for purity by gas-chromatography. The n-butyraldehyde, 
isobutyraldehyde, and crotonaldehyde (all from B.D.H.) were about 98% pure and were only 
degassed. Isovaleraldehyde (L. Light) was dried, after which no impurity was detected, 
n-Valeraldehyde (L. Light) was purified by preparation of the bisulphite complex. 2-Methyl- 
butyraldehyde and pivalaldehyde were prepared by a modification of the Bouveault method.” 
The most probable impurities in each case were isomeric aldehydes; as will be seen, these 
would have little effect on the results. 


RESULTS AND DISCUSSION 
The results obtained are given in Table 1. The Arrhenius parameters for the k's 
obtained by the method of least squares are given .in Table 2, together with the rate 
constants for the abstractions at 182°. This temperature has been chosen for ease of 
comparison with other results. 


TABLE 2. Arrhenius parameters for the reactions: CH, + R°*CHO = CH, + R°CO. 


E log k * E log k * 
(kcal. logk* (182°) for (kcal. log k * (182°) for 

Ref. R log A* mole) (182°) RH' R log A * mole) (182°) RH® 
, a 11-1 6-2 8-0 6-7 Pr® 118402 7:3+03 8-2 6-8 
8 H 11-3 6-6 8-1 6-7 Pri 126402 8740-3 8-4 6-8 
Me 119+ 0-1 7-6 + 0-2 8-2 5-0 Bu® 12:1+02 80+ 03 8-2 71 

1 Me 11-9 7-5 8-2 5-0 Bui 123+02 84+03 8-2 73 
2 Me 11-2 6-8 8-0 5-0 Bu* 13-1 + 0-3 10-4 + 0-3 8-2 71 
3 Me 12-3 8-0 8-4 5-0 But 13:0+03 102403 82 7:3 

5 Et 12-0 7-5 8-2 6-2 

6 Allyl — — 81(170°) 71 Allyl 13-3 10-9 8-1 71 


* A and & are in mole cm.? sec."1. 


The figures indicate that methane is formed predominantly by attack on the aldehyde 
group. This is suggested by the similarity of the rate constants at 182° for all the aldehydes. 
Further, the rate constants for the attack of methyl on RH shown in the last column 
amount only to 10% of the observed rate. Errors in the estimates of rate constants at 
temperatures close to the experimental range are likely to be small. The evidence is, 
therefore, compelling that the structure of an alkyl group slightly removed from a centre 
of reaction has little effect on reactivity of the aldehydic hydrogen. The finding provides 
direct support for conclusions based on less amenable systems such as alkanes.'* 

11 Kerr and Trotman-Dickenson, Nature, 1958, 182, 466. 


12 Campbell, J]. Amer. Chem. Soc., 1937, 59, 1982. 
13 Trotman-Dickenson, “‘ Gas Kinetics,’’ Butterworths, London, 1955. 
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The fact that the rate constants at 182° for all the reactions are similar makes it 
surprising that the Arrhenius parameters vary so widely beyond the limits of experimental 
error. The A factors for isobutyraldehyde, 2-methylbutyraldehyde, and pivalaldehyde are 
higher than those usually found for the metathetical reactions of methyl. The results 
with crotonaldehyde may not be reliable because the compound is of a rather different 
chemical type. 

The standard errors obtained by the method of least squares may mislead if systematic 
errors occur. There is no evidence of this. The results with acetaldehyde agree very well 
with those of previous workers. Further, n-butyraldehyde and n-valeraldehyde have 
“ normal ’’ parameters, so that it is unlikely that systematic errors are connected with 
molecular size or low volatility. It appears that the deviations are marked when an 
alkyl group is attached as branch to the carbon atom next to the CHO group, but further 
examples are needed to establish this as a generalisation. 

The relation between the rates of attack by methyl and by R on R°CHO will be 
discussed after the photolysis of pivalaldehyde has been described. 


Acknowledgment for a grant is made to the donors of the Petroleum Research Fund, 
administered by the American Chemical Society. 
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418. Flavanones in Angophora lanceolata. 
By A. J. Brrcn, D. G. Pettit, A. J. RYAN, and R. N. SPEAKE. 


The kino of Angophora lanceolata contains a small proportion of flavanones, 
among which have been recognised (—)-farrerol (I; R = R’ = H) and (+)- 
angophorol (I; R = H, R’ = Me). 


Tue kinos of some Australian Myrtaceae (Angophora and Eucalyptus) have been briefly 
examined ! and on the basis chiefly of colour reactions were thought to contain aromaden- 
drin (3’,4’,5,7-tetrahydroxyflavanone). However, the kino of E. maculata has been 
shown? to contain naringenin (4’,5,7-trihydroxyflavanone) and the 7-methyl ether of 
aromadendrin. In view of our interest in the biosynthesis of chromone derivatives we 
have examined other kinos for compounds whose structures might illuminate this subject. 

Angophora lanceolata (‘‘ Sydney red-gum”’) produces large quantities of kino con- 
sisting chiefly of tannins. From it was isolated a small proportion of material soluble in 
ether. Fractionation of this into material soluble in sodium hydrogen carbonate, sodium 
carbonate, and sodium hydroxide solution gave respectively a small amount of lower 
fatty acid, a crystalline flavanone, m. p. from ~212° to 220° (different specimens), later 
identified as (—)-farrerol, and a flavanone, m. p. 150° (angophorol). The proportions of 
these flavanones varied with the geographical source of the kino: one sample from Lane 
Cove, N.S.W., contained mainly farrerol, another from National Park, Sydney, mainly 
angophorol. 

(—)-Farrerol_—After the structure of the substance, m. p. 212°, had been shown ® to 
be (I; R = R’ = H) Arthur‘ recorded the isolation and structural determination of farrerol 
(I; R= R’ = H) from a Rhododendron. Comparisons of our substance with (—)-farrerol 
kindly supplied by him and also of the dimethyl ethers of substance from the two sources 


' Summarised by Hillis, Austral. J. Sci. Res., A, 1952, 5, 379. 
* Gell, Pinhey, and Ritchie, Austral. J. Chem., 1958, 11, 373. 
* Pettit, B.Sc. Thesis, Sydney, 1955. 

* Arthur, J., 1955, 3740. 
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(methylmatteucinol, I; R = R’ = Me) showed them to be identical. Our structural 
evidence can be summarised very briefly. Farrerol, m. p. 212°, C,,H,,0;, [J —20° 
(in ethanol), gave colour tests for a flavanone rather than a 
flavanon-3-ol,® contained no methoxyl but 2C-Me groups, gave 
a green ferric test, and was soluble in potassium carbonate 
solution. Diazomethane gave methylmatteucinol (I; R= 
R’ = Me), m. p. 100—102°, undepressed by an authentic 
specimen. Alkali-fusion produced 4-hydroxycinnamic acid, and 2,4-dimethylphloro- 
glucinol identified by paper chromatography. This evidence can only be rationalised on 
the basis of formula (I; R = R’ = H). 

(+-)-Angophorol.—This substance, C,,H,,0,, m. p. 150° as first isolated, contained one 
methoxy- and two C-Me groups and gave colour reactions for a flavanone rather than a 
flavanon-3-ol.5 The ultraviolet spectrum was similar to those of known flavanones and 
the infrared spectrum demonstrated the presence of conjugated and probably hydrogen- 
bonded carbonyl and hydrogen-bonded hydroxyl groups. The substance gave a green 
ferric test and was insoluble in carbonate solution, but soluble in sodium hydroxide 
solution. Alkali-fusion gave #-hydroxybenzoic acid and 4-hydroxycinnamic acid, 
recognised by paper chromatography. The phloroglucinol derivative also formed was 
not identical (paper chromatography) with phloroglucinol or monomethyl- or 2,4-di- 
methyl-phloroglucinol. After the action of boiling hydrobromic acid, however, alkali 
fusion did produce 2,4-dimethylphloroglucinol. The action of diazomethane on ango- 
phorol produced methylmatteucinol, m. p. 100°, undepressed by an authentic specimen, 
m. p. 102°, the two compounds showing the same behaviour on paper chromatography. 

The methylated product was unexpectedly difficult to purify, so angophorol was 
re-examined by paper chromatography for purity. It was thus revealed as a mixture, 
but the major component, now named angophorol, was separated by chromatography on 
paper strips and had m. p. 166—168°. The chemical properties were identical with those 
observed for the mixture. When the insolubility in carbonate solution and non-identity 
with matteucinol are taken into acgount, angophorol must have structure (I; R =H, 
R’ = Me). This was supported by partial synthesis by the action of diazomethane on 
(—)-farrerol. The mixture of products was separated by chromatography on paper strips 
to give a substance, m. p. 166° undepressed by angophorol, and identical with this in 
ultraviolet spectrum. The infrared spectra were almost identical but the optical rotation 
could not be examined because of the small amount available. It is likely that angophorol 
is racemised during extraction and purification. 

The presence of two methyl groups on the phloroglucinol ring, itself derived from 
acetic acid,® reinforces the suggestion ? that methyl groups may be introduced biosyntheti- 
cally into such substances in a stage distinct from the formation of the ring. 





EXPERIMENTAL 


Isolation of Flavanones.—The kino (150 g.) collected in Lane Cove, N.S.W., was dissolved 
in acetone and filtered. Ether (200 c.c.) precipitated most of the material as a red gum giving 
tannin reactions. The solution was decanted and was extracted with water (400 c.c.), and 
then with saturated sodium hydrogen carbonate solution (50 c.c.) (extract A). Ice-cold 3% 
sodium hydroxide solution (3 x 40 c.c.) gave extract B. Evaporation of the ether left only a 
small amount of gum. Acidification of extract A, and ether-extraction, gave a small amount 
of oily acid with an odour of isobutyric acid. Acidification of extract B gave a gum which 
crystallised from ether—benzene to yield colourless (—)-farrerol, m. p. 211-5—212-5°. In some 


5 Pew, J. Amer. Chem. Soc., 1948, 70, 3031. ; 

* Underhill, Watkins, and Neish, Canad. J. Biochem. Physiol., 1957, 35, 219; Geissman and Swain, 
Chem, and Ind., 1957, 984; Shibata and Yamazaki, Pharm. Bull. (Japan), 1958, 6, 42. 

7 Linstedt, Acta Chem. Scand., 1951, §, 129; Birch, Elliott, and Penfold, Austral. J. Chem., 1954, 7, 
169. 
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experiments the m. p. was as high as 218—220°, possibly owing to varying degrees of 
racemisation. . 

The mother-liquor was taken up in ether and extracted exhaustively with 5% potassium 
carbonate solution to yield more farrerol. The residual gum was crystallised repeatedly from 
benzene as colourless prisms, having m. p. 150° which could not be raised further by this 
procedure. The m. p. was depressed on admixture with matteucinol, m. p. 175°. The total 
yield of flavanones was of the order 0-5%; the ratio of the two substances varied considerably 
according to the source; one specimen of kino from National Park, Sydney, contained only 
angophorol. 

(—)-Farrerol—The substance formed colourless prisms, m. p. between 212° and 220° 
according to the specimen (Found: C, 67-8; H, 5-4; C-Me, 8-4. Calc. for C,,H,,O,;: C, 68-0; 
H, 5-4; 2C-Me, 9-9%), [a], —20° (EtOH), Amax, 298 my (log ¢ 4-25), Amin, 254 my (log ¢ 3-28). 
It gave a green ferric test, dissolved in dilute potassium carbonate to a yellow solution, and 
gave a red colour on reduction with magnesium but not with zinc and hydrochloric acid in 
methanol,’ indicating a flavanone and not a flavanon-3-ol structure. Alkali-fusion by the 
method of Lindstedt and Misiorny * and paper chromatography gave a spot Ry 0-94, visible as 
a blue spot under ultraviolet light with ammonia vapour. This corresponds to authentic 
2,4-dimethylphloroglucinol (phloroglucinol Ry 0-75 and 2-methylphloroglucinol Ry 0-79). 
Hydrolysis with 10% aqueous sodium hydroxide at 100° for 90 min. produced 4-hydroxy- 
cinnamic acid, m. p. 206—208°, undepressed on admixture with an authentic specimen, m. p. 
210°, and identical in chromatographic behaviour. 

(—)-Farrerol (20 mg.) in methanol (2 c.c.) with diazomethane in ether (contact time 30 min.) 
gave an alkali-insoluble compound, m. p. 100—102° (Found: C, 69-7; H, 6-5. Calc. for 
CigH9;: C, 69-5; H, 61%). This still gave a green ferric test, although insoluble in dilute 
aqueous sodium hydroxide. It was identified as methylmatteucinol (authentic specimen 
m. p. 102°) by mixed m. p. and identity of infrared spectrum. 

Angophorol.—The substance formed colourless prisms, m. p. 150° as first isolated (Found: 
C, 68:5; H, 5-8; OMe, 10-0; C-Me, 7-1. C,,H,,O; requires C, 68-8; H, 5-8; 1lOMe, 9-9; 
2C-Me, 955%). It gave a green ferric test and a colour reaction as above for a flavanone, and 
possessed absorption bands in accord with such a structure [Amax, 216, 283, 353 my (log « 4-72, 
4-49, 3-96)]. 

Angophorol (1 mg.) was refluxed in 50% aqueous potassium hydroxide (1 c.c.) for 10 min. 
The solution was acidified with 10N-hydrochloric acid and extracted with ether, and the extract 
applied to Whatman No. 1 paper. Development with butanol—acetic acid—water and coupling 
with bisdiazotised benzidine gave only one visible spot (Rp 0-93), not identical with phloro- 
glucinol or its 2-methyl or 2,4-dimethyl] derivative. Ina similar process the chromatogram was 
developed with butanol—-water and sprayed with diazotised p-nitroaniline, then oversprayed 
with aqueous sodium carbonate solution, to reveal the presence of p-hydroxybenzoic acid, 
Ry 0-15 (red spot), and 4-hydroxycinnamic acid, Ry 0-22 (indigo-blue spot). Angophorol was 
refluxed with hydrobromic acid (d 1-5) for 1 hr., and the product was extracted with ether and 
submitted to alkaline-hydrolysis and paper chromatography by the method of Lindstedt and 
Misiorny,® to give a spot of Rp 0-94, rendered visible in ultraviolet light by ammonia vapour 
and identical in position and general behaviour with that due to authentic 2,4-dimethylphloro- 
glucinol. 

An excess of diazomethane in ether was added to angophorol (50 mg.) in methanol (2 c.c.), 
and the mixture was left for 1 hr. and then washed with sodium hydroxide solution. Evapor- 
ation of the organic solution left a gum which crystallised in contact with light petroleum and 
was recrystallised several times from methanol, giving prisms of methylmatteucinol, m. p. 
100°, undepressed by authentic substance, m. p. 102°, and identical in infrared spectrum and 
chromatographic behaviour (Found: C, 69-7; H, 6-3. Calc. for C,gH.,0,: C, 69-5; H, 61%). 
The yield was poor (about 10 mg.) and the original angophorol was therefore chromatographed 
in Lindstedt’s benzene-ligroin—methanol—-water mixture, and compared with available related 
compounds, spots being detected by spraying with bisdiazotised benzidine. The results were: 
methylmatteucinol (authentic and product above), Ry 0-95 (brick-red); farrerol, Ry 0-3—0-4 
(pale cream); matteucinol, Rp 0-85 (cream); angophorol, m. p. 150°, Ry 0-85 (yellow) and 0-75 
(pink). The angophorol was clearly a mixture, but did not contain the other substances listed. 
Separation on paper strips in the above solvent showed that the substance of Rp 0-85 was the 


* Lindstedt and Misiorny, Acta Chem. Scand., 1951, 5, 1. 
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main constituent and was obtained pure, with m. p. 167°, [a], 0° (Found: C, 68-7; H, 5-8. Cale, 
for C,,H,,O,: C, 68-8; H, 5-8%); the constituent of Rp 0-75 could not be isolated pure, 
From the virtual identity of analyses of the substance, m. p. 150°, with that of m. p. 167°, the 
second component must be isomeric with, or very closely related to, pure angophorol. 

(—)-Farrerol (100 mg.) in methanol (2 c.c.) was treated with about 1-2 equivalents of diazo. 
methane in ether. The product was a mixture, but several chromatographic separations on 
paper, as above, with isolation of material of Rp 0-85, yielded angophorol, m. p. 166—16g° 
identical (mixed m. p.; infrared spectrum) with the natural material. 


We are indebted to D.S.I.R. for a Scholarship (to R. N. S.). 


DEPARTMENT OF ORGANIC CHEMISTRY, 
UNIVERSITY OF SYDNEY. 
DEPARTMENT OF CHEMISTRY, UNIVERSITY OF MANCHESTER. [Received, November 3rd, 1959.} 


419. The Effect of p-Halogen Substituents on the Rate of 
Hydrolysis of Diphenylmethyl Chloride. 


By G. KOHNSTAM. 


The electromeric effect of halogen atoms is an important factor in the 
Syl hydrolysis of para-substituted diphenylmethyl chlorides, but only for 
fluorine is this effect large enough to make the substituent an overall donor 
of electrons relative to hydrogen. The rates follow the sequence F > H > 
Cl > 1> Br which arises entirely from changes in the activation energy; 
the entropy and heat capacity of activation:are constant throughout the 
series. The substituent effects are usually independent of the nature of 
the solvent. : 

The use of linear free-energy relations in predicting the effect of p-halogen 
substituents on the rates of electron-demanding reactions is discussed. 


Ir is generally agreed that halogen substituents attract electrons relative to hydrogen 
in the order F > Cl > Br > I by the inductive effect,1 as indicated by the acid strength 
of halogenoacetic acids? and the base strength of 2-halogenopyridines.? In suitable 
systems these substituents can also release electrons in the same order by the mesomeric 
effect, as in the p-halogeno-phenols and -anilinium ions. Passage into the transition 
state of an electron-demanding reaction can invoke two polarisability effects in these 
substituents: the electromeric effect which is the time-variable analogue of the mesomeric 
effect and decreases in the same manner, and the inductomeric effect which depends on 
the ease of deformation of the outer electrons by an applied electric field and follows the 
sequence I> Br>Cl>F. At the beginning of the present work the order of the 
overall electron-release by halogen substituents in such reactions was not clear ® and 
further information was sought by investigating their ‘effect on the rate of solvolysis of 
diphenylmethyl halides. There was good reason to believe that the reactions occur by 
the unimolecular mechanism, Sy1,® and the transition state should therefore be par- 
ticularly favourable to electromeric electron-release by para-substituents—the hydrolysis 
of the p-alkyl derivatives had already clearly demonstrated the order of the tautomeric 
hyperconjugative electron-release for these substituents.? A preliminary summary of 


1 For a discussion of the polar effects of groups, see Ingold, ‘‘ Structure and Mechanism in Organic 
Chemistry,” G. Bell and Sons, London, 1952, chapter II. 

2 Watson, “‘ Modern Theories of Organic Chemistry,” Oxford Univ., 1937, p. 76. 

§ Brown and McDaniel, J. Amer. Chem. Soc., 1955, 77, 3752. 

* Baddeley, Bennett, Glasstone, and Jones, J., 1935, 1827. 

5 de la Mare and Robertson, J., 1948, 100. 

* Ref. 1, p. 325. 

7 Hughes, Ingold, and Taher, J., 1940, 949. 
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the present results has been reported * and recent observations on similar systems %! 
are in substantial agreement with the present findings. . 

Most of the measurements were carried out on the hydrolysis of the diphenylmethyl 
chlorides, mainly in “ 70% ”’ aqueous acetone. The parent bromide and its #-fluoro- 
derivative were also studied briefly in ethanol and “ 60%” ethanolic ether.* All the 
reactions were followed by the development of acidity, and the initial concentration of 
the substrate was never greater than 0-02m to avoid complications from mass-law and 
ionic-strength effects; good first-order rate coefficients were always obtained. Tri- 
ethylamine, sodium hydroxide, and sodium ethoxide (in the ethanolic solvents) at ca. 
002m had only a small effect on the rate and did not upset the first-order kinetics, in 
agreement with earlier observations.!*2 This demonstrates the unimolecular character of 
the reactions since the introduction of a better nucleophilic reagent than water or ethanol 
should yield a large increase in rate and second-order kinetics for bimolecular solvolysis." 
Steric considerations also render this alternative mechanism unlikely in the present 
systems. 


RESULTS AND DISCUSSION 


The Effect of Temperature on the Activation Parameters.—In ‘‘ 70% ’’ aqueous acetone, 
energies and entropies of activation calculated from rate data at 0° and 25° were found 
to be greater than those calculated from data at 25° and 40° (see Table 4). Although a 
negative temperature coefficient is to be expected for these parameters in the solvolysis 
of organic halides,!*16 it is necessary to exclude the possibility that this observation arose 
from some systematic error such as evaporation of acetone from the solvent during the 
sampling of the runs at the highest temperature. The hydrolysis of the parent compound 
was therefore examined at two further temperatures. Energies and entropies of activation 
were calculated from data at adjacent temperatures, as previously described,™* and are 
compared in Table 1 with the values obtained from the “ best ”’ straight lines, E against 
T,, and AS* against (log 7),, where the subscript m refers to the mean of the experimental 
values of T or log T. It can be seen that the figures are consistent with a constant value 


TABLE 1. Energies and entropies of activation for the reaction 
of diphenylmethyl chloride with “‘ 70°, ’’ aqueous acetone. 
Rates at 0-00°, 25-00°, and 40-12° are given in Table 4; at 14-99° and —10-90°, 10% = 146-1 + 0-241 
and 3-775 + 0-0114 sec.-!, respectively. 
Temp. interval 40-12 — 25-00° 25-00 — 14-99° 14-99 — 0-00° 0-00 — —10-90° 
Eos, (kcal. mole~) 20-13, + 0-04,  20-64,+ 0-05, 20-94, +0-04, 21-53, + 0-06, 
E cae, (kcal. mole) 20-142 20-589 21-034 21-495 
—AS*op.. (cal. deg.-) 8-20 6-40 5-26 3-03 
—AS*eae, (cal. deg.-) 8-18 6-60 4-95 3-16 
dE/dT = —35-6 + 2-0 cal. mole deg.-}. 


for the heat capacity of activation (ACt = dE/dT — R) over the whole temperature 
range, and that the value of AC* is of the same magnitude as for other solvolytic reactions 
in mixed solvents.5 The apparent temperature-dependence of E and AS?* for the 


* Throughout this paper an ‘‘ #% "’ solvent refers to the mixture made up in the proportion x ml. 
of the solvent named last and 100 — x ml. of the other component. 


* Ref. 1, p. 332. 

* Brown and Okamoto, J. Amer. Chem. Soc., 1957, 79, 1906. 

” Fang, Hammond, and Kochi, J. Amer. Chem. Soc., 1958, 80, 563. 

" Bateman, Church, Hughes, Ingold, and Taher, J., 1940, 979. 

1 Ward, J., 1927, 2285. 

** Hughes, Trans. Faraday Soc., 194], 37, 603. 

Hughes and de la Mare, /., 1956, 845. 

* Bensley and Kohnstam, (a) J., 1956, 287, (b) J., 1957, 4747. 

* Robertson, Canad. J. Chem., 1955, 88, 1536; J. Chem. Phys., 1956, 25, 375; Robertson, Hep- 
polette, and Scott, Canad. J. Chem., 1959, 37, 803; Tommila, Tilikainen, and Voipio, Ann. Acad. Sci. 
Fennicae, 1955, A, II, 65. 
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hydrolysis of the #-halogen derivatives (see Table 4) can therefore be accepted as genuine, 
and the heat capacities of activation are given in Table 2 together with the values of the 
ratio AC*/AS*. It has been suggested that this ratio should be independent of the nature 


TABLE 2. Heat capacities of activation and AC*/AS* for the 
reaction of p-X-C,H,CHPhCl with ‘‘ 70% ” aqueous acetone. 


(Errors quoted are standard deviations from the mean.) 


x H F Cl Br I 
AC} (cal. deg.) *... 36-9 + 2-9 64-5 + 3-2 32-9 + 2-8 40-6 + 3-4 37-9 + 19 
ACt/ASt 12-50° ... 6-3 + 0-5 10-2 + 0-5 5-5 + 0-5 6-7 + 0-6 6-3 + 03 
32-56° ... 45+ 0-4 6-2 + 03 4:0 + 0-4 4-6 + 0-4 4-4 + 0-2 


3 


* From the data in Table 3 on the assumption that E refers to the 


ean of the temperature 
interval for which it was calculated. 


of the substrate in the Sy1 reactions of organic chlorides since the entropy and heat capacity 
of activation both reflect the increase in solvation on passage into the transition state 
and it can be seen that the present results are in agreement with this prediction, except 
for the /-fluoro-derivative. The behaviour of this compound probably arises from some 
systematic error in the measurements at 40-12° where the hydrolysis has a half-life of 
less than three minutes; this would affect the values of AC*, AS* (25—40-12°) and E 
(25—40-12°). It is noteworthy that AS? (25—40-12°) is also anomalous for the #-fluoro- 
compound while AS* (0—25°) has the value to be expected from the behaviour of the 
other halogen-derivatives (see p. 2069). 

Substituent Effects and Solvent Changes.—The effect of p-halogen substituents on the 
rate of reaction of diphenylmethyl chloride with various solvents is shown in Table 3. 
In the present work the change in rate is independent of the nature of the solvent, and the 
results agree well with those of Berliner and Malter.1? However, reaction of the p-chloro- 
derivative with alcoholic solvents %!® yields a value for kq/kg which differs from that 


TABLE 3. The effect of p-halogen substituents on the rate of reaction of 
diphenylmethyl chloride with various solvents at 25°. 


Solvent kelky halka haley Solvent kelky holy 
60% Aq. dioxan ... —_ 0-313 = BNO, seacacpcapeeesenssceseee — 0-47¢ 
60% Aq. acetone ... aa 0-337 — SEED.” smandbconvhsdscesaivbsee 1-79 * 0-429 
70% Aq. acetone ... 1-86 0-328 0-251 BURNIE, bec sccorcscntcssetons — 0-51} 
80%, Aq. acetone ... ~- 0-318¢ 0-273 60% Ethanolic ether ......... 1-93 * _ 


* These experiments were carried out on the diphenylmethyl bromides. + Berliner and Malter.” 
¢ Altscher, Baltzly, and Blackmann.4* {J Norris and Banta.’ 


now obtained in aqueous media, but the earlier results are also contradicted by the observ- 
ation that p-halogen substitution in ««-dimethylbenzyl chloride has the same effect on 
the rate of reaction with a number of aqueous and alcoholic solvents,®° and by results 
for the hydrolysis of «-methylbenzyl chlorides.24 Solvent-dependent substituent effects 
have been reported for the hydrolysis of benzyl toluene-f-sulphonates,’ 2 but these 
reactions also show other anomalies (see below) and it may well be that the precise 
mechanism here depends on the solvent and substituent under consideration. It therefore 
seems reasonable to assume that changes in the rates of Syl reaction caused by #-halogen 
substituents are independent of the nature of the solvent. This conclusion is predicted 
by the equation of Winstein, Grunwald, and Jones * for the effect of solvent changes 

17 Berliner and Malter; see Malter, Thesis, Bryn Mawr, 1952. 

18 Altscher, Baltzly, and Blackmann, J. Amer. Chem. Soc., 1952, '74, 3649. 

#® Norris and Banta, J. Amer. Chem. Soc., 1928, 50, 1804. ; 

2© Brown and Okamoto, J. Amer. Chem. Soc., 1957, '79, 1909; Brown, Okamoto, and Inukai, ibid., 
1958, 80, 4972. 

21 Mechelynk-David and Fierens, Tetrahedron, 1959, 6, 232. 

#2 Fang, Hammond, Kochi, and Reeder, J. Amer. Chem. Soc., 1958, 80, 568. 


*3 Winstein, Grunwald, and Jones, J. Amer. Chem. Soc., 1951, 78, 2700; Winstein, Grunwald, and 
Fainberg, ibid., 1957, 79, 4146. 
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on the rate of such reactions, and Streitwieser has pointed out that this equation appears 
to hold for structurally similar reactants.™ : 

The Effect of p-Halogen Substituents on the Activation Parameters —The main results 
are summarised in Table 4. It can be seen that the rate decreases in the order F > H > 
Cl > I > Br and that this decrease is caused almost entirely by changes in the activation 
energy; the entropy of activation is constant within the limits of experimental error, 
and only AS* (25—40-12°) for the p-fluoro-compound is anomalous (see p. 2068). While the 
rate sequence is in good agreement with the other findings for electron-demanding reactions 
(see Table 5), previous results suggest that both activation parameters are altered by 
p-halogen substitution.®-1-2.25,26 It must, however, be stressed that the changes in rate 
are not large and relatively small inaccuracies in the rate coefficients could therefore 
have been responsible for these observations; for example, the standard errors quoted 
by Berliner and Malter ” show that the entropy of activation in their experiments may 
well be independent of the nature of the substituent. A constant activation entropy is 
to be expected in Syl reactions if the transition state has the same degree of charge 
development and the same degree of solvation for all the compounds under consideration, 
and it is noteworthy that more polar substituents in diphenylmethyl chloride *?’ and in 
aa-dimethylbenzyl chloride * also affect the rate mainly through the activation energy. 
In benzyl toluene-p-sulphonates, however, the effect of substituents on the rate of hydrolysis 
is mainly reflected in the entropy of activation.2* Similar observations for the hydrolysis 
of benzyl chlorides have already led to the conclusion that the parent compound and its 
p-methyl derivative do not react by precisely the same mechanism ™** and it may well 
by that analogous considerations apply to the toluenesulphonates. Admittedly, these 
compounds are usually assumed to undergo Syl solvolysis, but Hammond and his co- 
workers found that several of their results are not wholly consistent with this view.” 

Polar Effects—In the hydrolysis of diphenylmethyl chlorides, electron-releasing 
substituents will tend to stabilise the transition state relatively to the initial state, and 
electron-attracting substituents will have the converse effect. It can therefore be concluded 


TABLE 4. Kinetic data for the reaction of p-X°C,HyCHPhCl 
with “‘ 70%” aqueous acetone. 


(Errors quoted are standard deviations from the final mean. & in sec., E in kcal. mole, AS in 
cal. deg.-*). 


X= H F Cl Br I 
40-12° ...... 252747-76 (4291-4 20-5) 8730+43-02 66794182 754-8 + 1-82 
10% 25-00° ...... 4931 + 1:14* 920-24 164+ 160-6 + 0-403 123-040-197 189-2 4+ 0-197 
0-00° ...... 19-63 + 0-0789 39-62 + 0-0650 5-886 + 0-0125 4-412 + 0-0110 5-048 + 0-0115 
hx/kg at 25° 1-00 1-86 0-328 0-251 0-284 
£025" re ee 20-83, + 0-03, 20-29,+4 0-01, 21-40, + 0-02, 21-54, + 0-02, 21-47, + 0-01, 
2 ...... 20-13, + 0-04, (19-03, + 0-06,) § 20-78, + 0-05, 20-77, + 0-06, 20-75, + 0-03, 
Ast {025° .. 5-90 + 0-10 6-31 + 0-05 6-01 + 0-07 6-07 + 0-09 6-06 + 0-06 
25—40° = 8-20 + 0-16 = (10-57 4 0-21) 9 8-22 + 0-17 8-80 + 0-21 8-61 + 0-11 


* At 25-05°. + At 25-10°. 4 The figures in parentheses involve a rate coefficient which may be 
subject to error (see p. 2068). 


that the overall electron-release by the substituents follows the same sequence as the 
rate, viz., F >H>Cl>I>Br. Except for the inversion of I and Br, this is also the 
order of tautomeric electron-release and it therefore appears that this effect is invoked 
to a considerable extent in the present reactions. This view is supported by studies of 
the hydrolysis of a««-dimethylbenzvl chlorides;® here the relative rates (kx/ky) for 

* Streitwieser, Chem. Rev., 1956, 56; 618. 

* Bennett and Jones, J., 1935, 1815. 

* Branch and Nixon, J. Amer. Chem. Soc., 1936, 58, 492. 

" Hughes, Ingold, and Kohnstam, unpublished work. 


* Brown, Brady, Grayson, and Bonner, J. Amer. Chem. Soc., 1957, 79, 1897. 
* Tommila, Paakkala, Virtanen, Erva, and Varila, Ann. Acad. Sci. Fennicae, 1959, A, II, 91. 
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p-halogen derivatives are similar to those now observed, but the meta-derivatives, where 
tautomeric effects cannot be fully operative, show very much smaller relative rates. It 
seems highly probable that the present tautomeric electron-release is largely electromeric 
in origin, 7.¢., that it mainly arises in the transition state of hydrolysis. Here the electron- 
demand at the reaction centre is much greater than in the initial state, so that any sub- 
stituent with a capacity for tautomeric electron-release can be expected to be a better 
electron-donor under these conditions. In valence-bond language, this type of electron 


ner xa ee 


(I) (II) (III) 


release can be represented by a contribution of structure (I) to the actual structure of 
the system. In the initial state, the main canonical form (II) has a much lower energy 
than structure (I) which can therefore be expected to contribute little to the final resonance 
hybrid. Structure (I) may, however, participate significantly in the structure of the 
transition state since a capacity for tautomeric electron-release by the group X can result 
in an energy for this structure which does not differ greatly from that of structure (III). 

The conclusion that f-halogen groups show considerable electromeric electron-release 
in the present reactions is not inconsistent with the fact that the f-iodo-compound is 
hydrolysed faster than the p-bromo-derivative (see Table 4). The overall polar effects 
of the halogens, which control the rate, are the resultants of two opposing factors, both 
of which decrease in the order F > Cl > Br > I, namely, tautomeric electron-release and 
inductive attraction. A regular sequence for the rates is thus not necessarily required 
by the present interpretation. A small contribution ‘from the inductomeric effect (which 
decreases in the order I > Br > Cl > F) cannot be excluded for the /-iodo-compound, 
but the results show clearly that electromeric electron-release is the principal polarisability 
effect operating in the present reactions. 

It is noteworthy that only the /-fluoro-group can act as an overall donor of electrons, 
relative to hydrogen (see Table 4). Chlorine can act as an overall electron-releasing 
group in Syl reactions when it is placed at the reaction centre 93! and, to a smaller 
extent, when it is a y-substituent in allyl chloride,** but it invariably acts as an overall 
electron-attractor in the para-position of aryl and arylalkyl chlorides (see Table 5). It 
must therefore be concluded that tautomeric effects (or, alternatively, demands for 
electrons at reaction centres) are not relayed efficiently through conjugated systems. 

Comparison with Other Systems.—The effect of p-halogen substituents on the rates and 
equilibria of processes facilitated by electron-release towards the reaction centre, and 
structurally favourable to the operation of tautomeric effects, are compared in Table 5. 
It can be seen that the present results are in good qualitative agreement with previous 
observations (which have often been quoted to establish the variation of the tautomeric 
effect in the halogens), but there are a number of quantitative differences which it is now 
necessary to discuss. 

The figures in Table 5 show that kp/kq varies by a factor of 8 in the reactions under 
consideration. Fluorine attracts electrons by the inductive effect, but this attraction is 
much less sensitive to changes in the electron-demand at the site of substitution than 
electron-donation by the tautomeric effect, and it is therefore to be expected that a f-fluoro- 
group will become a progressively more efficient overall donor of electrons as this demand 
increases. The data for the Syl hydrolysis of arylalkyl chlorides (reactions 6—9) support 
this conclusion. As a first approximation it can be assumed that the degree of charge 

% Olivier and Weber, Rec. Trav. chim., 1934, 58, 869; Evans and Hamann, Trans. Faraday Soc., 
1951, 47, 52; Hine and Lee, J. Amer. Chem. Soc., 1951, '78, 22; Andrews and Kaeding, ibid., p. 1007; 


Bensley and Kohnstam, /., 1955, 3408. 
3! Vernon, J., 1954, 423. 
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development in the transition state, and hence the electron-demand at the reaction centre, 
is the same for all these reactions, but that the electron-demand at the site of substitution 
will decrease with increasing facility for electron-release by other groups attached to the 
central carbon atom. «a-Methyl groups are less efficient in this respect than «-phenyl 
groups, and ky/kq should therefore decrease on passing from reaction 6 to reaction 9, 


TABLE 5. The effect of p-halogen substituents on the rates 
(or equilibrium constants) of electron-demanding reactions. 
Kx/Ky or kx/kp 
tn F CO ome 4 


1. X-C,HyO- + Ht === X°C,H,°OH, “ 30% ” aq. ethanol, 25°*... 1-23 0-242 0-206 0-146 
2. X-C,HyNH, + Ht === X°-C,H,’NH;*, “30% ” aq. ethanol, 25°4 0-952 0-229 0-174 0-120 
3. X°C,Hy’CH(OH)-CN === X°C,H,’CHO + HCN, ethanol, 25°*... 1-42 0-865 0-732 0-703 
4. X°C,H,yCH,Cl ——» X°C,H,°CH,-OH, “50%” aq. acetone, 

BN OE acing dn cicdncoscndonsspicvevoracenbtiieasssdeqscageaierbesssdendessmaeototes 1-7 0-59 046 0-44 
5. X°C,H,’CH,"O-O,S°C,H,Me ——» X°C,H,°CH,°OH, “ 55-6% ” aa. 

LTT "cx nddcecacsieccaxcnrotsahivansonsaphacsenassepeacetevwensseetebte 2:58 0-537 0-433 0-494 
6. X°C,H,CHMeCl ——» X°C,H,-CHMe:OH, “ 50-7% ” aq. dioxan, 

Si Pils: kos earkapandecsnpnsdinndnesemiinainnesbecnmeietnanteeauseolmnniiinnticnia 3-63* 0-316 * 


. X-C,HyCMe,Cl ——» X°C,H,°CMe,Cl, “‘ 90% ”’ aq. acetone, 25°* 2-14 0-305 0-208 0-244 
8. X°C,H,CHPhCl ——» X°C,H,-CHPh-OH, “70%” aq. acetone, 

UE Kain cniasveddikuthinsedeiediiieeedadte<adatestaniasiissabdceabaaceeds 186 0-328 0-251 0-284 
9. X-C,H,-CPh,Cl ——» X°C,H,-CPh,°OH, “ 60% ” ethanolic ether, 

Eo << :sautenciheundinudegusdswisesesteubsviasanibnsnavenmentaaeiseaaeaunceiaey 0-76 O32 0-28 0-34 
10. X*C,H,-CH(OH)-CH:CHMe ——» X-C,H,°CH:CH-CHMe-OH 


Es Gi. CIE, SEE ~ axcnre cen sananssoetocdosndivaerseseedssonnsnuesd> 0-843 0-239 0-198 — 
ll. X-C,H, ——» p-X°C,H,°NO,, acetyl nitrate, 25°? oo... cee ee eee 0-79 0-14 0-11 0-60 
12. X-C,H, ——» p-X°C,H,Cl, acetic acid, 25° © ...........cccceseeeeeeeees 6-5 0-36¢ 0-25 0-50 ft 
13. 1-X°C,,H, ——» 1,4-X°C,,H,Br, acetic acid, 25° 5 ........... cece eee eee 3-7 0-13 0-09 0-22 
14. X-C,H,-B(OH), ——» X-C,H,Br, “ 20% ” acetic acid, 25° ...... 2-81 0-539 0-413 0-498 


* These figures were obtained by extrapolation from data at higher temperatures. { These 
figures may be subject to some inaccuracy as they depend on an estimate for the percentage of 
p-chlorination. 

« Baker and Hopkins, J., 1949, 1089. % Present work. ¢* Braude and Stern, J., 1947, 1096. 
4 Ref. 1, pp. 246, 260. ¢* dela Mare, J., 1954, 4450; de la Mare, Robertson, and Swedlund, J., 1952, 
782. 4 Kuivila and Hendrichson, J. Amer. Chem. Soc., 1952, 74, 5068; Kuivila and Benjamin, ibid., 
1955, 77, 4834. 


as observed; in the hydrolysis of triphenylmethyl chloride the electron-demand on the 
substituent is so small that fluorine acts as an overall attractor of electrons. On this view, 
the Sy,1 hydrolysis of benzyl chloride and benzyl toluene-p-sulphonate should be associated 
with even larger values of ky/ky than reaction 6, and the results for reactions 4 and 5 
can be explained by noting that reaction 4 is largely, if not entirely, bimolecular, and 
that reaction 5 is probably not wholly unimolecular (see p. 2069). If the effect of 
more polar groups, such as f-methyl and #-nitro, on the rate of reaction is taken as a 
measure of the electron-demand at the site of substitution, ky/kg generally decreases with 
an increase in this demand, as expected. 

The principal exceptions to this rule are the fara-nitration of halogenobenzenes 
(reaction 11) and the benzaldehyde-cyanohydrin equilibrium (reaction 3). In reaction 11, 
ky/ky is lower than would have been expected from ky,/kyq, and k;/kg is abnormally high; 
it has been pointed out by several workers that electromeric electron-release is apparently 
not favoured in the transition state of this reaction but that the system is favourable 
to the operation of the inductomeric effect.82 In reaction 3, fluorine appears to act as 
an overall donor of electrons, but the polar requirements of the equilibrium are not un- 
ambiguous; * Ky,/Ky is only 50% greater than Ky/Ky and Kyo, ~ Ky. An examination 
of the rates of the forward and back reactions shows that both are facilitated by electron- 
attracting substituents. A #-fludro-group enhances both rates and does not, therefore, 
act as an overall electron-donor in either of the reactions. 


* Berliner and Berliner, J. Amer. Chem. Soc., 1954, 76, 6279, and references cited in this paper. 
* Baker and Hopkins, /J., 1949, 1089. 
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The other halogens have much the same effect on the rates of most of the reactions 
listed in Table 5. Deviations from this normal behaviour are shown by reactions 1—§, 
11, 13, and 14, but these probably arise from special causes. It has already been pointed 
out in the previous paragraph that equilibrium constants do not necessarily reflect the 
polar properties of substituents (reactions 1—3) and the unusually high values of kx/k, 
for the three higher halogens in reactions 4, 5, and 14 may arise from a weaker demand 
for electrons at the reaction centre than in the parent compound; these reactions are 
always less sensitive to electron-attracting substituents than would have been expected 
from the effect of electron-donating groups on their rates. The low value of kx/kg for 
chlorine and bromine in reaction 11 probably results from the absence of an appreciable 
electromeric effect (see preceding paragraph) but it is difficult to see how this explan- 
ation can be applied to the similar observation in reaction 13 where ky/ky is relatively 
large. 

Chlorine, bromine, and iodine act as overall electron-attractors in all the reactions 
listed in Table 5. Since these substituents release electrons by the tautomeric effect to 
a much smaller extent than fluorine does, the observation that they have almost the same 
effects on the rates of different reactions suggests that any changes in the magnitude of 
the tautomeric electron-release, resulting from changes in the demand for electrons, are 
only sufficient to cancel the altered sensitivity of the reaction to the presence of electron- 
attracting groups. Iodine usually retards electrophilic reactions less than nucleo- 
philic reactions, probably because the former processes invoke stronger inductomeric 
effects. 

The Hammett Equation—The effect of meta- and para-substituents on the rates of 
chemical reactions has often been discussed in terms of the Hammett equation, 
log (kx/ky) = op,3* where the constant o represents the effect of the substituent on the 
electron density at the reaction centre and depends only on the nature of that substituent, 
and the constant e is a measure of the sensitivity of the rate (or equilibrium) to changes 
in the electron density and depends only on the reaction under consideration. The 
standard o-values,® however, reflect to a greater extent the inductive than the tautomeric 
effect of substituents,** and several workers have reported that reactions favourable to 
the operation of tautomeric effects require either a modified Hammett equation, or 
substituent constants («) which differ from the standard values.**37 Brown and his 
co-workers have recently proposed a set of such substituent constants (o*) for reactions 


facilitated by electron-release towards the reaction centre and found that these constants | 3 


could be applied with a fair degree of success to a variety of such reactions.3” The 
validity of the o*-values for predicting the effect of p-halogen substituents is considered 
below. 

Brown’s o*-values are based on the results observed in the hydrolysis of «a-dimethyl- 
benzyl chlorides (Table 5, reaction 7), and indicate that a -fluoro-group should act as 
an overall donor of electrons while the other halogens behave as overall electron-attractors 
in the fara-position. Thus, a reaction which is accelerated more than reaction 7 by a 
p-fluoro-substituent should also be retarded more than this reaction by #-chloro-, p-bromo-, 
and #-iodo-groups, and vice versa. The results in Table 5, however, show that these 
requirements are only rarely obeyed and it is also noteworthy that fluorine acts as an 
overall electron-attracting group in four of the reactions listed, contrary to the predictions 


** Hammett, ‘‘ Physical Organic Chemistry,”” McGraw-Hill, New York, 1940, p. 188. 

35 Jaffé, Chem. Rev., 1953, 58, 191. 

* de la Mare, J., 1954, 4450; de la Mare, Robertson, and Swedlund, J., 1952, 782. 

37 (a) Baxter, Martin, and Pearson, J. Org. Chem., 1952, 17, 1511; Taft, ‘‘ Steric Effects in Organic 
Chemistry,’ J. Wiley and Sons, New York, 1956, chapter 13; Deno and Schriesheim, J. Amer. Chem. 
Soc., 1955, 77, 3051; Roberts and Moreland, ibid., 1953, 75, 2167; Miller, J. Austral. Chem., 1956, 9, 61; 
(6) Brown and Okamoto, J. Amer. Chem. Soc., 1957, 79, 1913; 1958, 80, 4979; J. Org. Chem., 1957, 22, 
485. 
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of the o*-values. Reactions 3, 4, 8, and 13 proceed in the expected manner but it is 
noteworthy that substituent effects in reaction 8 are always extremely similar to ‘those 
in reaction 7. Reaction 13 should probably not have been included in this discussion as 
it involves substitution in naphthalene and not in benzene; the equilibrium constants of 
reaction 3 do not reflect the polar effects of substituents (see p. 2071) and should therefore 
not be predicted by o*; and the precise mechanism of reaction 4 probably depends on 
the nature of the substituent (see p. 2069). 

A more quantitative test is obtained by calculating the reaction constant, p, from the 
efiect of p-chloro- and /-bromo-substituents and the published values of o* (the two 
p-values so obtained are always in good agreement with each other), and hence calculating 
kp/kg and k;/ky. Reasonable agreement between the observed and the calculated values 
of kp/ky is again obtained for reactions 3, 4, 8, and 13 but as was pointed out in the preceding 
paragraph this does not necessarily support the validity of the o* treatment. In the 
other reactions, ky/kq differs by a factor of 1-7—4 from the calculated value; h,/ky is 
twice as large as the calculated values for reactions 12 and 13, and five times as large for 
reaction 11. These differences are of the same magnitude as the changes in rate caused 
by the substituents, and it is therefore felt that the effects of p-halogen substituents are 
more profitably discussed by using Ingold’s approach * of considering the polarisation 
and polarisability effects, and the reaction mechanism. This conclusion is in general 
agreement with that already reached by Eaborn ® who pointed out that the effect of 
p-halogen substituents on the rates of electrophilic reactions cannot be accommodated 
by an equation of the Hammett, type. 


EXPERIMENTAL 


Preparation of Materials —The 4-halogenobenzophenones were obtained by Friedel-Crafts 
reactions from benzoyl chloride and the halogenobenzenes,*® except for the 4-iodo-derivative 


TABLE 6. 
M. p. M. p. 








Compound obs. lit. ref. - Compound ‘obs. lit. ref. 
_- C,H,-CHPh:OH ... 67-8°, 69° d 

c 

é 


F-C,H,COPh . 48-5° * 


a F-C,H,’CHPh:OH ... 48-0 
ClC,H,y-COPh , 75-7, 77-5 6 Cl-C,H,yCHPh-OH 62-0 
1 
c 


= 
> 


Br-C,H,-COPh 


Br-C,H,-CHPh-OH 650,66 e 
I-C,H,COPh 


I-C,H,CHPh-OH ... 73 g 





M. p. or b. p./mm. Found (%) Calc. (% 


a it. 

obs. lit. ref, Cc Formula Cc 
C,H,-CHPhCl 19-6° 20-5° 12 77-6 . C,,H,,Cl 7: 
F-C,H,CHPhCl1 128-5°/1-5 — 70-8 . C,,;H,,CIF 0- 
ClC,H,-CHPhCl 129°/1-6 172°/6 66-3 . Cy3Hy Cl, 5: 
BrC,H,-CHPhCl 22-5 147°/2 55-7 : C,,H,,ClBr 5: 
I-C,H,-CHPhCl 47-5 — 47-0 . C,3H,,Cll 7: 
C,H,*CHPhBr 44-3 45 _ = 
F-C,H,CHPhBr 20-2 aa 59-5 C,;H,BrF 58-9 


wo), SOP ho 
p| Ogrom & 


* A considerably higher m. p. had been reported by Koopal (ref. c), but a repetition of his synthesis, 
starting with p-fluorotoluene prepared from toluene-p-diazonium borofluoride (Balz and Schiemann, 
Ber., 1927, 60, 1186), had the same m. p. and as our original sample and an undepressed mixed m. p. 

Refs.: (a) Dunlop and Gardener, J. Amer. Chem. Soc., 1933, 55, 1665. (b) Kollaritz and Mertz, 
Ber., 1873, 6, 547; Wegerhoff, Annalen, 1891, 262, 6. (c) Koopal, Rec. Trav. chim., 1915, 34, 156. 
(d) Nef, Annalen, 1897, 298, 9. (e) Mihailescu and Caragea, Bull. Sect. Sci. Acad. roumaine, 1929, 12, 
7; Montagne, Rec. Trav. chim., 1920, 89, (f) 492, (g) 350. (hk) Courtot, Ann. Chim. (France), 1916, 
5, 80; Norris, Thomas, and Brown, Ber., 1910, 43, 2959. 





* Ref. 1, ch. 6, 7, 13. 
* Eaborn, /., 1956, 4858. 
Montagne, Rec. Trav. chim., 1907, 26, 263, 264, 266; 1908, 27, 336. 








2074 Rate of Hydrolysis of Diphenylmethyl Chloride. 


which was prepared from 4-aminobenzophenone by the Sandmeyer reaction.*t The crude 
ketones were purified by distillation at reduced pressure, or by recrystallisation from ligroin 
(b. p. 100—120°), light petroleum (b. p. 40—60°), or ethanol, and were converted into the 
corresponding diphenylmethanols by reduction with aluminium isopropoxide.** After re. 
crystallisation from ligroin, the alcohols were converted into the diphenylmethy] chlorides by 
passing a stream of dry hydrogen chloride into their ethereal solutions, in the presence of 
anhydrous calcium chloride.? After removal of the ether and excess of acid, the chlorides 
were purified by distillation at low pressure or by recrystallisation from light petroleum; the 
hydrolysable chloride was always 99-5—100% of the theoretical amount. Diphenylmethy] 
bromide and its p-fluoro-derivative were similarly prepared from the alcohols by passing dry 
hydrogen bromide into their solutions in light petroleum in the presence of anhydrous lithium 
bromide; the hydrolysable bromide was again within 99-5—100% of the theoretical amount, 
after recrystallisation of the product from the same solvent. Physical properties and analytical 
figures for all these compounds are given in Table 6. 

Acetone and ethanol were purified as previously described.%* Ether was dried over sodium 
wire and distilled from a fresh batch of sodium. Aqueous acetone and ethanol-ether were 
made up by volume,'* and solutions of sodium hydroxide and ethoxide were prepared by 
adding a weighed amount of the clean, dry metal and the amount of water (or ethanol) necessary 
to replace the losses resulting from the reaction with the metal. 

Rate Measurements.—The methods employed in the measurement of solvolytic rates were 
similar to those already described.4* Kinetic runs were carried out in duplicate or triplicate, 
and details of a typical run, the hydrolysis of p-fluorodiphenylmethyl chloride in ‘‘ 70%” 
aqueous acetone at 0°, are annexed (¢ in sec., & in sec.~). 


5 ml. samples titrated with 0-00568nN-NaOH 


BT cateadepantatencheses 0 1-200 2-400 3-600 5-400 7-200 9-000 
BED snaesccesecesccece 0-48 1-29 2-06 2-80 3-82 4-72 5-68 
BEPED etidspdcsqoosdocesnns — 3-973 3-973 3:992 3-957 3-890 3-955 
BS cdccesaperadocesscees 10-80 14-40 18-00 21-60 28-80 i) 

OD cncsansenceedetnee 6-49 8-08 9-33 10-50 12-27 17-84 

PE cvncscvecasccscessess 3-935 3-999 3-962 3-985 3-945 _ 


10° (mean) = 3-961 + 0-0096; a duplicate run (10 readings) gave 10° = 3-963 + 0-0101. 


A number of different batches of ‘‘ 70% ’’ aqueous acetone were employed. Each batch 
was tested by noting its rate of reaction with diphenylmethyl chloride, and the rate coefficients 
in Table 4 have been corrected to refer to the same batch of solvent. 

The products of the hydrolysis of p-fluoro- and p-iodo-diphenylmethyl chloride in “ 70% ” 
aqueous acetone were proved to be the corresponding alcohols by methods analogous to those 
described by Hughes, Ingold, and Taher,’ yields being essentially quantitative, and the products 
had the same m. p.s as the authentic samples and undepressed mixed m. p.s. There was no 
evidence of reversibility in any of the reactions studied; the acidity of solutions 0-2M in the 
alcohol and hydrochloric acid was unchanged after periods corresponding to ten “ half-lives” 
in the hydrolysis of the corresponding chlorides. 


The author is deeply indebted to Sir Christopher Ingold, F.R.S., and Professor E. D. Hughes, 
F.R.S., for suggesting this problem, and for continued help and encouragement. The award 
of a Tuffnell Scholarship by the Committee of University College, London, and of a grant by 
the Ministry of Education under the Further Education and Training Scheme, is also gratefully 
acknowledged. 
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*! Gattermann, ‘‘ Laboratory Methods of Organic Chemistry,’’ Macmillan, London, 1941, p. 248. 
* Lund, Ber., 1937, 70, 1520. 
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roin 420. Diboron Tetrachloride—Olefin Compounds. Part II4 The 

pe Decomposition of Diboron Tetrachloride—Ethylene. 

oy By A. K. Hotipay and A. G. MAsseEy. 

2 0 

ides Diboron tetrachloride-ethylene is partly decomposed by several days’ 

the heating at 200°; boron trichloride is the major volatile product. At 500° 

thyl decomposition is complete in a few hours, and hydrogen, methane, ethane, 

dry boron trichloride, and polymer (BCI), are obtained. Further heating at 

ium 500° gives more methane and ethane, probably by hydrogenation of 

unt, residual CIB-CH,°CH,*BCI groups. Decomposition in a silent discharge gives 

tical hydrogen as the major decomposition product. 

tol In Part I? some properties of diboron tetrachloride-ethylene were described; the B-Cl 

were bonds showed typical reactivity, whereas the B-C-C-B bond system was relatively un- 

| by reactive, although easily disrupted by oxidation to give ethylene and other products. 

sary B-Cl bonds (e.g., in boron trichloride) are difficult to pyrolyse, and the same stability is 
shown by the B-C bonds in, e.g., trimethylboron, which must be heated to 400—600° to 

were decompose it to form polymers containing (BCH,), (BCH), and (BC) units.? The alkyl- 

“ate, boron chlorides also appear to be thermally stable, apart from disproportionation equilibria 

%” which may be set up.* However, diboron tetrachloride readily disproportionates at 
ordinary temperatures to give boron trichloride and (BCI),, and tetramethyldiboron— 
ethylene decomposes at 100° thus: 4 

° 3B,Me,,C,H, ——t 4BMe, + B,(C2H,)s 

15 It is therefore difficult to predict the behaviour to heat of diboron tetrachloride-ethylene, 
although the elimination of boron trichloride might reasonably be expected. 

Wartik and Rosenberg ® have investigated the effect of a silent discharge on boron 
trichloride, diboron tetrachloride, and mixtures of these with carbon monoxide, and have 
observed the formation of polymers (BCI,,2CO),. Hydrocarbons in the silent discharge 

atch lose hydrogen; it was therefore hoped that with diboron tetrachloride—ethylene in the 
ients discharge the breaking of B-Cl and B-C bonds might not occur, but that hydrogen might 
yoy be lost to give compounds such as diboron tetrachloride—acetylene. 
hu We report here results for the decomposition of diboron tetrachloride-ethylene at 
mates 200° and 500°, and in a 15 kv discharge at ordinary temperature. 
4S NO 
» the EXPERIMENTAL 
ves” The methods of preparation, identification and analysis have been described previously.! 
Thermal decompositions were carried out in sealed tubes; volatile products were then removed, 
fractionated, and identified. The residues were hydrolysed, evolved gases were removed, and 
ghes, the hydrolysates titrated for boron and chlorine. The discharge was set up between concentric =f 
<< zinc-foil electrodes, separated by a simple cylindrical cell. 
nt by 
“ally 
RESULTS AND DIscussION 

Thermal Decompositions.—The results are given in Table 1; units are mmoles unless 

otherwise stated; the analytical values for boron and chloride ion in the residues represent 
; only titratable material. The fraction X had a vapour pressure near to that of boron 
- trichloride, but the latter could not be separated from it by fractionation. The observed 
48. molecular weights and B : Cl ratios of the hydrolysis products suggest that boron trichloride 





Part I, Holliday and Massey, J., 1960, 43. 

* Goubeau and Epple, Chem. Ber., 1957, 90, 171. 
* McCusker, Hennion, and Ashby, J. Amer. Chem. Soc., 1957, 79, 5192. 

* Urry, Kerrigan, Parsons, and Schlesinger, J. Amer. Chem. Soc., 1954, 76, 5299. 
* Wartik and Rosenberg, J. Inorg. Nucleay Chem., 1957, 3, 388. 
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was the predominant constituent of fraction X, but that small amounts of other con- 
stituents RBCl, might be present. A mixture of boron trichloride (95%) and trimethyl. 
boron (5%) heated at 400° for 12 hr. had an infrared spectrum very similar to that of 
fraction X, suggesting that R = Me (BCl,; M, 117-5. MeBCl,; M, 96). However, 


TABLE 1. 


3 
500° 
5-0 
0-99 
0-00 
0-19 
0-05 
0-16 
0-11 
1-15 

112 


Experiment 

WO saciuesteceoseennreas 
Time (hr.) 

B,Cl,,C,H,, added 


” 


S vo 
° 
S* 
° 


aseean 
anedssi 


Reaction 
products 


esooeoes 


0-07 
1-21 
116 
0-03 
3°41 


SSSPPooese 
CwWrR SSS 
Aor Ses 


—O 
eS | 


| | 


Set 
oO = 
Sag 


Hydrolysis 
products 
of “X” 


to 
i <) 
) 


2-94 
1-12 1-20 
2-63 2-84 
0-36 , 0-40 0-61 
0-33 0-39 . 0-49 0-67 


© 
a —) 
rs 
S 
ot 


tom ty 
i 
aw 
ety 
wel 
— 


Residue 


| | 


Table 1 shows that hydrolysis of fraction X yielded small amounts of hydrogen and it is 
difficult to account for this except by assuming the presence of dichloroborane (HBCI,; 
M, 82). This substance is in fact formed by reaction of hydrogen and boron trichloride at 
high temperatures ® and this reaction could well have occurred here, the other reaction 
product being hydrogen chloride, also found in small amounts. If X is assumed to contain 
about 90% of boron trichloride approximately 1 mol. of boron trichloride was formed from 
diboron tetrachloride—ethylene in the high-temperature decompositions. 

Expt. 1 is typical of several at 200° and shows that decomposition was then very slow. 
The large amount of hydrogen chloride may have been due in part to hydrolysis by traces 
of water desorbed from the reaction vessel during the prolonged reaction period. The only 
other important volatile product was impure boron trichloride. Separation of unchanged 
diboron tetrachloride-ethylene from the non-volatile products was very difficult in these 
low-temperature experiments. 

In experiments at 500° decomposition was complete in a few hours and dark-coloured 
residues were obtained. Analysis of the products of hydrolysis of these suggested the 
presence of (BCI), polymers. In expt. 2, the residue was again heated at 300° after removal 
of the volatile product and a yellow sublimate obtained; hydrolysis indicated this to be 
(BCl),: a similar yellow polymer is obtained during the preparation of diboron tetra- 
chloride. In expt. 5 the residue was heated for many hours at 500° after removal of 
volatile products, but did not yield any further appreciable amounts of volatile material. 
These experiments suggest that some (BCl),, was present as such in the residues, and that 
further loss of volatile material in expts. 6 and 7 was due to interaction of the residue with 
gases already present. 

No ethylene was found in the hydrocarbons evolved at 500°; Table 1 shows that these 
were methane and ethane with some hydrogen also; the methane content increased at the 
expense of the hydrogen with increasing time of heating. An experiment in which ethylene 
alone (0-96 mmole) was heated for 5 hr. at 500° in a sealed tube gave only 0-05 mmole of 
methane, 0-14 mmole of ethane, and 0-02 mmole of hydrogen; hence it is unlikely that 
ethylene was a primary product of the decomposition process. This seems to preclude the 
possibility of a decomposition 


nByCly,CgHy ——t> BCI, + (BCI), + nCyH, 
® Lynds and Stern, J. Amer. Chem. Soc., 1959, 81, 5006. 
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which would have accounted for the observed amount of boron trichloride formed; the 
amount of (BCI), was however much less than that expected from this equation. It-there- 
fore seems better to postulate loss of boron trichloride by an intermolecular process as the 
initial step in decomposition : 


nCl,B*CH,*CH,*BCl, ——t (CIB*CH,CH,), + nBCl, 


The resulting non-volatile material presumably does not undergo further breakdown to any 
extent at 200°, although some rearrangement may occur whereby the boron becomes partly 
hydrolysable; the chlorine atoms would be recovered as chloride on hydrolysis if they 
remained attached to boron atoms. 

At 500° the further process occurring is clearly loss of hydrogen and this increases with 
increasing time of heating, although the form in which the hydrogen appears changes with 
time. Since compounds containing ‘-B-CH°CH-B: and :B-C:C-B: groups are known,’ loss of 
hydrogen as such can occur without simultaneous rupture of B-C or C-C bonds; but 
the appearance of (BCl),, must mean that some B-C bonds have broken. Moreover, the 
amount of titratable chlorine diminishes at 500° indicating transfer of chlorine atoms from 
boron to carbon. Nevertheless the important initial effect at 500° is loss of hydrogen as 
such. Later, the methane concentration becomes appreciable; but this methane cannot 
come from unchanged diboron tetrachloride-ethylene (which has all decomposed) or from 
the non-volatile products directly since these on further heating evolve no more volatile 
material. It therefore seems probable that methane (and ethane) is formed by reaction of 
the residual CIB-CH,°CH, groups which have not lost hydrogen with the hydrogen already 
formed, ¢.g. 

(CIB*CHg*CH,)» + 2nH, ——B (BCI), + 2nCH, 
or 
(CIB*CH,CH,)y + nH, ——B (BCI)q + nCyH, 


The amount of (BCI), increases with time, but not so much as might be expected by this 
argument; it is possible that slow disproportionation may be occurring giving boron 
trichloride and elemental boron. Ultimately a residue containing mainly boron and 
carbon is obtained. : 

Decompositions in the Discharge-—The results of a typical experiment are given in 
Table 2 (units are mmoles) : 


TABLE 2. 
B,Cl,,C,H, Products 
pe - 


Time (hr.) ‘added found ‘Hy HCl a cm BCl, 
4-0 1-05 0-05 0-50 0-14 trace 0-00 0-27 





The boron trichloride obtained was pure, suggesting that the impurities found in the 
previous experiments may have been due to secondary reactions of the boron trichloride 
originally produced, at the high temperatures used. The residue was a mixture of a solid 
with some viscous liquid; hydrolysis gave a trace of hydrogen, but the product was not 
completely soluble and recovery of boron and chlorine was not complete. Experiments 
over longer periods gave similar results except that the yield of hydrogen was increased. 

The results suggest that processes similar to those observed in the early stages of the 
thermal decompositions are occurring except that here loss of hydrogen is more rapid than 
elimination of boron trichloride. There was no evidence for the formation of compounds 
such as Cl,B-CH:CH-BCl,, althoygh the viscous liquid product may have contained units 
of this formula linked through C-C bonds; the solid product may then have contained 
units CIB-CH,*CH, as found in the thermal experiments. 


* Hartmann and Birr, Z. anorg. Chem., 1959, 299, 174. 
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These studies suggest that the high reactivity of the B-Cl bonds in diboron tetra. 
chloride-ethylene is likely to interfere with studies of the B-C-C-B bond system; hence 
replacement of the chlorine atoms by entities giving less reactive bonds to boron may be 
necessary for further fruitful studies. { 


One of us (A. G. M.) thanks the Department of Scientific and Industrial Research for a 
maintenance grant. 
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421. The Photochemical Decomposition of Diphenyliodonium Iodide. 
By H. IrvinG and R. W. REID. 


Photochemical decomposition of solutions of diphenyliodonium iodide 
in chloroform yields iodobenzene, iodine, diphenyliodonium tri-iodide, and 
benzene as major products (but less readily in a number of other solvents). 
The mechanism is discussed. A similar photodecomposition of di-p-fluoro- 
phenyliodonium iodide and of diphenyleneiodonium iodide is noted. 


DuRING a preliminary study of the solvent extraction of anions as salts with diaryl- 
iodonium cations, Williams? noted that solutions of diphenyliodonium iodide, Ph,I*I-, 
in chloroform decomposed readily when exposed to laboratory fluorescent lighting. 
Iodine was identified in the violet solution obtained initially. On prolonged irradiation 
of the solution, the colour disappeared and a solid, thought to be impure 2,2’-di-iodo- 
biphenyl, was obtained. Only 25% of the starting material could be accounted for. 

We now find that a solution of diphenyliodonium iodide (0-1 g.) in chloroform (100 ml.) 
remains unchanged indefinitely in the dark, but becomes pink after one hour’s exposure 
to laboratory fluorescent lighting, and colourless after a further 10—14 hours. If, however, 
the solution is placed in a quartz vessel and exposed to ultraviolet light from a 125 w high- 
pressure mercury-vapour lamp with a quartz envelope a pink coloration develops within 
5 min. and decolorisation is complete in 2—3 hr.; still longer irradiation produces 
a yellow solution. By evaporation of portions of the pink or of the nearly colourless 
solutions produced at various stages in the irradiation, mixtures not readily separated 
by chromatography were obtained. 

In experiments intended to yield higher concentrations of products a small quantity of 
diphenyliodonium tri-iodide ? was deposited and the filtrate contained diphenyliodonium 
iodide and free iodine. 2,2’-Di-iodobiphenyl was not detected during a large number 
of photodecompositions carried out under widely different conditions. ‘When accumulation 
of iodine was prevented (by carrying out the decomposition in contact with aqueous thio- 
sulphate) iodobenzene, iodine, and benzene were obtained, corresponding to over 80% of 
the starting material. 


EXPERIMENTAL 


Preparation of Diaryliodonium Salts.—These were prepared essentially by Beringer’s 
procedure,? with certain important modifications which are illustrated by the following 
preparation. 

Di-p-fluorophenyliodonium chloride. A cold solution of acetic anhydride (100 ml.) and 
concentrated sulphuric acid (225 ml.), prepared by slowly mixing the well-chilled components 
during 1—2 hr., was slowly added (1 drop/3 sec.) to a vigorously stirred mixture of very finely 


' Williams, Part II Thesis, Oxford, 1955. 
* Meyer and Hartmann, Ber., 1894, 27, 502, 1592. 
* Beringer, Drexler, Gindler, and Lumpkin, J]. Amer. Chem. Soc., 1953, 75, 2705. 
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powdered potassium iodate (107 g.), fluorobenzene (97 g.), and acetic anhydride (200 ml.) kept 
below.5°. When addition was completed (8—12 hr.) the stirred mixture was allowed to warm 
slowly to room temperature. From time to time a portion was removed and shaken with 
aqueous potassium iodide and a few ml. of chloroform. Reaction was considered to be complete 
when free iodine no longer coloured the organic phase (about 20 hr.). 

After inorganic salts had been filtered off (suction) through sintered glass, the viscous 
product was poured slowly on crushed ice (400 g.) and the resulting solution extracted with 
ether (3 x 200 ml.). The aqueous phase was then shaken (4 hr.) with animal charcoal (100 g.), 
dissolved ether being allowed to escape. This decolorisation could be omitted (with some 
decrease in yield) if the precipitated salt was very thoroughly washed with ice-cold water. 

To avoid violent exothermic decomposition, the solution was at once filtered through 
sintered glass, mixed with hydrochloric acid (60 ml.), and placed in an ice-chest overnight. 
Di-p-fluorophenyliodonium chloride (58 g.) separated and after three recrystallisations from 
boiling methanol formed almost colourless crystals, m. p. 232° [Found: Cl (Volhard method), 
10-0. C,,H,CIF,I requires Cl, 10-1%]. 

Di-p-fluorophenyliodonium chloride prepared by the addition of potassium iodide to a 
concentrated aqueous solution of the chloride, crystallised from methanol in pale yellow needles, 
m. p. 172° {Found: [(C,H,F),I*, 71-0. C,,H,F,I, requires ((C,H,F),I]*, 71-4%)}. 

Purification and Analysis.—The total solubility ? and the temperature gradient of diphenyl- 
iodonium iodide are too low to permit use of hexane, carbon tetrachloride, ether, or acetone 
for crystallisation. Dimethylformamide gave good crystals at <60°; redistilled nitromethane 
was also effective although the solubility was rather low. Although the iodide was more soluble 
in hot pyridine,* the thermal decomposition which ensued in this solvent and in boiling aqueous 
acetic acid invariably led to yellowish products, due probably to traces of the tri-iodide. The 
purity did not then exceed 97%. Rapid recrystallisation from boiling methanol, as 
recommended by Beringer,* could not be improved upon. Cooling in acetone-solid carbon 
dioxide a solution in chloroform saturated at room temperature is also effective if photochemical 
decomposition is prevented. 

The diphenyliodonium iodide used was recrystallised three times from boiling methanol and 
dried in vacuo at 60°; it then had m. p. 181—183°. The purity, as determined (a) by argento- 
metric titration with phenosafranine as indicator,! (b) by the Volhard method, and (c) by 
neutralisation with standard acid of the strongly basic diphenyliodonium hydroxide prepared 
quantitatively with the aid of excess of Amberlite IRA-400 (OH) resin, varied from 
99-5 to 99-9%. ; 

Phenyleneiodonium iodide [m. p. 212° (decomp.), from pyridine] was prepared from diazotised 
2,2’-diaminobiphenyl and potassium iodide,** and was decomposed thermally to give an 
authentic specimen of 2,2’-di-iodobiphenyl.® 

Catalytic Reduction of 2,2’-Dinitrobiphenyl.—A solution of 2,2’-dinitrobiphenyl (10 g.) in 
ethanol (100 ml.) was hydrogenated in the presence of Raney nickel (1-5 g.). When no more 
hydrogen was absorbed the catalyst was removed and the solution concentrated. 7,8-Benzo- 
cinnoline (6-6 g., 90%) formed fine yellow crystals, m. p. 156-5°, from boiling ethanol ? (Found: 
N, 15-5. Calc. for C,,H,N,: N, 15-6%). 

Photodecompositions.—To provide a higher concentration of products than was obtained in 
the preliminary experiment already described, a suspension of diphenyliodonium iodide (2 g.) in 
chloroform (250 ml.) was irradiated by laboratory fluorescent lighting for 24 hr. The iodide 
dissolved completely and the resulting deep violet-coloured solution deposited a small quantity of 
very dark-red crystals (m. p. 186—137°; from methanol). These were shown to be dipheny]l- 
iodonium tri-iodide (Found: I, 76-4. Calc. for Ph,I*I,~: I, 76-7%) by comparison with an 
authentic specimen,? by mixed melting point (136°), and by titration with standard sodium 
thiosulphate. This tri-iodide, which Foster and Schaeppi also obtained indirectly,* yields 
diphenyliodonium iodide and sodium tetrathionate quantitatively when treated with sodium 
thiosulphate. We failed to detect any trace of 2,2’-di-iodobiphenyl during a large number of 
photodecompositions carried out under widely different conditions. 


* Biichner, Proc. k. ned. Akad. Wetenschap., 1903, 5, 646. 
* Sandin and Hay, J. Amer. Chem. Soc., 1952, '74, 274. 

* Mascarelli and Benati, Gazzetta, 1908, 38, 619. 

* Taubner, Ber., 1891, 24, 3081. 

* Foster and Schaeppi, J., 1912, 382. 
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The absorption spectrum (at 510 my) of the violet chloroform solution from which dipheny}- 
iodonium tri-iodide had separated established the presence of free iodine. This was at once 
removed on treatment with aqueous sodium thiosulphate, leaving a colourless solution from 
which diphenyliodonium iodide (m. p. and mixed m. p. 175°; from methanol) separated op 
removal of the organic solvent. The amount of iodine liberated during 2 hours’ irradiation 
was 10—15% by weight of the starting material. 

As the course of reaction might be simplified if iodine was not allowed to accumulate, a 
suspension of diphenyliodonium iodide in a mixture of chloroform and aqueous sodium thio. 
sulphate was irradiated by ultraviolet light. At intervals the quartz container was shaken 
whereupon the iodine colour was bleached, only to return on further irradiation. After 48 hr, 
the complete absence of colour in the organic phase showed that all the diphenyliodonium 
iodide had reacted. Distillation of the dried organic solution gave nine fractions of b, p, 
61-5—62-0°/760 mm., a fraction of b. p. 67°/10 mm. (187°/760 mm.) identified as iodobenzene, 
and a minute residue which was not further examined. Each of the low-boiling chloroform 
fractions showed Amax 244-0, 249-5, 255-5, and 261-5 my, characteristic of a solution of benzene, 

In a roughly quantitative experiment with 4-6 g. of diphenyliodonium iodide, 3-17 g. of 
iodobenzene, 0-44 g. of iodine, and 0-18 g. of benzene were identified. This corresponds to over 
80% of the starting material. The deficiency will have been due in part to unidentified products 
but mainly to losses of iodine, benzene, and other volatile products during irradiation. 


DISCUSSION 


The principal products of the photochemical decomposition of diphenyliodonium 
iodide in chloroform appear to be iodobenzene, iodine, and benzene. If the iodine is 
allowed to accumulate, diphenyliodonium tri-iodide separates intermediately. The rate 
of reaction, slow at first, increases rapidly in the later stages, and large amounts of the 
sparingly soluble diphenyliodonium iodide can be made to dissolve in a small volume of 
chloroform. These observations complement those of Fletcher and Hinshelwood ® that 
the thermal decomposition of diphenyliodonium iodide may be autocatalytic and that the 
reaction rate increases as diphenyliodonium iodide dissolves in the iodobenzene formed. 
Beringer e¢ al. have shown that the thermal decomposition of diphenyliodonium iodide 
in dimethylformamide follows first-order kinetics.” Lucas and his co-workers suggest 
an ionic mechanism for this rearrangement because they found that di-o-tolyliodonium 
iodide decomposed at 155° to give o-iodotoluene almost exclusively, with less than 1% of 
iodine and bitolyl." 

Sandin, Kulka, and McCready studied the thermal decomposition of #-methoxy- 
diphenyliodonium iodide at 175° and identified iodobenzene and #-iodoanisole as the 
principal products. In this case 4-2% of the total iodine was liberated and the following 
side-reaction was postulated 


2fp-MeO-CgHyl*CgHs]I- —w 1, + CgHs*CgHy + p-MeO°C, Hy! 


although the formation of biphenyl was not established experimentally. 

American workers have produced much evidence for the formation of phenyl radicals 
in the thermal decomposition of diphenyliodonium halides and have demonstrated their 
use for the phenylation of mercury and tellurium,™ of pyridine (in which case 2-, 3-, and 
4-isomers are formed), and of various organic and inorganic bases.» Extensive studies 
by Russian workers indicate that either phenyl radicals or phenyl cations can participate 


Fletcher and Hinshelwood, J., 1935, 596. 
Beringer, Geering, Kuntz, and Mausner, J. Chem. Phys., 1956, 60, 141. 
Lucas, Kennedy, and Wilmot, J. Amer. Chem. Soc., 1936, 58, 157. 
Sandin, Kulka, and McCready, J. Amer. Chem. Soc., 1937, 59, 2014. 
Sandin, McClure, and Irwin, J. Amer. Chem. Soc., 1939, 61, 2944. 
Sandin and Brown, J]. Amer. Chem. Soc., 1947, 69, 2253. 
* Beringer, Brierley, Drexler, Gindler, and Lumpkin, J. Amer. Chem. Soc., 1953, '75, 2708. 
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in such reactions, heterolysis being predominant in the thermal decomposition of diaryl- 
jodonium borofluorides.1*17-18 

The increased formation of iodine and especially the formation of benzene are the most 
striking features which distinguish the photochemical decomposition of diphenyliodonium 
jodide in chloroform from its thermal decomposition. The hydrogen required for the 
production of benzene may be provided by the chloroform or by the dehydrogenation of 
other aromatic groups present. It is significant that a solution of diphenyliodonium 
jodide in benzene decomposes photochemically in much the same way as in chloroform: 
a yellow colour quickly develops and soon changes to violet because of free iodine. On 
the other hand, photochemical reactions in hexane, carbon tetrachloride, and ether are 
negligible under comparable conditions although saturated solutions of diphenyliodonium 
jodide in methanol, aqueous acetic acid, and acetone become pale-yellow, yellowish- 
brown, and greenish-yellow, respectively, when exposed to daylight for some time. 

That chloroform can serve as a source of hydrogen atoms was established by Béeseken 
and Gelissen who showed that benzene, w-trichloro-f-toluic acid and carbonyl chloride 
were formed, with traces of biphenyl and hexachloroethane, when a solution of dibenzoyl 
peroxide in chloroform was heated to the boiling point.’ 

We have not obtained direct evidence of the presence of phenyl radicals during the 
photodecomposition of diphenyliodonium iodide, and the result, ¢.g., of irradiating 0-05 g. 
of this substance dissolved in 100 ml. of chloroform containing a few ml. of methyl 
methacrylate were inconclusive. At the same time we have not detected any by-product 
which could be attributed to the formation of trichloromethy]l radicals. It is clear that a 
more detailed analysis of minor reaction products is called for, both in this case and in the 
general study of the thermal decomposition of iodonium salts. 

The behaviour of solutions of di-f-fluorophenyliodonium iodide and of phenylene- 
iodonium iodide in chloroform on prolonged exposure to daylight or on irradiation by 
ultraviolet light resembles that recorded above for diphenyliodonium iodide. Detailed 
studies of the reaction products were not carried out. Under comparable conditions the 
photodecomposition of the corresponding bromides, chlorides, or fluorides is barely 
detectable. This suggests that a reaction of the type 


[Ar,t}*i- ——» Ar,|-] —» Ari + Ar: + I 


may be significant with the readily deformable iodide ion. However, examination of the 
spectra of diphenyliodonium salts has provided no evidence for any marked charge- 
transfer effects.?° 


THE INORGANIC CHEMISTRY LABORATORY, 
SoutH Parks Roap, OxForD. (Received, September 29th, 1959.) 


1 Makarova and Nesmeyanov, Bull. Acad. Sci. U.S.S.R., 1945, 617. 

17 Makarova, Izvest. Akad. Nauk S.S.S.R., Otdel. khim. Nauk, 1951, 741. 
18 Nesmeyanov, Makarova, and Tolstoya, Tetrahedron, 1957, 1, 145. 
 Béeseken and Gelissen, Rec. Trav. chim., 1924, 48, 869. 

* Irving, Turner, and Reid, following paper. 
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422. The Electronic Absorption Spectra of Some Diaryliodonium 
Salts. 
By H. Irvine, G. P. A. TURNER, and R. W. REID. 

The spectrum of the diphenyliodonium cation, Ph,I*, is not changed by 
the presence of anions such as OH, F-, Cl-, Br~, I~, ClO,-, ReO,~, and SO,?-. 
The introduction of a p-fluoro- or p-methyl group produces only a small 
bathochromic shift. The absence of fine structure and the high molecular 
extinction coefficient (which is closer to that of biphenyl than that of di- 
phenylmethane) is interpreted in terms of resonance hybridisation involving 
the unshared pairs of the iodine atom. 

The spectrum of diphenyliodonium iodide and of di-p-tolyliodonium 
iodide can be satisfactorily interpreted by the simple addition of the absorp- 
tions due to the components. There is no evidence for any marked charge- 
transfer effect. 

The spectrum of the phenyleneiodonium cation is found to resemble 
that of fluorene very closely. 


THE ease with which iodobenzene, iodine, and benzene are formed by the photochemical 
decomposition of solutions of diphenyliodonium iodide, [Ph,I]*I-, but not of other halides, 
in chloroform may well be related to the greater deformability of the iodide ion.1 Indeed 
the formation of chlorobenzene and iodobenzene in the non-catalysed decomposition of 
solutions of diphenyliodonium chloride has been viewed as proceeding through the reversible 
formation and irreversible decomposition of diphenyliodonium-chloride ion-pairs.? The 
analogies between the diaryliodonium cation and the strongly deforming univalent ion 
Tl* have often been commented upon,’ and it was, thought that an examination of the 
absorption spectra of a series of diaryliodonium salts might be informative. 

Specimens of solid diphenyliodonium chloride, bromide, and iodide were prepared by 
a modification of the procedure of Beringer e¢ al.” and rigorously purified by recrystallisation 
from boiling methanol until there was no change in the absorption spectrum of successive 
fractions. Preparations of identical properties were obtained by the addition of con- 
centrated hydrochloric acid, sodium bromide, or potassium iodide, severally, to con- 
centrated solutions of diphenyliodonium hydroxide or (better) nitrate. 

Diphenyliodonium fluoride, prepared from the hydroxide and its equivalent of hydro- 
fluoric acid, is a very soluble, deliquescent solid, m. p. 127—128°. It had previously 
been prepared by Emeléus and Heal * who reported m. p. 85°. Diphenyliodonium per- 
chlorate, m. p. 173—174° (decomp.), was obtained similarly. Samples of diphenyliodonium 
per-rhenate and tetraphenylborate, of di-p-fiuorophenyliodonium chloride, and of 
phenyleneiodonium iodide were available. 

A preliminary examination of the electronic absorption spectra of approx. 3 x 10°m- 
aqueous.solutions of diphenyliodonium hydroxide, perchlorate, fluoride, chloride, bromide, 
and per-rhenate (not reproduced) showed no notable differences. In each case there was 
negligible absorption throughout the visible region, a single well-defined peak at 227-5 mp 
(ec ~ 1-4—1-5 x 104), a well-defined minimum at 217 my, and a slight shoulder at ~265 mp. 
The observed small differences between the calculated molecular extinction coefficients 
for the various salts could well be due to small differences in their purity, for none of the 
analytical methods available (see p. 2084) permits of a precision much better than -+-0-2%. 

To establish unequivocally that the spectrum of the diphenyliodonium cation was not 
influenced by the presence of hydroxide, perchlorate, fluoride, sulphate, or chloride ions 
(which are themselves transparent throughout the region in question), a solution of di- 
phenyliodonium hydroxide was prepared from a known weight of pure diphenyliodonium 


1 Irving and Reid, preceding paper. 

2 Beringer, Geering, Kuntz, and Mausner, J. Phys. Chem., 1956, 60, 141. 
8 Cf. Schwab and Pechlivanidis, Svensk kem. Tidskr., 1947, 59, 141. 

* Emeléus and Heal, J., 1946, 1126. 
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chloride and excess of an anion-exchange resin, Amberlite IRA-400(OH). Equal portions 
were transferred to standard flasks, made slightly acid with perchloric, hydrofluoric, 
sulphuric, or hydrochloric acid, and diluted to 100 ml. This ensured that each solution 
contained exactly the same concentration of diphenyliodonium cation. The absorption 
spectra of the chloride, fluoride, hydroxide, and sulphate were indistinguishable (Fig. 1, a): 





3O 


Fic. 1. Electronic absorption spectra of diphenyliodonium 
salts and of potassium iodide. (a) Diphenyliodonium 
hydroxide, fluoride, chloride, bromide, sulphate, and 
perchlorate. (b) Diphenyliodonium iodide. (c) Potas- 
sium iodide. ; 

The open circles were obtained by subtracting corresponding 
ordinates of the spectra of the iodide ion (curve c) from 
those of diphenyliodonium iodide (curve b). The small 
broken line refers to the chloride. 








Oo n 
2/0 230 250 270 
Wavelength (mu) 





the spectrum of the perchlorate could be superimposed exactly up to 225 my but at shorter 
wavelengths the absorption appeared to be slightly greater (+2) although the positions 
of maximum and minimum were unchanged. 

It thus appears that the absorption due to the ion, Ph,I"*, is not affected by difficultly 
deformable ions such as ClO,2-, F~, SO,?-, or even by Cl-, Br-, or OH~. Prue has shown 
independently that there is no appreciable shift in the ultraviolet absorption spectrum of 
(C,H;).I* with added OH~. Moreover, the first-order rate constant for the specifically 
hydroxyl-ion-catalysed depolymerisation of diacetone alcohol actually increases with 
increasing concentrations of diphenyliodonium hydroxide, thus showing a positive salt 
effect akin to that of tetramethylammonium hydroxide.’ There is thus no evidence for 
the association of hydroxyl and diphenyliodonium ions, a result in marked contrast to 
the well-established interaction of hydroxyl ions with thallous * or dimethylthallous ions.” 

By using an aqueous solution of diphenyliodonium chloride of known concentration 
it was shown that the Beer-Lambert law holds rigorously up to a concentration of at 
least 3-5 x 10 mole/l., and the values (1-43 + 0-02) x 104 and (1-17 + 0-04) x 10* were 
found for the molecular extinction coefficients at Amax, 227-5 and Amin, 217 my respectively. 

The absorption spectrum of diphenyliodonium iodide (Fig. 1, 5) is very similar to that 
of the other salts in having a shoulder at ~260 my, a maximum at 226-5 and a minimum 
at 214 my. However, the molecular extinction coefficients (em, 2°75 X 104; emin, 
1:87 x 10*) are nearly twice as large because the iodide ion absorbs strongly in nearly 
the same region (&max. 1-35 x 10* at Amax, 225-5 my; cf. Fig. 1,c). Values calculated for 
the molecular extinction coefficient of the diphenyliodonium cation (open circles in Fig. 1) 
by subtracting values found experimentally for [Ph,I*]I~ (Fig. 1, b) and I- (Fig. 1, c) at a 
series of wavelengths coincide, within the limits of experimental error, with those found 
by direct measurement on salts of the diphenyliodonium cation and transparent anions 
(Fig. 1, a). It thus appears that the optical absorptions due to the ions Ph,I*+ and I- 
are additive and that no charge-transfer spectrum is detectable here. The absorption 

5 Prue, personal communication. 


* Bell and Prue, /., 1949, 362. 


am, Lawrence and Prue, Internat. Conf. Co-ordination Chemistry, Chem. Soc. Special Publ. No. 13, 
, p. 186. 
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of the nitrate ion (e 7-0 at Amsx. 301 my) will influence the spectrum of diphenyliodonium 
nitrate though this has not been analysed in detail. The spectrum of diphenyliodonium 
per-rhenate was found to be almost indistinguishable from that of the chloride. 

Substitution in the phenyl nucleus does not change the character of the spectrum to any 
great extent. #-Fluoro-atoms have a slight bathochromic effect and appear to reduce 
the intensity of absorption (Amax, 229-5 my, ¢ 1-20 x 104; Amin, 217-5 my, ¢ 0-92 x 104), 
The main absorption band of the di-f-tolyliodonium ion is broader than that of the dj- 
phenyliodonium ion and there is a marked bathochromic displacement (Amax, 239-5 my, 
¢ 1-60 x 10*; Amin, 2247 my, ¢ 1-18 x 10*) and the shoulder near 260 my is no longer 
apparent. The same spectrum is given by di-f-tolyliodonium perchlorate, chloride, or 
bromide. However, the spectrum of di-p-tolyliodonium iodide presents a broad band 
centred at 228 my (Amex. 2°34 x 104) and it can be reproduced accurately down to 230 my 
by adding the values appropriate to the ions (p-Me’C,H,),I* and I~. Small divergencies 
at lower wavelengths are only just outside the limits of experimental error. 


EXPERIMENTAL 


Diphenyliodonium Chloride.—This was prepared by a modification of published procedures. 
A substantially purer product was obtained (at the expense of some decrease in yield) by replacing 
ammonium chloride by hydrochloric acid in the last stage. The remaining diphenyliodonium 
salts in solution were later precipitated by the addition of a solution of potassium iodide, 
After being washed free from potassium salts, this diphenyliodonium iodide was used as a 
starting material for the preparation of other salts through the hydroxide or nitrate. 

Diphenyliodonium chloride was purified by shaking the finely powdered solid with boiling 
methanol for a few minutes only, filtering the whole, and rapidly cooling the filtrate. After 
three such recrystallisations the purest sample (purity > 99-8%) had m. p. 229—230° (Found: 
Cl, 12-1. Calc. for C,,H,,ClI: Cl, 12:1%). 

Diphenyliodonium Nitrate.—Solutions of this salt were prepared by shaking mechanically 
(24 hr.) in a blackened Winchester quart bottle diphenyliodonium iodide (45 g.), silver nitrate 
(16-5 g.), and distilled water (360 ml.). After filtration, concentrated hydrochloric acid (30 ml.) 
was added to the filtrate containing diphenyliodonium nitrate, and the whole placed in a 
refrigerator overnight. The solution showed a marked tendency to supersaturate but the 
yield of diphenyliodonium chloride was always 6-0—6-5 g. The remainder of the iodonium 
cation was recovered by addition of potassium iodide solution in excess. 

Diphenyliodonium bromide was prepared by addition of sodium bromide solution to one 
of diphenyliodonium hydroxide * or nitrate. After three crystallisations from hot methanol 
it formed colourless needles, m. p. 218—219°. Beringer ef al.® report m. p. 207—-208° [Found: 
(C,H,),I* (by acidimetry, see p. 2082), 76-1; Br, 23-8. Calc. for C,H, Bri: (C,H,),1*, 763; 
Br, 23-7%]. 

Diphenyliodonium Fluoride ——Hydrofluoric acid was added to an aqueous solution of 
diphenyliodonium hydroxide until the mixture was just acid to litmus. After concentration 
to small bulk on a water-bath the remaining water was removed by desiccation in vacuo over 
concentrated sulphuric acid. The residual solid recrystallised from redistilled, dry acetone 
as slightly brown needles, m. p. 127—128° [Found: (C,H;),I*, 89-0. Calc. for C,.HypFl: 
(C,H;),I*, 93-1%]. This fluoride is very soluble in water and alcohol, but insoluble in ether. 
It is very deliquescent and became dark brown in sunlight. 

Diphenyliodonium Perchlorate.—A solution of diphenyliodonium hydroxide was neutralised 
with 2n-perchloric acid; the perchlorate separated at once, but more could be obtained by 
concentrating the mother-liquors. After two recrystallisations from water it formed long, 
colourless needles, m. p. 173—174° (decomp.) [Found: (C,H,),I*, 71-5. Calc. for C,,.H,,0,CII: 
(C,H,),1*, 72-1%]. 

Di-p-tolyliodonium salts were prepared according to the standard method ® and recrystallised 
to constant absorption spectrum from hot methanol. 

Absorption Spectra of Diphenyliodonium Salts——The anion-exchange resin Amberlite 
IRA-400 was converted into the hydroxide-ion form and washed thoroughly with de-ionised 


8 Meyer and Hartmann, Ber., 1894, 27, 502. 
* Beringer, Drexler, Gindler, and Lumpkin, J. Amer. Chem. Soc., 1953, 75, 2705. 
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water until the washings were neutral. Excess of resin (1 g.), pure diphenyliodonium chloride 
(0-013 g-), and water (10 ml.) were shaken mechanically (12 hr.) in a stoppered Pyrex tube, 
covered to prevent direct access of daylight. The resulting solution of diphenyliodonium 
hydroxide was filtered through sintered glass, and the residual resin washed with boiled-out 
de-ionised water (220 ml. in all). The filtrate and washings were made up to 250 ml., and 50 ml. 
aliquot portions were made just acid with approx. 0-001N-hydrofluoric, hydrochloric, sulphuric, 
or perchloric acid and diluted to 100 ml. In this manner solutions were obtained of concen- 
trations suitable for absorption spectroscopy and containing exactly equal concentrations of 
the diphenyliodonium cation. 

Experiments with a variety of diaryliodonium salts showed that quantitative conversion 
into the corresponding hydroxide could be achieved by the use of Amberlite IRA-400(OH). 
Since these hydroxides are strong bases, comparable to tetra-alkylammonium hydroxides, 





20 
Fic. 2. Electronic absorption 
spectra of todonium cations 
and of formally analogous sub- 
stances. (a) Diphenyliodon- 
ium cation in water. (b) 
Biphenyl in ethanol. (c) Di- 
phenylmethane in ethanol (the 70 
ordinate scale has been in- 
creased 200-fold). (d) Bi- 
phenyleneiodonium cation in 
water. (e) Fluorene in iso- 
octane.* 
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titration with standard acid forms a convenient method for the quantitative determination 
of the percentage of cation present and supplements the Volhard or other titrimetric methods 
which are restricted to the analysis of chlorides, bromides, or iodides. 

In order to obtain molecular extinction coefficients, pure iodonium salts were weighed on 
a micro-balance and dissolved in de-ionised water: the absorption spectra were measured 
with a Unicam S.P. 500 or a Beckman DU Spectrophotometer, calibrated silica cells being 
used. The absorption spectrum of potassium iodide (Fig. 1, c) was obtained from recrystal- 
lised ““ AnalaR ”’ material. 

Conformity of Diphenyliodonium Chloride to the Beer-Lambert Law.—A stock solution of 
diphenyliodonium chloride (0-02688 g./250 ml.) was diluted 2, 5, 10, 12-5, 20, 25, and 40 times, 
and the optical density measured against distilled water at 217 and 227-5 my, calibrated silica 
cells of length 0-2, 0-5, 1-0, 2-0, and 4-0 cm. being used as appropriate. The measurements 
were checked with a second stock solution (0-023485 g./250 ml.) prepared from a different 
sample of diphenyliodonium chloride. Absolutely linear plots of (optical density—cell length 
in cms.) against concentration (moles/|.) were obtained at 217 and 227-5 my with slopes 1-17 + 
0-04 x 10 and 1-43 + 0-02 x 10‘ respectively. Solutions more concentrated than 3-5 x 10™m 
were not examined. 


DISCUSSION 

The characteristic peak of the diphenyliodonium ion at 227-5 my is clearly due to 
benzenoid absorption. Benzene itself has one band of high intensity at 198 my and 
another of much lower intensity between 230 and 270 my which shows vibrational fine 
structure with the strongest absorption at 255 my (e ~ 230). 

The absorption spectrum of iodobenzene ” is similar to that of the diphenyliodonium 
cation but it is more complex and possesses a pair of overlapping bands of high intensity 
at 228 my (c 13,300) and 233 mu (ec 12,500) and a shoulder between 253 and 263 mu due 


” American Petroleum Institute Research Project 44, Serial No. 308. 
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to a number of overlapping bands of much lower intensity (« 600—700). The general 
effect of substitution in the benzene nucleus is (a) to increase the intensity of absorption; 
(6) to simplify the spectrum by the broadening and overlapping of fine structure bands: 
(c) to displace the principal maximum towards longer wavelengths. If two benzene rings 
are directly joined, the intensity of absorption far exceeds the value calculated for simple 
additivity (e.g., biphenyl in ethanol, em,x, 18,000)." If, however, conjugation is prevented 
by the interposition of a methylene group the increase in absorption is practically additive 
(e.g., diphenylmethane in ethanol, Amax. 262 my; ¢ 190—245 per benzene nucleus)." 
The intensity of absorption of the diphenyliodonium cation (Fig. 2, a) is less than that 
of biphenyl (Fig. 2, )) but much greater than that of diphenylmethane (Fig. 2, c) which it 
might appear to resemble structurally. Now the introduction of hydroxyl, alkoxyl, or 
amino-groups into benzene causes the fine structure in its spectrum to be replaced by a 
smoother band with a single maximum showing enhanced absorption. This is due to 
the participation of the unshared electron pairs of oxygen or nitrogen in the resonating 


+ > 
8 ee, ee a, 
(la) (Ib) ( 
Jus 
system." It now appears that the unshared electron pairs of the iodine atom playa 
similar réle in eliminating the fine structure due to the benzenoid absorption of diphenyl- 
iodonium ions. They also permit conjugation between the two phenyl groups. Particip- 
ation of such canonical forms as (Ia, b, and c) will explain the high intensity of absorption, 
the absence of fine structure, and the general similarity to the spectrum of bipheny] rather 
than that of diphenylmethane. Resonance of the type postulated above should favour 
the coplanarity of the aromatic rings. The examinations of the structure of diphenyl- 


iodonium iodide and chloride by X-ray methods, apart from establishing their isomorphism, 
are insufficiently detailed to throw any light on this question.” 


XD 
(II) - cH, (ip 











The spectrum of the biphenyleneiodonium cation (II; Fig. 2, d) also proved to be un- 
affected by the nature of the anion. It shows a remarkable similarity to that of fluorene 
(III; Fig. 2, e),!% closer indeed than that of diphenyliodonium ion to biphenyl. This is 
to be expected because there is now direct conjugation between the two benzene rings 
in both (II) and (III) and the geometry of the fused 5- and 6-rings should be very similar. 





We thank R. C. Hicks for carrying out experiments with di-p-tolyliodonium salts. We are 
indebted to Dr. D. F. Evans for helpful discussions and to Imperial Chemical Industries 
Limited for the loan of a spectrophotometer and for financial assistance. 
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11 Gillam and Stern, “ Electronic Absorption Spectroscopy,”” Edward Arnold Ltd., London, 1954, 
and refs. therein. 

12 Khotsyanova and Struchkov, Zhur. fiz. Khim., 1952, 26, 644, 669. 
18 American Petroleum Institute Research Project 44, Serial No. 401. 
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423. The Structure of Some Di-(3-methyl-1,5-diarylformazyl)- . 
nickel(11) Complexes. 
By H. Irvine, J. B. GILL, and (in part) W. R. Cross. 


3-Methyl-1,5-diphenyl-, 3-methyl-l(or 5)-phenyl-5(or 1)-p-tolyl-, and 3- 
methyl-1,5-di-p-tolyl-formazan have been prepared and their absorption 
spectra in benzene and pyridine studied. The formazans yield diamagnetic 
bis-complexes with nickel(11) [but not with Hg(11) or Zn] which are monomeric 
in benzene and form loose pyridine adducts having characteristic spectra. 

Di-[3-methyl-l(or 5)-phenyl-5(or 1)-p-tolylformazyl]nickel(m) has been 
resolved by chromatography on (+-)-quartz, but complexes with the 1,5-di- 
phenyl and the 1,5-di-p-tolyl analogue were not resolvable. It is concluded 
that these nickel complexes contain six-membered chelate rings with either 
distorted planar or grossly distorted tetrahedral configurations of nitrogen 
atoms round the central metal. The significance of these results in interpret- 
ing the structure of metal—dithizone complexes is discussed. 

1,5-Diphenylformazan has been shown to form a monohydrate. Like 
1,3,5-triphenylformazan it forms complexes with nickel, cobalt, and copper, 
but only gives a loose adduct with mercuric chloride. 1-Methyl-1,3,5-tri- 
phenylformazan could not be prepared by coupling a diazonium solution 
with benzaldehyde methylphenylhydrazone, or by the methylation of 1,3,5- 
triphenylformazan. 


ALTHOUGH the empirical formule of most metal complexes of the analytical reagent 
dithizone (diphenylthiocarbazone) (I) and 3-mercapto-1,5-diphenylformazan (II; R = SH, 
Ar = Ar’ = Ph) have been established, their structure still remains in doubt. Following 
Fischer! most authors formulate the so-called keto-complexes as derivatives of the 
tautomeric form (I), the imino-hydrogen atom being replaced by metal. Since metals 
which most readily form dithizonates (i.e., Ag, Hg, Cu, Co, Ni, Cd, Tl, Bi, Zn, In) are 
precisely those which are most readily separated as sulphides in qualitative analysis it 
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seems rather more probable that their dithizone complexes would contain metal-sulphur 
bonds and that they could be derived formally from the thiol tautomer of dithizone (II; 
R=SH, Ar = Ar’ = Ph). This suggestion? is supported by the failure of S-methyl- 
dithizone (II; R= SMe, Ar = Ar’ = Ph) to form metal complexes * under conditions 
where dithizone reacts readily, and more decisively by the results of an X-ray crystallo- 
graphic study of mercury dithizonate * which establishes unambiguously the presence of 
the grouping SC-S-Hg-S-C”. 

A further argument against Fischer’s formulation with metal-nitrogen bonds can be 
based on steric considerations. Examination of models shows that steric hindrance to 
co-ordination due to the proximity of the four bulky phenyl groups would be least with 
metals such as mercury, zinc, and cadmium which favour tetrahedral bond orbitals, but 
would be so large as to inhibit complex formation completely with metals such as copper 
and nickel which adopt square-planar configurations in their inner chelate complexes 
(unless gross distortion from coplanarity could occur). In fact there appears to be no 
great difference between the ease of formation of dithizone complexes with these different 


' Fischer, Angew. Chem., 1934, 47, 685; 1937, 50, 919. 

* Irving, Cooke, Woodger, and Williams, J., 1949, 1847. 
* Irving and Bell, Nature, 1952, 169, 756; J., 1954, 4253. 
* Harding, J., 1958, 4136. 
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metals, and the absorption spectra of the corresponding complexes present no distinguish. 
ing features. That dinaphthylthiocarbazone forms metal complexes as readily as dithizone, 
despite the enormously increased steric hindrance to co-ordination that would result if 
imino-hydrogen atoms were involved, appears to be a cogent argument against Fischer’s 
views. 

Nevertheless it has been established that complex formation can involve the imino- 
hydrogen of a formazan (at least when no alternative is available), for Hunter and Roberts 5 
prepared copper, cobalt, and nickel complexes of diphenyl-, phenyl-f-tolyl-, p-methoxy- 
phenyl-phenyl- and ~-bromophenyl-phenyl-formazan, and nickel and cobaltous complexes 
with @- and a-naphthylphenylformazan (II; R= 4H). Many further examples are 
provided by the work of Wizinger and his collaborators.6 Since a coplanar arrangement 
of nitrogen-metal bonds appears to be sterically impossible, at least for nickel and copper 
complexes of diarylformazans, it was decided to re-examine such substances to see what 
light they might throw on the structure of metal dithizonates and, more particularly, 
whether the nickel complexes would be forced to adopt a tetrahedral disposition of bonds 
and thus provide unambiguous examples of paramagnetic four-covalent complexes. 

The preparation of pure substituted formazans is notoriously difficult, for small changes 
in reaction conditions readily lead to mixtures of different products.’ These preparative 
difficulties and the additional possibility of polymorphism led originally to the belief that 
pairs of isomers (II and III) could be obtained by the action of the diazonium salt 
Ar’-N,*X~ upon an arylhydrazone Ar-NH-N:CHR, or by the action of Ar-N,*X™~ upon 
Ar’*"NH°N:CHR respectively. Hunter and Roberts were the first to prove the identity 
of a number of alleged isomer pairs by mixed melting points § and by their yielding identical 
metal derivatives.5® Kuhn and Jerchel® prepared other possible isomeric pairs and 
established the identity of their absorption spectra and X-ray powder diagams, and Ragno 
and Bruno showed that a number of possible isomeric pairs gave the same products on 
reduction and yielded the same sodium and potassium salts. With the exception of an 
unconfirmed claim by Ragno and Oreste ™ of certain differences in the pair (II and III; 
R = Me, Ar = p-nitrophenyl, Ar’ = 2,4-dinitrophenyl), the absence of isomerism in 
unsymetrically substituted 1,5-diarylformazans may be taken as proof of mesomerism 
(II «——» III) brought about by internal hydrogen bonding.’ There remains, however, 
the possibility of cis-trans-isomerism about the —N:N- bonds, and syn—anti-isomerism 
about the ‘C=N- bonds, leading to four possible geometrical isomers. This problem has 
been thoroughly studied by Kuhn and his collaborators }»1% who have demonstrated the 
effect of light and the nature of the solvent upon the equilibria between the various forms 
in solution. 

The absence of isomers of copper, nickel, or cobaltous complexes of unsymmetrical 
1,5-diarylformazans *-* implies mesomerism in the chelate ring system (one canonical form 
of the nickel complex is shown as IV) with identity of bond order in the pairs of carbon- 
nitrogen, nitrogen-nitrogen, and nitrogen—metal bonds. Resonance will thus stabilise 
the chelate rings in a planar conformation and, if the nickel were in square-planar co- 
ordination, cause the aryl groups to overlap. Although this steric factor appears to favour 
the formation of complexes with metals which adopt a tetrahedral disposition of bonds we 
have not succeeded in preparing a mercury or zinc complex from any of a number of diaryl- 
formazans (e.g., Il; R = H, alkyl, or aryl). This is in striking contrast to the ease with 

5 Hunter and Roberts, J., 1941, 823. 

Wizinger, Z. Naturforsch., 1954, 11, 729 and refs. therein; cf. Seyhan and Fernelius, Chem. Ber., 
1956, 89, 2482 and refs. therein. 
7? Hauptmann and Perisse, Chem. Ber., 1956, 89, 1081. 
Hunter and Roberts, J., 1941, 820. 
Kuhn and Jerchel, Ber., 1941, 74, 941. 
10 Ragno and Bruno, Gazzetta, 1946, 76, 485. 
1! Ragno and Oreste, Gazzetta, 1948, 78, 228. 


1 Hausser, Jerchel, and Kuhn, Chem. Ber., 1949, 82, 515. 
43 Kuhn and Weitz, Chem. Ber., 1953, 86, 1199. 
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which mercury and zinc complexes of dithizone are formed and is an argument against 
Fischer's formulation (see above). 

In preliminary studies we confirmed Hunter and Roberts’s preparation of cobalt, nickel, 
and copper complexes of 1,3,5-triphenylformazan,5 and extended their method to other 
formazans. In general, the metal content of the copper complexes was higher than that 
calculated for a simple dichelated complex and would not be correct for any reasonable 
hydroxy-bridged structure. It appears that the method of preparation does not allow 
complete removal of basic copper salts from the very sparingly soluble complexes.5 On 
the other hand, nickel complexes of 3-alkyl(or aryl)-1 5-diarylformazans were obtained 
pure and in excellent yield by the interaction of their components in absolute alcohol even 
when poor yields resulted by Hunter and Roberts’s procedure.5 The nickel complex of 
1,5-diphenylformazan was obtained pure, but in poor yield. In this connection we 
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observed that the crystalline red parent formazan of m. p. 117° gave a slightly lighter 
coloured monohydrate of m. p. 84—85° when recrystallised from aqueous methanol. This, 
and not a change in the proportions of geometrical isomers (cf. ref. 12), probably explains 
why Ponzio and Gastaldi’s preparation, which had been recrystallised from aqueous 
alcohol, was reported as melting between 100° and 108°. 

3-Methyl-1,5-diphenyl-, 3-methyl-1(or 5)-phenyl-5(or 1)-p-tolyl-, and 3-methyl-1,5-di-f- 
tolyl-formazan were prepared by conventional methods 1" as finely crystalline red needles 
with a light blue reflex. Their absorption spectra in benzene (cf. Fig. 1) are very similar, 
with a well-defined peak which is progressively displaced towards longer wavelengths by 
the introduction of the p-methyl group [408 (« 14,600), 413 (e 14,500), and 420 my (e 15,000) 
respectively]; Pupko and Pel’kis 1* have noted a similar effect in substituted dithizones. 
The similarity of the absorption spectrum of phenyl-f-tolylformazan to those of the 
diphenyl and ditolyl analogues, together with its intermediate position, provide further 
evidence for mesomerism (II «—» III) in the formazan ring system. 


 Ponzio and Gastaldi, Gazzetta, 1914, 44, 257. 

%* Bamberger and Pemsel, Ber., 1902, 36, 54, 87. 

% Pupko and Pel’kis, Zhur. obshchei Khim., 1954, 24, 1640. 
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metals, and the absorption spectra of the corresponding complexes present no distinguish. 
ing features. That dinaphthylthiocarbazone forms metal complexes as readily as dithizone, 
despite the enormously increased steric hindrance to co-ordination that would result if 
imino-hydrogen atoms were involved, appears to be a cogent argument against Fischer's 
views. 

Nevertheless it has been established that complex formation can involve the imino- 
hydrogen of a formazan (at least when no alternative is available), for Hunter and Roberts 
prepared copper, cobalt, and nickel complexes of diphenyl-, phenyl-p-tolyl-, -methoxy- 
phenyl-phenyl- and -bromophenyl-phenyl-formazan, and nickel and cobaltous complexes 
with @- and a-naphthylphenylformazan (II; R=H). Many further examples are 
provided by the work of Wizinger and his collaborators. Since a coplanar arrangement 
of nitrogen-metal bonds appears to be sterically impossible, at least for nickel and copper 
complexes of diarylformazans, it was decided to re-examine such substances to see what 
light they might throw on the structure of metal dithizonates and, more particularly, 
whether the nickel complexes would be forced to adopt a tetrahedral disposition of bonds 
and thus provide unambiguous examples of paramagnetic four-covalent complexes. 

The preparation of pure substituted formazans is notoriously difficult, for small changes 
in reaction conditions readily lead to mixtures of different products.’ These preparative 
difficulties and the additional possibility of polymorphism led originally to the belief that 
pairs of isomers (II and III) could be obtained by the action of the diazonium salt 
Ar’-N,*X~ upon an arylhydrazone Ar-NH-N:CHR, or by the action of Ar-N,*X~ upon 
Ar’*NH:N:CHR respectively. Hunter and Roberts were the first to prove the identity 
of a number of alleged isomer pairs by mixed melting points § and by their yielding identical 
metal derivatives.5* Kuhn and Jerchel® prepared other possible isomeric pairs and 
established the identity of their absorption spectra and X-ray powder diagams, and Ragno 
and Bruno ! showed that a number of possible isomeric pairs gave the same products on 
reduction and yielded the same sodium and potassium salts. With the exception of an 
unconfirmed claim by Ragno and Oreste ™ of certain differences in the pair (II and II]; 
R = Me, Ar = p-nitrophenyl, Ar’ = 2,4-dinitrophenyl), the absence of isomerism in 
unsymetrically substituted 1,5-diarylformazans may be taken as proof of mesomerism 
(II «——» III) brought about by internal hydrogen bonding. There remains, however, 
the possibility of cis-trans-isomerism about the —N°N- bonds, and syn—anti-isomerism 
about the :C=N- bonds, leading to four possible geometrical isomers. This problem has 
been thoroughly studied by Kuhn and his collaborators 15 who have demonstrated the 
effect of light and the nature of the solvent upon the equilibria between the various forms 
in solution. 

The absence of isomers of copper, nickel, or cobaltous complexes of unsymmetrical 
1,5-diarylformazans 58 implies mesomerism in the chelate ring system (one canonical form 
of the nickel complex is shown as IV) with identity of bond order in the pairs of carbon- 
nitrogen, nitrogen-nitrogen, and nitrogen—-metal bonds. Resonance will thus stabilise 
the chelate rings in a planar conformation and, if the nickel were in square-planar co- 
ordination, cause the aryl groups to overlap. Although this steric factor appears to favour 
the formation of complexes with metals which adopt a tetrahedral disposition of bonds we 
have not succeeded in preparing a mercury or zinc complex from any of a number of diaryl- 
formazans (e.g., Il; R = H, alkyl, or aryl). This is in striking contrast to the ease with 

Hunter and Roberts, J., 1941, 823. 

® Wizinger, Z. Naturforsch., 1954, 11, 729 and refs. therein; cf. Seyhan and Fernelius, Chem. Ber. 
1956, 89, 2482 and refs. therein. 

7 Hauptmann and Perisse, Chem. Ber., 1956, 89, 1081. 

Hunter and Roberts, /J., 1941, 820. 

Kuhn and Jerchel, Ber., 1941, 74, 941. 
Ragno and Bruno, Gazzetta, 1946, 76, 485. 
Ragno and Oreste, Gazzetta, 1948, 78, 228. 


Hausser, Jerchel, and Kuhn, Chem. Ber., 1949, 82, 515. 
Kuhn and Weitz, Chem. Ber., 1953, 86, 1199. 
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which mercury and zinc complexes of dithizone are formed and is an argument against 
Fischer's formulation (see above). ‘ 

In preliminary studies we confirmed Hunter and Roberts’s preparation of cobalt, nickel, 
and copper complexes of 1,3,5-triphenylformazan,' and extended their method to other 
formazans. In general, the metal content of the copper complexes was higher than that 
calculated for a simple dichelated complex and would not be correct for any reasonable 
hydroxy-bridged structure. It appears that the method of preparation does not allow 
complete removal of basic copper salts from the very sparingly soluble complexes.5 On 
the other hand, nickel complexes of 3-alkyl(or aryl)-1,5-diarylformazans were obtained 
pure and in excellent yield by the interaction of their components in absolute alcohol even 
when poor yields resulted by Hunter and Roberts’s procedure.’ The nickel complex of 
|5-diphenylformazan was obtained pure, but in poor yield. In this connection we 
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observed that the crystalline red parent formazan of m. p. 117° gave a slightly lighter 
coloured monohydrate of m. p. 84—85° when recrystallised from aqueous methanol. This, 
and not a change in the proportions of geometrical isomers (cf. ref. 12), probably explains 
why Ponzio and Gastaldi’s preparation, which had been recrystallised from aqueous 
alcohol, was reported as melting between 100° and 108°. 

3-Methyl-1,5-diphenyl-, 3-methyl-1(or 5)-phenyl-5(or 1)-p-tolyl-, and 3-methyl-1,5-di-p- 
tolyl-formazan were prepared by conventional methods 11 as finely crystalline red needles 
with a light blue reflex. Their absorption spectra in benzene (cf. Fig. 1) are very similar, 
with a well-defined peak which is progressively displaced towards longer wavelengths by 
the introduction of the p-methyl group [408 (« 14,600), 413 (e 14,500), and 420 my (e 15,000) 
respectively]; Pupko and Pel’kis 1 have noted a similar effect in substituted dithizones. 
The similarity of the absorption spectrum of phenyl--tolylformazan to those of the 
diphenyl and ditolyl analogues, together with its intermediate position, provide further 
evidence for mesomerism (II «<——» III) in the formazan ring system. 


™ Ponzio and Gastaldi, Gazzetta, 1914, 44, 257. 

18 Bamberger and Pemsel, Ber., 1902, 36, 54, 87. 

© Pupko and Pel’kis, Zhur. obshchei Khim., 1954, 24, 1640. 
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The presence of a shoulder in the absorption spectra of each formazan at about 480 my 
(¢ 9300—10,300) indicates the presence of a second absorbing component and suggests 
that these benzene solutions are equilibrium mixtures of “ red ’’ and “ yellow ” geometric 


TABLE 1. Absorption spectra of 3-methyl-1,5-diarylformazans (II; R = Me) in benzene, 
Concn. “* Yellow ”’ isomer “* Red ” isomer 
Ar Ar’ (10->m) Amaz. & Amar. € 
Ph Ph 8-100 406 14,000 498 8,600 
Ph p-Tolyl 8-000 412 14,400 508 8,750 
p-Tolyl p-Tolyl 10-62 418 15,000 516 9,200 


isomers such as have actually been isolated in the case of 1,3,5-triphenyl- and 3-ethyl-15- 
diphenyl-formazan.” An analysis of the absorption curves on this basis leads to the 
results of Table 1 which more clearly demonstrates the progressive effect of introducing 
the ~-methyl groups. 

The absorption spectrum of a solution of the unsymmetrical 3-methylformazan (II or 
III; R = Me, Ar = Ph, Ar’ = #-tolyl) in pyridine still shows evidence of the presence of 
some of the “ red” isomer, though in much lower proportion: the positions of the maxima 
(415 and 512 my) are scarcely changed. Since they are obtained by dividing measured 
absorbancies by the total weight of solute, the “ molecular extinction coefficients ”’ given 
in Table 1 are considerably underestimated. On the assumption that the molecular 
extinction coefficient is substantially the same for solutions in benzene and pyridine and 
that solutions in either solvent consist of an equilibrium mixture of the same two isomers, 
each of which has a single peak in its absorption spectrum, it can be shown that the “ red” 
isomer absorbing at 512 my will have a molecular extinction coefficient of 13,300 while 
that of the “ yellow” isomer would be 33,500 at 415 my. The benzene solution then 
contains 55% of ‘‘ red” and 45% of “ yellow ” isomer while the pyridine solution contains 
80% of the former. It is noteworthy that Hausser, Jerchel, and Kuhn,” who 
isolated the individual isomers of 3-ethyl-1,5-diphenylformazan report that, immediately 
after dissolution in benzene, the “ yellow’ form gave a spectrum with a main band at 
405 my (ce 69,000) with a subsidiary peak (due probably to some of the “ red ’’ form) at 
480 mu (ce 5000): the red form gave peaks at 480 (¢ 31,000) and 405 my (ce 11,000) corte- 
sponding closely to the equilibrium mixture. 

Nickel complexes of all three formazans were obtained pure and in high yield as well 
crystallised black solids which were stable up to 250° but melted with decomposition. 
They are slightly soluble in benzene and even less so in n-hexane, to give yellow-brown 
solutions. They are insoluble in all other common solvents, except pyridine in which they 


TABLE 2. The absorption spectra of nickel complexes of 3-methyl-1 ,5-diaryl- 
formazans (II; R = Me). 
Concn. 


Ar’ ( 10-*m) Amax.* Amin. Amax. Amin. max. 
Ph 7-782 357 (13,300) 383 (12,100) 418 (14,800) 600 (1550) 780 (9200) 
p-Tolyl 9-091 360 (14,400) 389 (12,200) 420 (14,600) 600 (1650) 785 (9070) 
p-Tolyl¢ 2-750 360 (15,600) 386 (13,100) 418 (15,600) = 780 (9750) 
p-Tolyl -Tolyl 7-416 360 (14,700) 393 (12,300) 420 (14,900) 600 (1900) 785 (9240) 


* Figures in parentheses are molecular extinction coefficients. 
+ Measured in n-hexane. Additional features in this solvent were: \ 225 (sh) (28,000); Armin. 247 
(23,600); Amax. 260 (25,820); Amin. 290 (15,600); Amax. 307 (18,600); Amin. 339 mp (14,200). 


dissolve to the extent of about 1-5 g./l. Their absorption spectra in benzene (cf. Fig. 2; 
Table 2) are very similar, for they exhibit two prominent peaks at 357—360 and 418— 
424 my with a well-defined maximum in the near-infrared region. By using n-hexane a 
solvent it was possible to record the spectrum of di-(3-methyl-1-phenyl-5-p-tolylformazy))- 
nickel(I1) into the near-ultraviolet region (Table 2). 
The strong band at ~420 my is characteristic of a covalent nickel chelate complex” 
17 Sacconi, Paoletti, and del Re, J. Amer. Chem. Soc., 1957, '79, 4062. 
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and its intensity (log ¢ 4-1) is that of an allowed transition, probably 3d —» 4s. From 
qa study of the absorption spectra of a number of quadricovalent nickel(11) complexes 
Sacconi, Paoletti, and Maggio 38 concluded that “‘ a band at 406—410 my can be recognised 
as that of nickel chelates with dsp*-covalent structure.”” This deduction was confirmed in 
the present instance by measurements of the magnetic susceptibilities of the three nickel 
complexes as solids. They all proved to be diamagnetic (10% = —0-5 to —0-8 c.g.s. 
unit/g.). With azobenzene as a reference solute it was possible by an isopiestic method ® 
to show that the nickel complexes of 1,3,5-triphenylformazan, 3-methyl-1,5-diphenyl- 
formazan, and 3-methyl-1-phenyl-5-f-tolylformazan were monomeric in benzene solution. 

These results show that these nickel-formazan complexes are spin-paired compounds, 
presumably with dsf?-bonding, and that their alternative formulation as spin-free com- 
plexes with sp*-hybrid bonds in tetrahedral disposition must be rejected. Further 
evidence in favour of planar as opposed to tetrahedral bonding was sought by treating the 
compounds with pyridine which in the former, but not in the latter case, should give a 

agnetic 6-co-ordinate adduct.2® When 1 ml. of pure pyridine (a factitious excess) 
was added to 25 ml. of a solution of the nickel complex (IV; R = Me, Ar = Ar’ = Ph) 
(00637 g./l.) absorption peaks at 357, 418, and 780 my (see Fig. 2, curve A) due to the 
original nickel-formazan complex were lowered, while new bands appeared between 500 
and 700 mu. The absorption spectra after 2 hours and 2 days respectively are shown in 
Fig. 2, curves B and C. By using the optical absorption at 780 my the course of the 
reaction with time could be followed. It was rapid at first, but not complete after 1 day 
even when a great excess of pyridine was used. The residual absorption at 780 my clearly 
corresponded to unchanged nickel-formazan complex, for the values of the absorbancies 
at all wavelengths between 700 and 900 my were in a constant ratio (0-589) to those of the 
original nickel complex in this range. Independent measurements had shown that Beer’s 
law was obeyed by the parent complex over the concentration range from 0 to 1-1 x 10, 
both at 418 and 780 my. Since it had already been shown (Fig. 1) that the formazan 
itself did not form a complex with pyridine it was legitimate to substract the contribution 
of unchanged nickel-formazan complex from curve C and so arrive at that of the adduct 
alone (curve D). This proved to be very much like that of the original formazan, with one, 
rather weak, main band at 510 my (e 5070) with a shoulder at 595 my. Similar experi- 
ments with di-(3-methyl-1,5-diphenylformazyl)nickel(m1) and pyridine disclosed a similar 
adduct, giving an absorption maximum at 505 my (e 4820) and a shoulder at 595 mu. 
Attempts to prepare the pyridine adducts in the solid state failed. The black crystals 
which separated from a solution of di-(3-methyl-1,5-diphenylformazyl)nickel(11) in hot 
pyridine gave an absorption spectrum in benzene identical with that of the original metal 
complex, and they lost no weight when placed in vacuo over sulphuric acid for 3 days. We 
have not yet investigated the magnetic properties of the solutions of the nickel-formazan 
complexes; and since these complexes decompose on melting, it is impossible to state 
whether, as with di-(N-alkylsalicylaldimine)nickel(t1) complexes,” diamagnetism is 
confined to the solid state. 

The reflectance spectra of the three nickel-formazan complexes were very similar. The 
most prominent feature for di-(3-methyl-1,5-diphenylformazyl)nickel(I1) was a fairly sharp 
absorption band centred at 386 my, which was displaced successively to 389 and 410 my by 
introduction of -methyl groups. All three complexes had a broad band centred at 705— 
720 mu. 

The diamagnetism and spectral data for these 4-co-ordinate nickel-formazan com- 
plexes, and their reluctance to form stable adducts with pyridine, are consistent with either 


_ 38 Sacconi, Paoletti, and Maggio, J. Amer. Chem. Soc., 1957, '79, 4067. Among other earlier papers 
in this field see McKenzie, Mellor, Mills, and Short, J. Proc. Roy. Soc. New S. Wales, 1944, 78, 70. 

* Morton, Campbell, and Ma, Analyst, 1953, 78, 722. 

*® Basolo and Matoush, J. Amer. Chem. Soc., 1953, 75, 5663. 

" Sacconi, Cini, and Maggio, J. Amer. Chem. Soc., 1957, 79, 3933. 
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a slightly distorted planar structure or a sufficiently distorted tetrahedral structure. For, 
while ligand-field theory predicts paramagnetism for a Ni(II) complex with eight d-electrons 
in a regular tetrahedral field, and diamagnetism in a square planar field (Fig. 3, schemes 4 
and D), a Jahn-Teller distortion of the tetrahedron comprising a compression along a two- 
fold axis of symmetry would cause the upper triplet of A to split into an upper singlet and 
a lower doublet (Fig. 3, B). If the distortion were large enough and the energy separation 
of the two uppermost levels great enough (Fig. 3, C), diamagnetism would result. 

Evidence for the non-coplanarity of the chelate rings in di-(3-methyl-1-phenyl-5-. 
tolylformazyl)nickel(u) (V; R= Me, Ar= phenyl, Ar’ = #-tolyl) was obtained by 
partial resolution on a column of (+-)-quartz. The most active fractions had [M),® 
+49-3° and —45-0° respectively and racemised only slowly at room temperature. The 
complex can therefore be formulated as (V). The alternative formulation (VI) with 
5-membered chelate rings is inconsistent with the absence of isomers when Ar and Ar’ are 
dissimilar (see above), and there would still be excessive steric hindrance to a planar 
disposition about the nickel atom in the cis-form, though less in the ¢vans-form. If, in this 
case, steric strain were relieved by the adoption of a non-coplanar arrangement of Ni-N 
bonds, an asymmetric molecule would result whether or not the aryl groups were identical, 
However, no optical resolution of di-[3-methyl-1,5-diphenyl(or ditolyl)formazyl)nickel(n) 
could be achieved under conditions identical with those employed successfully for the 
unsymmetrical analogue (Ar = Ph, Ar’ = #-toly]). 


Fic. 3. Splitting of energy levels in distorted planar or tetrahedral nickel complexes. 
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The precise conformation of these nickel-formazan complexes must await a full X-ray 
crystallographic study. A coplanar arrangement of four Ni-N bonds can only be achieved 
if the formazan rings are severely buckled (with consequent loss of resonance stabilisation 
energy) and if the aryl groups from the two ligands lie in nearly parallel planes and in close 
proximity. This may explain why such compounds are only obtained readily with nickel 
and to a smaller extent with copper. It is less easy to see why no genuine tetrahedral 
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complexes are formed with mercury, zinc, or cadmium. Their non-existence, the 
excessively low solubility of nickel and copper complexes in chloroform or carbon tetra- 
chloride, and the evidence of their absorption spectra (which differs so completely from 
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the simple spectra characteristic of metal-dithizone complexes) all point against Fischer’s 
formulation ! of dithizone complexes as compounds in which the imino-nitrogen atom has 
been replaced by a metal. 


EXPERIMENTAL 


Preparation of 3-Methyl-1,5-diphenylformazan.—After experience of Wedekind’s procedure 
starting from pyruvic acid,** and that of Bamberger and Pemsel, both of which gave poor 
yields and a high proportion of tarry by-products, the following preparation, based largely on 
the work of Ragno and Bruno ? was found to give the most reproducible results. 

Acetaldehyde phenylhydrazone (10 g.; m. p. 92°; freshly recrystallised from ethanol) was 
dissolved in warm ethanol (50 ml.), and the solution was cooled to 0°. Over a period of 5 min. 
adiazonium solution prepared at 0° from aniline (12 g.), concentrated hydrochloric acid (27 ml.), 
water (50 ml.), and sodium nitrite (9 g.) was added. After a further 2 hours’ stirring, a red oil 
separated which solidified overnight at 0°. The total yield from five such preparations 
(76-5 g.) was collected and dried im vacuo over calcium chloride. After one recrystallisation 
from ethanol, orange-red needles, m. p. 121°, were obtained (49 g., 59%). After two more 
recrystallisations the m. p. was constant at 125-5° (Found: N, 23-5. Calc. for C,,H,,N,: N, 
235%). Wedekind * reported 121°, Ragno and Bruno” 123°, and Hausser, Jerchel, and 
Kuhn 2 124—126°. 

3-Methyl-1,5-di-p-tolylformazan (23-1 g.), prepared similarly from acetaldehyde p-tolyl- 
hydrazone (15 g.; m. p. 96—97°), formed orange-red needles, m. p. 181—182°, with a light blue 
reflex, from boiling ethanol (Found: N, 21-2. C,,H,,N, requires N, 21-2%). 

3-Methyl-\(or 5)-phenyl-5(or 1)-p-tolylformazan (15-5 g.), prepared similarly by coupling a 
solution of acetaldehyde phenylhydrazone (10 g.) with a diazonium solution prepared from 
p-toluidine (8 g.) at 0°, recrystallised from ethanol (charcoal) as orange-red needles with a light 
blue reflex, m. p. 155-5° (5-5 g., 30%) (Found: C, 71-8; H, 6-4; N, 22-3. C,,H,,.N, requires C, 
71-4; H, 6-4; N, 22-2%). 

Preparation of Di-(3-methyl-1,5-diphenylformazyl)nickel(11).—A solution of the formazan 
(345 g.) in ethanol (50 ml.) was heated under reflux (1-5 hr.) with a solution of nickel acetate 
(1-85 g.) in ethanol (50 ml.). The solid product was collected and any adhering formazan was 
removed by washing with alcohol until the washings were colourless. The residue was then 
washed in turn with N-hydrochloric acid, water, and ethanol, and dried im vacuo (CaCl,). 
The aqueous washings gave no test for nickel with dimethylglyoxime. Di-(3-methyl-1,5-di- 
phenylformazyl)nickel(11) formed black flaky crystals with a strong metallic lustre (2-48 g., 
957%), decomp. >300° without melting [Found: C, 63-0; H, 4-9; N, 21-0; Ni, 11-0%; 
M(isopiestic in benzene),’® 502, 503. C,,H,,N,Ni requires C, 63-1; H, 4-9; N, 21:0; Ni, 
110%; M, 533-3]. 

The solid complex is diamagnetic with 10%, = —0-8 c.g.s. unit/g. Like the other nickel 
complexes described below it is only slightly soluble in benzene and very sparingly soluble in 
n-hexane in which it gives a yellow-brown solution. It is insoluble in all other common solvents 
except pyridine (~1-3 g./l.). 

Di-(3-methyl-1,5-diphenylformazyl)copper(11), prepared similarly in 50% yield from the 
formazan and cupric acetate, formed an impure micro-crystalline powder (Found: Cu, 14:1. 
Cale. for C,,H,,N,Cu: Cu, 11-8%). 

Attempts to prepare cobalt and zinc complexes were unsuccessful and the formazan was 
recovered unchanged by diluting the reaction mixture with water. 

Di-(3-methyl-1-phenyl-5-p-tolylformazyl)nickel(11) was obtained from the formazan in 65% 
yield as black crystals whose diamagnetic susceptibility was 10°, = —0-5 c.g.s. unit/g. [Found: 
C, 644; H, 5-5; N, 19-9; Ni, 10-4%; M (isopiestic in benzene), 537, 537. C3,H,)N,Ni requires 
C, 64-2; H, 5-4; N, 20-0; Ni, 10-4%; M, 561-3]. No cobalt complex was formed when an 
alcoholic solution of the formazan was heated under reflux with cobaltous acetate. Di-(3- 
methyl-1,5-di-p-tolylformazyl)nickel(\1), prepared similarly in 86% yield, formed flaky black 
crystals which decomp. >300° (Found: Ni, 10-2. C,,H,,N,Ni requires Ni, 10-0%). 

Hydrate of 1,5-Diphenylformazan.—Preparation of 1,5-diphenylformazan by coupling 


* von Pechmann, Ber., 1892, 25, 3187; 1894, 27, 2927. 
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malonic acid with benzenediazonium chloride ** was found to depend upon reaction conditions, 
It was essential to keep the temperature below 3° and the pH above 9 during the coupling.’ 

To a diazonium solution prepared from aniline (23 g.), concentrated hydrochloric acid 
(82 ml.), water (100 ml.), and sodium nitrite (18 g.), was added sodium acetate (50 g.) in water 
(100 ml.). The whole was cooled to —5° and added in 10 min. to a stirred solution (also at —5°) 
of malonic acid (26 g.) and hydrated sodium acetate (50 g.) in water (300 ml.). The temper- 
ature was not allowed to rise above 3° during the addition. After being stirred for a further 
2 hr. the mixture was left in a freezing-mixture for 36 hr. The flocculent red product (42 g.; 
m. p. 90°) was collected and dried in vacuo (CaCl,). After a further 5 days in vacuo over 
phosphoric oxide the solid had darkened and the m. p. rose to 113°. From dry methanol 
(charcoal) 1,5-diphenylformazan formed small dark red crystals with a faint violet lustre and 
m. p. 117° (Found: N, 25-0. Calc. for C,;H,.N,: N, 25-1%). The m. p. depends somewhat 
on the rate of heating (cf. 116—119°, 117—120°, von Pechman *3; 117—119°, Claisen *4; 117°, 
Walther #5; 120°, 100—108°, Ponzio and Gastaldi™; 116°, Busch and Beust 2*; and 114~ 
116°, Hausser, Jerchel, and Kuhn !*). When recrystallised from water—methanol (1 : 1-5) 1,5- 
diphenylformazan formed a dark red monohydrate, m. p. 84—85° which gradually lost water 
when heated in vacuo over phosphoric oxide and reverted to the anhydrous formazan of m. p. 
117° (Loss at 64° 1 mm.: 7:1, 6-9. C,;H,.N,,H,O requires H,O, 7-4%). 

Di-(1,5-diphenylformazyl)nickel(u1) was obtained in fair yield as a black micro-crystalline 
powder (Found: Ni, 11-7. C,,H,,N,Ni requires Ni, 11-6%). The copper complex, prepared 
similarly, was not obtained pure (Found: Cu, 15-6. Calc. for C,,H,,N,Cu: Cu, 12-4%). 

D-(1,3,5-triphenylformazyl)nickel(11) was obtained in 91-5% yield from 1,3,5-triphenyl- 
formazan by Hunter and Roberts’s method § as a black micro-crystalline powder, decomp. 
>300° [Found: Ni, 8-85%; M (isopiestic in benzene), 621, 627. Calc. for Cs,H39N,Ni: Ni, 
8:9%; M, 657-4], with 10%, —0-5 c.g.s. unit/g. 

Absorption Spectra.—These were measured with a Unicam S.P. 500 with a cell-compartment 
at 25° (thermostat) and matched cells. 

Action of Pyridine on a Solution of Di-(3-methyl-1,5-diphenylformazyl)nickel(11) in Benzene.— 
Redistilled pyridine (1 ml.) was added to a solution (25 ml.; 0-0637 g./l.) of the nickel complex in 
benzene. A 1 cm. stoppered cell was filled with this mixture and the spectrum recorded after 
various times; a reference cell filled with a mixture of benzene (25 ml.) and pyridine (1 ml.) was 
used. Kinetic measurements at 780 my on (a) a solution containing 0-0612 g. of the nickel 
complex and 39-1 g. of pyridine (molar ratio 1: 4300) per 1. and (6) a solution containing 
0-1126 g. of the nickel complex and 0-196 g. of pyridine (molar ratio 1: 2-2) per 1. gave the 
following results. 


Time (min.) 0 20 40 60 100 200 500 1000 
Optical density in 1 cm. cell (a) 14 054 0:36 0-34 0-32 0-29 0-24 0-21 
(b) 20 1:36 #8 1-20 1-17 1-16 1-14 1-13 1-12 


Attempted Preparation of the Adduct of Pyridine and Di-(3-methyl-1,5-diphenylformazyl)- 
nickel(11).—A solution of the nickel complex (0-3 g.) in hot pyridine (15 ml.) was heated ona 
water-bath for 1 hr. The black crystals which separated on cooling were collected and dried 
rapidly between filter papers. The absorption spectrum in benzene was identical with that of 
the original nickel-formazan complex. The remainder (0-2294 g.) was kept im vacuo over 
sulphuric acid (wt. after 1, 2, and 3 days: 0-2281, 0-2283, and 0-2280 g. respectively), then 
analysed (Found: Ni, 10-8. Calc. for C,,H,,.N,Ni,2C,H;N: Ni, 8-2. Calc. for C,,H,,N,Ni: 
Ni, 11-0%). 

Optical Resolution of Di-(3-methyl-1-phenyl-5-p-tolylformazyl)nickel(11).—(+-)-Quartz (120 
mesh) was washed with water, acetone, and benzene, heated at 100° in a partial vacuum over 
phosphoric oxide, and then placed in dry benzene in a chromatographic column (20 x 2cm.). 

A solution of the nickel complex in benzene (0-0021 g./10 ml.) was placed at the top of the 
column and eluted with benzene (~3—4 ml./min.). Successive samples of 50 drops each were 
collected and diluted to 35 ml. The optical rotation was determined at 22° in a Bellingham 
and Stanley polarimeter with sodium light and a 40 cm. cell. The concentration of complex in 


*3 Wedekind, Ber., 1897, 30, 2998. 

24 Claisen, Annalen, 1895, 287, 368. 

2 Walther, J]. prakt. Chem., 1896, 58, 475. 
26 Busch and Beust, Ber., 1925, 58, 443. 
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each sample was determined from the optical density measured at 785 and 420 muy. mingle 
results were: 


Sample no. ........- 1 2 3 4 5 6 7 8 9 10 
Concn. (10-$M) ...... 0-0 0-814 140 2-90 420 600 7:00 7-90 8-60 8-40 
[M]p%® ...---seceeeeee 0-0° +49-3° +25-5° +7-69° 00° 00° 00° 0-0° 0-0° = 00° 
Sample no. ......... 11 12 13 14 15 16 17 18 19 

Concn. (10-*M) ...... 720 570 520 430 340 260 140 0-50 0-0 

[M]p* ....----0eee00s 00° =—0-0° 0-0" — 1-03° —2-63° —7-72° —31-8° —44-6° 0-0° 


For each sample the ratio of the measured absorbancy at 424 to that at 785 my was 1-60 + 0-03, 
thus confirming the chemical homogeneity of the complex. 

Attempted Preparations of 1,3-Dimethyl-1,5-diphenylformazan.—(a) 3-Methyl-1,5-dipheny]l- 
formazan (5 g.), sodium ethoxide (from sodium, 0-54 g., and ethanol, 50 ml.), and methyl iodide 
(2 ml.) in ethanol (55 ml.) were heated under reflux. After removal of sodium iodide and 
solvent a deep red viscous product was obtained. 

(b) Benzaldehyde N’-methyl-N’-phenylhydrazone [from benzene-light petroleum (1: 1)] 
was pale yellow, with m. p. 104° (Found: C, 80-1; H, 6-6; N, 13-3. C,,H,,N, requires C, 80-0; 
H, 6-7; N, 13-3%). Attempts to couple this hydrazone (dissolved in pyridine) with benzene- 
diazonium chloride gave only starting material. 


We express our gratitude to Dr. Owston for carrying out magnetic measurements, and to 
Imperial Chemical Industries Limited and to Messrs. Hilger and Watts Ltd. for the loan of 
apparatus and materials, respectively. 


INORGANIC CHEMISTRY LABORATORY, OXFORD. (Received, September 30th, 1959.} 


424. (Methyl isocyanide)copper(1) Iodide. 
By H. Irvine and M. Jonason. 


A very stable compound of cuprous iodide and methyl isocyanide has 
been prepared from the components and by the interaction of cuprous 
cyanide with methyl iodide in acetonitrile at 100°. The homologues 
Cul,EtNC and CulI,Pr"NC, and the omnes CuBr,MeNC were prepared in 
a similar way. 


WuEREAS the interaction of cuprous cyanide and methyl iodide at 100° gives an unstable 
adduct, 3CuCN,MelI, Hartley! stated that “in the presence of excess of pure dry aceto- 
nitrile the reaction proceeds differently and a compound CuNC,Mel is formed which ... . 
crystallises in white needles.’’ When heated with an aqueous solution of potassium 
cyanide the compound evolved methyl isocyanide. Attempts to determine its molecular 
weight ebullioscopically in acetonitrile “ gave a high value corresponding to about 
3(CuNC,MelI).” 1 

Hartley gave no further experimental details. We have found that when the com- 
ponents are heated in a sealed tube very little of his compound is formed if the duration is 
less than 12 hours or if the concentration of methyl iodide in the solvent, acetonitrile, falls 
much below 35% (v/v). A greyish non-crystalline solid, insoluble in water, acetonitrile, 
and all common solvents, separates intermediately. This contains no iodine and dissolves 
in aqueous potassium cyanide with the evolution of methyl isocyanide. It appears to be a 
mixture of cuprous cyanide with an adduct CuCN,MeNC. On continued heating in the 
presence of excess of methyl iodide a homogeneous, dark brown liquid is obtained from 
which the desired compound separates on cooling, accompanied by an oily by-product 
from which it is readily separated. 

It seemed probable from its reactions that Hartley’s compound, CuNC,Mel, should 
teally be formulated as a complex of cuprous iodide and methyl isocyanide, viz., as 
(MeNC+Cul]. This was confirmed by its direct synthesis from methyl isocyanide and 


? Hartley, J., 1928, 780. 
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cuprous iodide (a) when the latter is dissolved in concentrated potassium iodide, or 
(6) suspended in acetonitrile, or (c) in the absence of any solvent. The homologues 
[EtNC+CulI] and [Pr®NC>CulI] and the compound [MeNC>CuBr] were prepared 
similarly. 


EXPERIMENTAL 

Preparation of (Methyl isocyanide)copper(t) Iodide——(a) By Hartley's method. Many experi- 
ments were carried out in which various proportions of methyl iodide, acetonitrile, and cuprous 
cyanide (prepared in 95% yield by Barber’s procedure *) were heated in sealed tubes at 100° for 
different times. The liquid in the vicinity of the cuprous cyanide soon became dark and oily 
in appearance and the cyanide slowly went into solution. If the contents of the tube were 
shaken, the solution became homogeneous at a certain stage and when it was allowed to cool a 
light grey substance separated which was insoluble in water and all common solvents. It 
contained no iodine and liberated methyl isocyanide when warmed with aqueous potassium 
cyanide (Found: C, 22-1; H, 1-1; N, 18-3; Cu, 50-1. Calc. for (MeNC->CuCN]: C, 27-6; H, 
2-3; N, 21-4; Cu, 48-7. Calc. for CuCN: C, 13-4; N, 15-6; Cu, 70-9%). 

If the contents of the tube were heated at least twice as long as was needed to dissolve the 
initial cuprous cyanide a dark brown homogeneous solution resulted from which crusts of white 
crystals embedded in a brown oily matrix separated on cooling. The solid was thoroughly 
washed with acetone and recrystallised twice from hot acetonitrile, (methyl isocyanide)- 
copper(r1) iodide being obtained as fine white needles which had scarcely any odour of isocyanide 
(Found: C, 10-2; H, 1-0; Cu, 26-8. Calc. forC,H,NICu: C, 10-4; H, 1-3; Cu, 27-4%). 

The best yield of pure product (about 2 g., 13%) was obtained by heating cuprous cyanide 
(6-0 g.; 1 mol.), redistilled methyl iodide (19-5 g., 2 mol.), and acetonitrile (26 ml.) in a sealed 
tube at 100° for 15 hr. With shorter times of heating or with concentrations of methyl iodide 
below about 35% (v/v) the yield was greatly reduced. 

(b) From cuprous iodide and methyl isocyanide. (i) As in Mann, Purdie, and Wells's 
procedure * for the preparation of tetrakis(monoiodotrialkylarsinecopper), excess of methyl 
isocyanide (prepared by the action of aqueous potassium cyanide upon the adduct MeNC,Agl) § 
was distilled into a solution of cuprous iodide (2 g.) in saturated aqueous potassium iodide 
(20 ml.). (Methyl isocyanide)copper(1) iodide separated immediately as a flocculent, white, 
microcrystalline precipitate which was collected and recrystallised from boiling acetonitrile. 
(ii) Excess of methyl isocyanide was distilled on to dry cuprous cyanide, and the mixture 
warmed in a sealed tube. The iodide went into solution and, on cooling, (methyl isocyanide)- 
copper(1) iodide separated as white needles (Found: Cu, 27-9%). (iii) A sealed tube containing 
redistilled methyl isocyanide (2-34 g., 1 mol.) was placed in a flask containing cuprous iodide 
(10-8 g., 1 mol.) and acetonitrile (100 ml.). The flask was stoppered and shaken to break the 
sealed tube. Slight heat was developed, and during intermittent shaking for 1 hr. all the 
cuprous cyanide had dissolved and the smell of isocyanide was no longer perceptible. The 
mixture was heated to its b. p. on the water-bath and filtered hot. On cooling, (methyl iso- 
cyanide)copper(1) iodide separated as white needles which were analysed without further 
purification (Found: C, 10-5; H, 1-9; N, 6-1; Cu, 27-2, 26-7, 27-2. Calc. for C,H,NICu: C, 
10-4; H, 1-3; N, 6-1; Cu, 27-4%). The complex is insoluble in water, methanol, ethanol, 
pentanol, ethers, light petroleum, benzene, and carbon tetrachloride. It dissolves readily in 
boiling acetonitrile and propionitrile. 

(Ethyl isocyanide)copper(1) iodide was prepared similarly by heating cuprous iodide (3 g)), 
acetonitrile (15 ml.), and excess of ethyl isocyanide for a short time. Brownish-yellow needles 
which separated when the mother-liquor was allowed to evaporate were collected and washed 
well with acetone, the complex being obtained as colourless needles (Found: C, 14-4; H, 21; 
Cu, 25-7. C,H,NICu requires C, 14-7; H, 2-1; Cu, 259%). The n-propyl analogue, prepared 
similarly in very poor yield, formed dirty white needles (Found: Cu, 24-9. C,H,NICu requires 
Cu, 24:5%). 

(Methyl isocyanide)copper(t) Bromide —Methy] isocyanide (1-50 g., 1 mol.), cuprous bromide 
(5-25 g., 1 mol.), and acetonitrile (75 ml.) were heated to boiling. A green colour developed and 
almost all the solid went into solution. The mixture was filtered, and the filtrate cooled, where- 


2 Barber, J., 1943, 79. 
* Mann, Purdie, and Wells, J., 1936, 1903. 
* Hartley, J., 1916, 109, 1296. 
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upon white crystals (3-0 g.) separated. These were analysed after being washed with acetone 
and dried in the air (Found: Cu, 34-1. C,H,NBrCu requires Cu, 34-4%). ; 
Action of 2,2’-Bipyridyl on (Methyl isocyanide)copper(1) Iodide.—2,2’-Bipyridy] (0-50 g.) and 
(methyl isocyanide)copper(1) iodide (0-74 g.), separately dissolved in warm acetonitrile (40 ml. 
in all), were mixed; orange-red crystals separated (Found: C, 33-6; H, 3-6; Cu, 19-0. Calc. 
for CopH,gN,Cu,I,: C, 34-6; H, 2-3; Cu, 18-4%). Evaporation of the mother-liquor gave a 
greenish-yellow powder smelling strongly of isocyanide: this was not further investigated. 


DISCUSSION 


Hartley’s compound is formally similar to the crystalline complexes of cuprous iodide 
with tertiary arsines or phosphines. These are now known to be tetrameric, [R,As(or 
P)-+Cul],, with structures in which the four copper atoms are arranged at the apices of a 
tetrahedron: the four iodine atoms are located centrally above the four faces, and the 
arsenic (or phosphorus) atoms lie beyond the copper atoms to which they are co-ordinated 
on the elongation of the axes joining these to the centre of the tetrahedron.? The 
hypothesis that the isocyanide complexes might have a similar structure proved to be 
false. For, whereas the value of » in [R,As(or P)>Cul], always lay within the range 
36—4-2 irrespective of the alkyl group (R = Et, Pr, Bu®, or n-C;H,,), the solvent 
(acetone, benzene, or ethylene dibromide), or the method of determination (cryoscopy or 
ebulliometry), yet the value of » in the formula [MeNC+Cul], when obtained by ebullio- 
metric measurements in acetonitrile ranged from 1-1 to 2-1 and varied with the 
concentration. No weight could: be attached to these results, for at the b. p. of aceto- 
nitrile (82°) the complex was definitely dissociated and the hot solution smelled strongly of 
isocyanide (b. p. 60°). On the other hand, the vapour pressure of isocyanide over the solid 
complex is very low, for a sample prepared by Hartley in 1926 and kept since then in a 
loosely stoppered weighing bottle had only a faint smell and was perfectly colourless and 
analytically pure 30 years later. Since cuprous iodide dissolves in acetonitrile and is 
solvated thereby, the possibility of such dissociation equilibria in boiling acetonitrile as 


4{MeNC+>CulI], + 2nxMeCN === n[2MeNC,Cul], + 2n[Cul,xMeCN] 


cannot be overlooked and is consistent with the structure now found for the isocyanide 
complex. The complex [2MeNC,CulI], would be an analogue of Arbusov’s compound 
2PEt,,Cul,5 which Mann e¢ al. have suggested is a dimer, bridged through the tw2 iodine 
atoms. 

A red compound formed by the action of 2,2’-bipyridyl on Hartley’s compound is 
probably the bridged complex bisbipyridyl-u-di-iododicopper first prepared by Tartarini 
and later studied by Mann, Purdie, and Wells.* Its formation affords no real clue to the 
structure of the complex [MeNC->Cul],, which appears from X-ray crystallography to be 
quite unlike the formally analogous complexes of tertiary arsines or phosphines and of a 
quite unusual character with infinite double chains of copper atoms linked through iodine 
atoms: the isocyanide groups are attached in pairs to half the metal atoms.® 


THE INORGANIC CHEMISTRY LABORATORY, 
SoutH Parks Roap, OxForD. [Received, October 26th, 1959.] 


5 Arbusov, J. Russ. Phys. Chem. Soc., 1906, 38, 293. 
* Fisher, Taylor, and Harding, this issue, paper no. 461. 
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425. Reactions of Organic Azides. Part IX. Ring-expansions lead. 
ing to 2-Phenyl-(?iso)quinolono- and -(?iso)quinolino-(4' ,3'-4,5)thiazole 
and (?iso)Quinolono(3’,4’-2,3)thiophen. Attempted Rearrangements of 
Fluorenone Hydrazone. 


By C. L. Arcus and G. C. BARRETT. 


3’-Oxo-, 3’-hydroxy-, and 3’-benzylidene-2-phenylindeno(1’,2’- 4,5) - 
thiazole, 3’-benzylideneindeno(1’,2’-4,5)thiazole, and 3’-oxo- and 3’-hydroxy- 
indeno(2’,1’-2,3)thiophen have been subjected to the action of hydrazoic acid 
in the presence of a strong acid. The two ketones and the hydroxyindeno- 
thiazole underwent ring-expansion to the oxoquinolino-thiazole and 
-thiophen and the quinolino-thiazole respectively (or to the corresponding 
isoquinolines). 

Fluorenone hydrazone was not converted into phenanthridone by reaction 
with polyphosphoric acid or by diazotisation. 


THE conversion of derivatives of fluorene into phenanthridines by azido-reactions has 
been described in earlier parts of this series. Application of these reactions to analogous 
compounds where a phenylene ring is replaced by a heterocycle is being investigated. 
A first stage, the synthesis of several indenothiazoles (I; X = N, Z = CH,) has already 
been described.2 The reactions which have been found to be effective for ring-expansion 
in the fluorene series are the Schmidt reaction of the 9-ketones,’ interaction of the 9-hydroxy- 
compounds with hydrazoic acid and a strong acid,*®® and the action of these reagents 
on 9-benzylidenefluorene.* Accordingly, the preparation of analogous heterocyclic 
ketones, alcohols, and benzylidene derivatives was undertaken. 

2-Phenylindeno(1’,2’-4,5)thiazole gave no ketone when heated with chromium trioxide 
and acetic acid, but at 220—240° with selenious acid it yielded 3’-oxo-2-phenylindeno- 
(1’,2’-4,5)thiazole, together with unchanged methylene compound and benzoic acid which 
must be derived from the 2-phenyl substituent by degradation of the thiazole ring. This 
ketone, on reduction with aluminium isopropoxide, gave 3’-hydroxy-2-phenylindeno- 
(1’,2’-4,5)thiazole. 


x cO 4 HN, N 
D ScoR 
Dy CHBr HS” | Jp 
— 
2 co co § 


(I) (11) 


Preparation of the above ketone, and the unsubstituted compound, was attempted 
by application of the Hantzsch synthesis to 2-bromoindane-1,3-dione (II). This compound 
was prepared by reaction of the dione (i) in aqueous dioxan with bromine and potassium 
chlorate, a method found satisfactory for 2-bromoindan-l-one,? and (ii) with one mol. of 
bromine in carbon tetrachloride. Reaction of the bromo-dione with thioamides did not, 
however, yield the ketones; thioformamide was degraded to sulphur, and thiobenzamide 
gave, as its hydrobromide, 3,5-diphenyl-1,2,4-thiadiazole. This compound is known to 


1 Part VIII, Arcus and Evans, J., 1958, 789. 
2 Arcus and Barrett, J., 1958, 2740. 

* Arcus, Coombs, and Evans, J., 1956, 1498. 
* Arcus and Mesley, /J., 1953, 178. 

5 Arcus and Lucken, /., 1955, 1634. 

* Arcus and Coombs, J., 1954, 4319. 
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arise from thiobenzamide on reaction with iodine,’ nitrous acid,§ or thioperbenzamide; ® 
essentially, therefore, by oxidation: ; 


N—-Ph 
2Ph-CS‘NH, —2> eal ON [+ H,0 + H,S0,] 


and it is inferred that 2-bromoindane-1,3-dione can act as an oxidising agent. 

The 3’-benzylidene derivatives of indeno(1’,2’-4,5)thiazole and the 2-phenyl compound 
were prepared by condensation with benzaldehyde in the presence of potassium hydroxide. 

Steinkopf and Gunther ” prepared a thiophen analogue of fluorenone, 3’-oxoindeno- 
2',1'-2,3)thiophen (I; X = CH, Y = H, Z = CO), by treating the toluene-f-sulphonyl 
derivative of anthranilic acid with phosphorus pentachloride, aluminium chloride, and 
thiophen, and hydrolysing the product to the amino-ketone (III); the central ring was 
closed by diazotisation and heating. This process has been improved by the separate 
preparation, by means of thionyl chloride, of N-toluene-f-sulphonylanthraniloy! chloride, 
and by the use of stannic chloride in the condensation with thiophen. Reduction of this 
ketone gave 3’-hydroxyindeno(2’,1’-2,3)thiophen. 


Xomnyv 


NH, YY 
es J 
/B 
(111) “co § Asay) 

Azido-reactions.—Schmidt reaction of 3’-oxo-2-phenylindeno(1’,2’-4,5)thiazole in 
sulphuric acid at 35—40° and of 3’-oxoindeno(2’,1’-2,3)thiophen in a mixture of trichloro- 
acetic acid and sulphuric acid at 50—55° gave the products of ring-expansion, namely (IV; 
X=N, Y = Ph, A-B = NH-CO; and X = CH, Y = H, A-B = NH-CO) or their iso- 
quinolono-isomers (where A~-B = CO-NH). 

Addition of 3’-hydroxy-2-phenylindeno(1’,2’-4,5)thiazole to a solution of hydrazoic 
acid in sulphuric acid and chloroform at 25° gave 2-phenyl(?iso)quinolino(4’,3’-4,5)thiazole 
(IV; X=N, Y = Ph, A-B = N=CH or CH=N). From a similar treatment of the 
hydroxyindenothiophen no quinolino-compound was obtained; nor was the azide formed 
by reaction with hydrazoic acid in trichloroacetic acid-chloroform, a method which converts 
1,2-benzofluoren-9-ol into the azide.™ 

Treatment similar to that for the alcohols converts 9-benzylidenefluorene into 9-benzyl- 
phenanthridine,* but 3’-benzylideneindeno(l’,2’-4,5)thiazole and its 2-phenyl derivative 
did not react. 

Nearly all the azido-reactions with 2- or 3-substituted fluorenols and fluorenones gave 
mixtures of 2- and 7- or 3- and 6-substituted phenanthridines and phenanthridones, 
though frequently the isomers were formed in very unequal amounts.*5 Each of the 
rearrangements above, however, gave only a single product. Also, Petrow ™ reports 
exclusive migration of the heterocyclic ring in the Schmidt reaction of 1,3-dimethyl-2- 
azafluorenone. Presumably, in these instances, the heterocyclic and homocyclic rings 
differ so widely in character that rearrangement proceeds almost entirely by migration of 
one type of ring. Comment on the relative migratory aptitudes of the phenylene and 
heterocyclic rings must await establishment of structures for the compounds from the 
azido-reactions. The products from degradation experiments have not yet enabled us 

* Hofmann and Gabriel, Ber., 1892, 25, 1578. 

* Cronyn and Nakagawa, J. Amet#. Chem. Soc., 1952, '74, 3693. 

* Kitamura, J. Pharm. Soc. Japan, 1937, 57, 809; Chem. Abs., 1939, 38, 1726. 

* Steinkopf and Gunther, Annalen, 1936, 522, 33. 


" Arcus, Marks, and (in part) Coombs, J., 1957, 4064. 
® Petrow, J., 1946, 200. 
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to distinguish quinoline from isoquinoline residues; syntheses of possible degradation 
products, for comparison with those obtained, are projected, whereby it is hoped that the 
structures above will be determined. 

Under the conditions used in the azido-reactions of the ketone, alcohol, and benzylidene 
compounds of the indenothiazole series, the thiazole ring must almost certainly be protonated, 
Reaction with hydrazoic acid requires formation of a carbonium ion after protonation 
at the carbonyl, hydroxy-, or olefinic group, and such protonation will tend to be repressed 
by the presence in the molecule of a thiazolium ion. A possible explanation of the ex- 
perimental finding that the benzylidene compounds do not react, whereas the oxo- and 
hydroxy-indenothiazoles undergo ring-expansion, is that repression is complete for the 
former, but not for the latter. 

Fluorenone Hydrazone.—The rearrangement of the hydrazone derived from a cyclic 
ketone appeared to offer a method of ring-expansion, and no record has been found of 
its experimental investigation. Ring-expansion of fluorenone to phenanthridone, which 
is very stable, proceeds satisfactorily by the Beckmann and the Schmidt reaction. Accord- 
ingly, fluorenone hydrazone was (a) heated at 130° in polyphosphoric acid, which is known 
to be a good catalyst for the above reactions,!* and (b) treated with nitrous acid, then added 
to hot dilute sulphuric acid. Supposed courses for rearrangement are as follows: 


~ - 
N=C H,0 | “NH-CO— + NH, 
“CZ + NC7Z (2) ~ + ——_> 4 
" , ¢ ‘ bal NH, 
N-NH, N-NH; a Nip 
ie N-n,t H,0 ~NH-CO— . N) + H* 


However, the product from conditions (a) was fluorenone azine, and from conditions (b) 
was a mixture of the azine and fluorenone. 


EXPERIMENTAL 
M. p.s are corrected. 

Indeno-thiazoles and -thiophens.—A suspension of 2-phenylindeno(1’,2’-4,5)thiazole (5-0 g.) 
in a solution of selenium dioxide (10-0 g.) in water (12 ml.) was heated in a sealed tube at 
220—240° for 2? hr. The solid product was collected, washed with water, and sublimed at 
160°/0-1 mm. The most volatile crop was repeatedly re-sublimed; it then had equiv. 127 and 
m. p. 118°, not depressed by benzoic acid (equiv., 122). Subsequent crops were separated by 
fractional crystallisation from ethanol into the initial compound, and 3’-ox0-2-phenylindeno- 
(1’,2’-4,5)thiazole, which so constituted the final sublimation-crop. It (1-57 g.) formed orange 
needles, m. p. 174—175° (Found: C, 72-4; H, 3-3. C,,H,ONS requires C, 73-0; H, 3-45%). 

This ketone (0-39 g.) was heated under reflux for 14 hr. with a solution of aluminium iso- 
propoxide (from aluminium, 0-2 g., and propan-2-ol, 10 ml.). The solution was poured into 
ice-cold 2n-sulphuric acid, and the precipitated solid collected, washed with water, and 
recrystallised from heptane. It yielded 3’-hydroxy-2-phenylindeno(1’,2’-4,5)thiazole (0-33 g), 
pale yellow needles, m. p. 187° (Found: C, 71-95; H, 4:2. C,,H,,ONS requires C, 72-45; 
H, 4:2%). 

Flatow’s method ™ for the preparation of 2-bromoindane-1,3-dione from ethyl 2-sodio-1,3- 
dioxoindane-2-carboxylate gave the crude compound in only 24% yield. More satisfactory 
preparations were as follows: (i) Bromine (3-0 g.) was added during 50 min. to a stirred 
suspension of potassium chlorate (0-70 g.) in a solution of indane-1,3-dione ™ (5-0 g.) in dioxan 
(12 ml.) and water (3 ml.) at 78—-79°, the whole being illuminated by a 60-w lamp. The mixture 
was stirred for a further 40 min., then cooled and diluted with ether (50 ml.). The ethereal 
layer was washed with water, dried (Na,SO,), and evaporated; the product, on recrystallisation 
from heptane, gave 2-bromoindane-1,3-dione (2-55 g., 38%), m. p. 115—118°. (ii) Indane-1,3- 
dione (23-5 g.) was dissolved in warm carbon tetrachloride (300 ml.); the solution was cooled 

18 Horning and Stromberg, J. Amer. Chem. Soc., 1952, 74, 2680; Conley, Chem. and Ind., 1958, 438. 


14 Flatow, Ber., 1901, 34, 2146. 
18 Kaufmann, Ber., 1897, 30, 385. 








eth 


ket 


lisa 





ition 
the 


dene 
ated. 
ition 


> €X- 
> the 


'yclic 
id of 
vhich 
cord- 
nown 
dded 


: cooled 
58, 438. 





1960] Reactions of Organic Azides. Part IX. 2101 


to room temperature (slight separation occurring) and bromine (7-8 g.) in carbon tetrachloride 
(20 ml.) was added during 2 hr. After distillation of the solvent, the product distilled at 
132—138°/0-4 mm.; the 2-bromoindane-1,3-dione (13-6 g., 38%) solidified; it had m. p. 
106—108°, and m. p. 113—114° after recrystallisation. 

To 2-bromoindane-1,3-dione (2-00 g.) in ether (40 ml.), heated under reflux, a solution of 
thioformamide (0-55 g.) in ether (25 ml.) was added during 30 min. Heating was continued 
for 1 hr. and the whole kept for 24 days. The solid product was ground with 0-5N-sodium 
hydroxide, ammonia being liberated; the yellow residue (0-22 g.) was sublimed in vacuo; it 
then had m. p. 119—119-5° (Found: S, 94-95% 

2-Bromoindane-1,3-dione (0-50 g.) in ether (25 ml.) was added during 30 min. to a solution, 
heated under reflux, of thiobenzamide (0-31 g.) in ether (10 ml.). Heating was continued for 
15 min., and the whole cooled. The orange-yellow product which had separated was collected; 
it (0-32 g., m. p. 99—102°) was ground with 0-5n-sodium hydroxide; the filtrate contained 
bromide ion; the residue (0-21 g.) was sublimed in vacuo. It yielded 3,5-diphenyl-1,2,4-thiadi- 
azole, pale yellow needles, m. p. 86-5—87° (Found: C, 70-45; H, 4-15; N, 11-6; S, 13-4. Calc. 
for CygHypN.S: C, 70-6; H, 425; N, 11-75; S, 13-45%). Cronyn and Nakagawa ® record 
m. p. 89—90°. 

To a solution of indeno(1’,2’-4,5)thiazole (3-22 g.) and benzaldehyde (2-03 g.) in methanol 
(20 ml.) was added 15 ml. of a solution of potassium hydroxide (8 g.) in methanol (50 ml.). 
A dark oil slowly separated; after 60 hr. further methanol (10 ml.) was added, and the oil 
solidified. The solid (3-43 g.), on recrystallisation from methanol (charcoal), gave 3’-benzylidene- 
indeno(1’,2’-4,5)thiazole, yellow needles, m. p. 70° (Found: C, 77-65; H, 4-15; N, 5-6; S, 11-6. 
Colin requires C, 78-15; H, 4-25; N, 5-35; S, 12-25%). 

2-Phenylindeno(1’,2’-4,5)thiazole (1-00 g.) and benzaldehyde (0-44 g.) in methanol (20 ml. ). 
with 8 ml. of the above potassium hydroxide solution, gave in 20 min. a solid (1-24 g.) which, 
recrystallised from methanol (charcoal), gave . 3’-benzylidene-2-phenylindeno(1’,2’-4,5)thiazole, 
golden needles, m. p. 159-5—160° (Found: C, 81-85; H, 4-5; N, 425; S, 9-0. C,,;H,,NS 
requires C, 81-85; H, 4:5; N, 4:15; S, 95%). 

N-Toluene-p-sulphonylanthranilic acid 1° (58 g.) and thionyl chloride (60 ml.) were heated 
under reflux for 14 hr.; excess of reagent was then distilled off, finally under reduced pressure. 
The product (59 g.) was recrystallised from carbon tetrachloride (charcoal), yielding N-toluene- 
p-sulphonylanthraniloyl chloride, prisms, m. p. 126-5—127-5°. Schroeter and Eisleb "” record 
m. p. 128—129°. 

Anhydrous stannic chloride (41 g.), dissolved in carbon disulphide (50 ml.), was added 
during 1 hr. to a stirred suspension of N-toluene-p-sulphonylanthraniloyl chloride (48 g.) in 
thiophen (24 g.) and carbon disulphide (100 ml.) at 30°; stirring was continued for 2 hr. The 
carbon disulphide solution was decanted, and the residual tar repeatedly extracted with 
mixtures of ether and dilute hydrochloric acid. The carbon disulphide solution was washed 
with dilute hydrochloric acid and added to the ethereal extracts. The organic solution was 
shaken with 0-5n-sodium hydroxide (1 1.), and the aqueous alkaline layer was separated, washed 
with ether, diluted to 2-5 1., and acidified with hydrochloric acid. This precipitated o-(toluene- 
p-sulphonamido) phenyl] 2-thienyl ketone (46 g.), m. p. 118—121°; a portion recrystallised from 
ethanol formed pale yellow needles, m. p. 124-5—125-5°. Steinkopf and Gunther ? record 
m. p. 125°. 

These authors’ methods were used to convert the sulphonamido-ketone into the amino- 
ketone hydrochloride, and thence into 3’-oxoindeno(2’,1’-2,3)thiophen, which formed pale 
yellow needles, m. p. 107—109° (Steinkopf and Gunther record m. p. 109—110°). 

Reduction of this compound (3-36 g.) with aluminium isopropoxide (from aluminium, 
1:35 g., and propan-2-ol, 40 ml.), as for the hydroxythiazole, gave 3’-hydroxyindeno(2’,1’-2,3)- 
thiophen. After recrystallisation from ethanol it (2-56 g.) had m. p. 116°; further recrystal- 
lisation from heptane gave plates, m. p. 110-5°, which depressed the m. p. of the ketone; when 
kept at 80°/0-1 mm. they became non-crystalline and had m. p. 116° (Found: C, 69-4; H, 4-3. 

C,,H,OS requires C, 70-15; H, 43%). 

Azido-veactions.—(a) Sodium azide (1-00 g.) was added during 50 min. to a stirred solution 
of 3’-oxo-2-phenylindeno(1’,2’-4 ,5) thiazole (1-58 g.) in 98% sulphuric acid (16 ml.) at 35—40°. 
The mixture was stirred at 40° for a further 2 hr., then poured into ice-water. After 2 hr., the 


8 Scheifele and DeTar, Org. Synth., 1952, $2, 8. 
" Schroeter and Eisleb, Annaien, 1909, 367, 111. 
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solid which had been precipitated was filtered off, ground with 2N-sodium hydroxide, washed, 
and dried. On sublimation, one fraction separated at 120°/0-1 mm., and a second at 1890. 
200°/0-1 mm. The latter was washed with methylene chloride; from the washings and the 
first fraction there was recovered the initial ketone (0-55 g.). The washed second fraction 
(0-82 g.), m. p. 375°, gave on recrystallisation from nitrobenzene 2-phenyl(?iso)quinolono. 
(4’,3’-4,5)thiazole, yellow needles, m. p. 376° (uncorr.) (Found: C, 68-95; H, 3-7; N, 9-85. 
C,gHgON,S requires C, 69-05; H, 3-7; N, 10-05%). 

(b) Sodium azide (3-58 g.) and sulphuric acid (18 ml.) were added during 1 hr. in alternate 
portions to a stirred solution of 3’-oxoindeno(2’,1’-2,3)thiophen (4-93 g.) in trichloroacetic acid 
(55 g.) at 50—55°; stirring was continued for 14 hr., and the whole was then poured into water 
(500 ml.). A tar separated and solidified; on sublimation at 160°/0-1 mm. it gave a product 
(2-59 g.), m. p. 260—265°, which on recrystallisation from nitrobenzene yielded (?iso)quinolono- 
(3’,4’-2,3)thiophen, pale yellow prisms, m. p. 281° (Found: C, 66-25; H, 3-75; N, 6-8; S, 15:5, 
C,,H,ONS requires C, 65-65; H, 3-5; N, 6-95; S, 15-95%). 

(c) Sulphuric acid (1-0 ml.) was added during 10 min. to a stirred suspension of sodium azide 
(0-20 g.) in chloroform (6 ml.) at 0°. The temperature was raised to 25°, and 3’-hydroxy-2- 
phenylindeno(1’,2’-4,5)thiazole (0-30 g.) was added during 1 hr. The whole was stirred fora 
further hour, then poured on ice. Next day the solid which had separated was filtered off; on 
being shaken with N-sodium hydroxide and ether it dissolved; the product (0-20 g.) from the 
ethereal layer had, after recrystallisation from benzene, m. p. 146—146-5°. To the filtrate 
further chloroform (10 ml.) was added, the whole was shaken, and the chloroform. layer 
separated; it yielded 0-11 g. of the product above. Further recrystallisation yielded 2-phenyl- 
(?iso)quinolino(4’,3’-4,5)thiazole (0-25 g.), prisms, m. p. 147° (Found: C, 73-35; H, 3-85; 
N, 10°65; S, 12-6. C,,H,)N,S requires C, 73-25; H, 3-85; N, 10-7; S, 12-25%). 

Treatment, as in (c), of 3’-hydroxyindeno(2’,1’-2,3)thiophen gave a black product, and no 
base. Reaction with sodium azide, trichloroacetic acid, and chloroform, as for 1,2-benzo- 
fluoren-9-ol,4! gave a dark powder, m. p. <320°, which did not contain nitrogen. 

3’-Benzylideneindeno(1’,2’-4,5)thiazole was recovered after treatment as in (c). Sodium 
azide was added to a solution of this compound in sulphuric acid at 65—70°; no ether-soluble 
product was obtained, sulphonation having apparently occurred. 

3’-Benzylidene-2-phenylindeno(1’,2’-4,5)thiazole was recovered after treatment with sodium 
azide, sulphuric acid, and chloroform at 50°. 

Fluorenone Hydrazone.—This compound ‘ (4-0 g.) was stirred into polyphosphoric acid 
(P,O; 83%; 40g.) at 130°. The mixture was so kept for 10 min., then poured into water. 
The precipitate, on recrystallisation from toluene, formed violet-red needles, m. p. 272—273° 
(Curtius and Kof 8 record m. p. 265° for fluorenone azine). 

To a stirred suspension of fluorenone hydrazone (4-0 g.) in N-hydrochloric acid (55 ml.) at 0°, 
was added sodium nitrite (1-45 g.) in water (5 ml.). Frothing occurred; after 10 min. at 0° 
the resultant suspension was poured into boiling 2N-sulphuric acid (60 ml.), and the whole was 
boiled for 10 min. After cooling, the solid product was collected and crystallised from pyridine. 
It yielded fluorenone azine (0-95 g.), m. p. 272°, and the mother-liquor, after dilution with 5 
volumes of hot water and filtration, deposited fluorenone (1-33 g.), m. p. 79—80°, not depressed 
by the authentic compound. 


We thank the Department of Scientific and Industrial Research for a maintenance grant 
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426. Some New Analogues of Pethidine. Part IV. Substituents 
at the 1-Position incorporating Cyclic Ether Groups.* 
By P. M. Frearson, D. G. Harpy, and E. S. STERN. 


Several new derivatives of pethidine are described in which the N-methyl 
group is replaced by a substituent containing a tetrahydrofuran or tetra- 
hydropyran ring. Some of the substances have high analgesic potency and 
consideration of structure—activity relationships indicates that an oxygen 
atom at the e-carbon atom greatly enhances potency and acts by a different 
mechanism from one at the B-carbon atom. 


Ir was shown ® that, whilst 2’-morpholinoethylnorpethidine (Morpheridine) (I; X = N) is 
a useful analgesic, the corresponding piperidino-analogue has little analgesic potency. The 
ether group of the morpholino-ring constitutes the only obvious difference between these 


Ph a 
N -CH,: CH,-X ie) 
EtO,C ee 


(I) 
two substances, but it is far removed from the part of the molecule thought to give rise 
to the pharmacological action. This finding has led us to synthesise the substance (I) 
where X = CH, and other derivatives of norpethidine (ethyl 4-phenylpiperidine-4-carb- 
oxylate) in which the alkyl substituent at the 1-position carries an ether grouping in a 
saturated ring. The introduction of such substituents into the pethidine molecule has not 
previously been reported. 

The substances prepared are listed in the Table. They were made by alkylation of 
norpethidine with the respective chloride, the accessibility of which varied considerably. 
Generally, the starting materials were tetrahydrofurfuryl alcohol, furylacraldehyde, tetra- 
hydro-2-hydroxymethylpyran or 2,3-dihydropyran. For substance No. 1, tetrahydro- 
furfuryl alcohol was converted into the chloride by the method of Eglington, Jones, and 
Whiting,? which was used also for final step in the preparations of the other chlorides as it 
minimised the loss of the cyclic ether. For’substance No. 2, tetrahydro-2-furylacetic acid 4 


New pethidine analogues es x NR 
ErO,C 


Found (%) Required (%) 
Formula C H 
CygH,,0,N 71-9 
CypHygO,N 72-5 
C,,H3,0,N 73-0 
CygH,,0,N 73-5 
73-95 
73-0 
69-75 
N 70-35 
70-35 
70-9 
69-75 


Approx. 
anaigesic 
potency ?° t¢ 


1 


v4 
° 


DC OIDP MP woe ¢ 


Cc 
71-85 
72-9 
72-3 
73-75 
73-45 
72-5 
69-45 
(CH,],"O-CH,*Pyr 69-55 
CH,),°O-CH,°Fur 71-0 
CH,)},°O-CH,*Fur 70-3 
[CH,],-O-Pyr 69-25 
(CH,],°O-Pyr 70-8 70-9 1-5 

13 (CH,],-O-[CH,],°O-CH,*Fur 68-6 68-1 3 
* Fur = tetrahydro-2-furyl; Pyr = tetrahydro-2-pyranyl; Pyr-4 = tetrahydro-4-pyranyl. 
t Relative to pethidine = 1. 
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* Some of this work forms part of BP. 797,448. 


? Part III, J., 1958, 3065. 

* Anderson, Frearson, and Stern, J., 1956, 4088. 
* Eglington, Jones, and Whiting, J., 1952, 287. 
* Barger, Robinson, and Smith, J., 1937, 718. 
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(three steps from tetrahydrofurfury] alcohol) was esterified and reduced with lithium alumin. 
ium hydride; chlorination then gave 2-(tetrahydro-2-furyl)ethyl chloride. The corre. 
sponding 3-(tetrahydro-2-furyl)propyl chloride was known ° and used for substance No. 3: 
chain-elongation via the cyanide, acid, ester, and alcohol gave the new 4-(tetra- 
hydro-2-furyl)butyl chloride (for substance No. 4). Tetrahydrofurylpropyl chloride did 
not react readily with magnesium and the known 5-(tetrahydro-2-furyl)pentyl chloride 
(for substance No. 5) was therefore obtained from 3-(tetrahydro-2-furyl)propylmagnesium 
bromide by action of ethylene oxide and subsequent chlorination. 2-(Tetrahydro-4’- 
pyranyl)ethyl chloride (for No. 6) was made in acceptable yield from tetrahydropyran-4- 
carbonyl chloride,’ by Arndt-Eistert reaction, Bouveault—Blanc reduction of the resulting 
ethyl tetrahydro-4-pyranylacetate,§ and chlorination. The chloro-ethers required for the 
preparation of substances No. 7 and 13 were prepared by condensation of tetrahydrofurfuryl 
alcohol with ethylene oxide in presence of little sodium, and subsequent chlorination: 
with 0-33 mol. of ethylene oxide, the monoadduct was obtained in 55—60% yield, ac- 
companied by some diadduct (12—15%). 3-Tetrahydrofurfuryloxypropyl chloride (for 
substance No. 9) was made by reaction of sodium tetrahydrofurfuryl oxide and 
trimethylene chlorohydrin, and subsequent chlorination. 2-(Tetrahydro-2-pyranyl)meth- 
oxyethyl chloride (for No. 8) was prepared analogously. The intermediate for substance 
No. 10, however, was prepared by action of 2-4’-chlorobutoxytetrahydropyran ® on sodium 
tetrahydrofurfuryl oxide, removal of the protecting group by acidic hydrolysis, and chlorin- 
ation of the 4-tetrahydrofurfuryloxybutanol. Addition of dihydropyran to ethylene or 
tetramethylene chlorohydrin in the usual manner gave the intermediates for substances 
No. 11 and 12. 

Alkylation of norpethidine proceeded smoothly in a high-boiling solvent over sodium 
carbonate. The new bases were high-boiling oils (some crystallised on prolonged storage), 
readily soluble in dilute aqueous acids. The salts of the bases with mineral acids were, in 
general, excessively water-soluble and the bases were best characterised as the picrates. 

Since some of these substances had very high analgesic potency 1 (cf. Table), two open- 
chain diethers were prepared for comparison, namely, N-2-2’-ethoxyethoxyethyl- and N-2- 
2’-phenoxyethoxyethyl-norpethidine; these were less potent. The former has since been 
described; the latter, like the simple aryloxyalkylnorpethidines,! was readily isolated as 
the crystalline hydrobromide. 

Structure—Activity Relations.—Full details of the pharmacological work are being 
published elsewhere,” but certain effects of changes in structure on activity may be 
summarised. First, substances Nos. 3, 4, and 7 have very high analgesic potency, 25— 
40 times that of pethidine, and of the same order as that of the 1-cinnamy]l analogue.” 

Substance No. 8 has less than one-half and ethoxyethoxyethylnorpethidine about one- 
twentieth of potency of that of No. 7 (Furethidine). Thus the analgesic potency of the 
pethidine analogues is greatly influenced, not only by the position of the ether-oxygen atom 
in relation to the piperidine ring,® but also by its environment. The open-chain ethoxy- 
ethoxyethyl-compound, for instance, differs from Furethidine only in minor respects: that 
the potencies are, in fact, in a ratio of 1 : 20 implies that an additional effect operates with 
regard to the e-oxygen atom. A similar relation (though a potency ratio of 1:7) exists 
between ethoxybutylnorpethidine ® and substance No. 4. Such an effect might well be the 
ability to form hydrogen bonds: thus it is known ™ that the ability of an oxygen atom to 


5 Gilman and Hewlett, Rec. Trav. chim., 1932, 51, 93; see also ref. 4. 

® Onesta, Ferreti, and Notari, Gazzetta, 1956, 86, 178. 

7 Gibson and Johnson, J., 1930, 2552. 

8 Prelog, Kohlbach, Cerkovnikov, Rezek, and Piatanida, Annalen, 1937, 582, 69. 
* Cf. Part II, J., 1958, 3062. 

10 Blair and Stephenson, Brit. J. Pharmacol., in the press. 

11 Morren and Strubbe, Ind. chim. belge, 1957, 22, 795. 

12 Elpern, Gardner, and Grumbach, J. Amer. Chem. Soc., 1957, '79, 1951. 

13 Cf. Searles and Tamres, J. Amer. Chem. Soc., 1951, 78, 3604. 
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form hydrogen bonds with a solvent decreases in the order tetrahydrofuran, tetrahydro- 
pyran, open-chain ether, and this order appears to be followed by the analgesic potency of 
the substances described. Whereas this principle may hold for the e-oxygen atom, it is 
clearly not in operation at the B-oxygen atom since the open-chain ether, ethoxyethyl 
norpethidine,’ is much more potent than the tetrahydrofurfuryl analogue (No. 1) although 
the difference in structure is the same as between the open-chain ethoxyethoxyethyl- 
norpethidine and Furethidine. Moreover, omission or replacement by CH, of the B-oxygen 
atom, as in substances Nos. 3 and 4, does not reduce the potency, but in fact increases it. 
Clearly the physiological functions of the e- and 6-oxygen atoms are different and the effect 
of the former is much more important: this effect may well be to provide electrons for 
hydrogen-bonding at a distance equivalent to between four and five carbon atoms from 
the nitrogen. 


EXPERIMENTAL 
Analyses for the new esters are recorded in the Table (p. 2013). 


Ethyl 4-Phenyl-1-(tetrahydrofurfuryl) piperidine-4-carboxylate (No. 1 in Table).—Tetrahydro- 
furfuryl chloride (3-5 g.),* b. p. 41—42°/1 mm., m,,”° 1-4553, with norpethidine (5 g.) in boiling 
pentyl alcohol (50 ml.) containing sodium carbonate (3 g.) gave the desired ethyl 4-phenyl-1- 
(tetrahydrofurfuryl) piperidine-4-carboxylate (5 g.), b. p. 170—180°/0-7 mm., n,,”° 1-5276, isolated 
by filtration and fractional distillation of the filtrate. ; 

Ethyl 4-Phenyl-1-(2-(tetrahydro-2-furyl)ethyl|piperidine-4-carboxylate (Substance No. 2).— 
Tetrahydrofurfuryl bromide ™ was converted through the cyanide into tetrahydro-2-furylacetic 
acid, b. p. 140—145°/11 mm., »,*° 1-4589 (Barger et al.‘ give b. p. 114°/11 mm.), the ethyl ester 
of which had b. p. 98°/13 mm., »,*° 1-4369 (Found: C, 61-2; H, 8-7. C,H,,O, requires C, 60-75; 
H, 89%). This ester (17 g.) on reduction with lithium aluminium hydride in anhydrous ether 
gave 2-(tetrahydro-2-furyl)ethanol (9 g.), b. p. 94°/10 mm., n,®° 1-4525 (Found: C, 62-35; H, 
10-4. C,H,,O, requires C, 62-0; H, 10-4%). Treatment as described by Eglington e¢ al.® 
yielded 2-(tetrahydro-2-furyl)ethyl chloride (6 g.), b. p. 70°/15 mm., n,,”° 1-4540 (Found: C, 53-65; 
H, 8:3. C,H,,ClO requires C, 53-55; H, 8-25%), which alkylated norpethidine, as above, giving 
ethyl 4-phenyl-1-[2-(tetrahydro-2-furyl)ethyl|piperidine-4-carboxylate, b. p. 180°/0-2 mm., ,*° 
1-5220. ; 

Ethyl 4-Phenyl-1-[3-(tetrahydro-2-furyl)propyl)piperidine-4-carboxylate (No. 3).—Hydrogen- 
ation of 2-furylacraldehyde and subsequent treatment as described by Eglington et al.* gave 
3-(tetrahydro-2-furyl) propyl chloride, b. p. 90—95°/20 mm., ,,”° 1-4578 (Gilman and Hewlett ® 
give b. p. 75°/4 mm., m,** 1-4540). This (2 g.) with norpethidine (2 g.), as above, gave the 
ester No. 3 (3 g.), b. p. 180—185°/0-2 mm., m,,”° 1-5188. 

Ethyl 4-Phenyl-1-[4-(tetvrahydro-2-furyl) butyl] piperidine-4-carboxylate (No. 4).—3-(Tetrahydro- 
2-furyl) propyl chloride (15 g.), which failed to react with magnesium in dry ether, was refluxed 
for 24 hr. with potassium cyanide (8-2 g.) in 1 : 4 v/v aqueous ethanol (50 ml.). Water (10 ml.) 
was then added. Chloroform-extraction and distillation gave 3-(tetrahydrofuryl)propyl 
cyanide (11 g.), b. p. 85—90°/2 mm., n,° 1-4548 (Arh-Lipovac and Seiwerth ™ give b. p. 115— 
116°/10 mm.). Hydrolysis with boiling aqueous-alcoholic potassium hydroxide until no further 
ammonia was evolved gave w-(tetrahydro-2-furyl)butyric acid (7 g.), b. p. 110°/3 mm., m,* 
1-4635 (Gilman and Hewlett ‘ give b. p. 145°/5 mm., ,,** 1-4572; Hornberger et al.’ give b. p. 
160°/1 mm., ”,** 1-457; Holmquist et al.” give b. p. 104—106°/2-5 mm., n,** 1-4590), converted 
into the ethyl ester (7 g.), b. p. 80—82°/1-5 mm., ,,%° 1-4452 (Arh-Lipovac and Seiwerth ™ give 
b. p. 118—120°/10 mm.; Holmquist et al.1” give b. p. 66—70°/0-9 mm., n,* 1-4438). Reduction 
of this with lithium aluminium hydride (2 equiv.) afforded 4-(tetrahydro-2-furyl) butanol (4 g.), 
b. p. 87°/1-5 mm., n,*° 1-4588 (Found: C, 65-95; H, 10-9. Calc. for C,H,,0,: C, 66-6; H, 
11-15%) (Arh-Lipovac and Seiwerth ™ give b. p. 124°/10 mm. for impure material and Holmquist 
etal.” give b. p. 84—86°/1-8 mm.). This afforded * the chloride (2-5 g.), b. p. 105°/20 mm., ,*° 


™ Smith, Org. Synth., Coll. Vol. III, p. 793, John Wiley, New York, 1955 (there is an error on line 3 
of this recipe; 0-36 mole of PBr, is 98 g. or 35 ml. at 15°). 

% Arh-Lipovac and Seiwerth, Monatsh., 1953, 87, 992. 

%* Hornberger, Heitmiller, Gunsalus, Schnakenberg, and Reed, J. Amer. Chem. Soc., 1953, '75, 1273. 

™ Holmquist, Marsh, Sauer, and Engelhardt, J. Amer. Chem. Soc., 1959, 81, 3681. 
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1-4564 (Found: C, 58-75; H, 9-55. C,H,,ClO requires C, 59-05; H, 9-3%) which with 
norpethidine gave the desired ester No. 4, b. p. 200°/0-1 mm., m,,?° 1-5178. 

Ethyl 4-Phenyl-1-[5-(tetrahydro-2-furyl)pentyl|piperidine-4-carboxylate (No. 5).—3-(Tetra- 
hydro-2-furyl)propyl bromide, b. p. 115°/20 mm., »,*° 1-4880, was submitted to Grignard 
reaction with ethylene oxide. The resulting pentyl alcohol (60% yield), b. p. 988—100°/0-6 mm, 
m,* 1-4608 (Vranjican ef al.¥* give b. p. 136—142°/10 mm.) was converted into the chloride, 
b. p. 115°/10 mm., ,,”° 1-4615 (Onesta et al.* give b. p. 103—104°/8 mm., »,,*° 1-4580), which was 
added to norpethidine to yield ester No. 5, b. p. 175°/0-1 mm., ,*° 1-5150. 

Ethyl 4-Phenyl-1-[2-(tetrahydrofurfuryloxy)ethyl|piperidine-4-carboxylate (No. -7).—Tetra- 
hydrofurfuryl alcohol (306 g.) containing sodium (3 g.) and ethylene oxide (44 g.) were kept in 
a closed vessel at 70—80° for 3 hr. The cool mixture was then neutralised and fractionated, 
Besides starting material, there were obtained 2-(tetrahydrofurfuryloxy)ethanol (55—60% based 
on ethylene oxide), b. p. 114—116°/20 mm., m,,”° 1-4578 (Found: C, 57-4; H, 9-7. C;H,,0, 
requires C, 57-5; H, 9-65%), and 2-[2-(tetrahydrofurfuryloxy)ethoxy|ethanol (12—15%), b. p. 
130°/0-6 mm., n,”° 1-4618 (Found: C, 56-4; H, 9-75. C,H,,O, requires C, 56-8; H, 9-55%). 

The lower-boiling alcohol was converted in the usual manner into 2-(tetrahydrofurfuryloxy). 
ethyl chloride, b. p. 95—96°/18 mm., 7,” 1-4628 (Found: C, 50-95; H, 7-95; Cl, 21-1, 
C,H,,ClO, requires C, 51-05; H, 7-95; Cl, 21-55%). This chloride with norpethidine, in the 
usual manner, gave ester No. 7, b. p. 175—183°/0-3 mm., m. p. ca. 28°, n,,?° 1-5219, pK, 7-48, 
The methiodide, recrystallised from ethyl acetate, had m. p. 174° (Found: C, 52-35; H, 6-9: 
N, 2-9. C,,H,,INO, requires C, 52-3; H, 6-85; N, 2-8%). The picrate, recrystallised from 
ethanol, had m. p. 104—105°. 

Ethyl 4-Phenyl-1-2’-(2”’-(tetrahydrofurfuryloxy)ethoxyethylpiperidine-4-carboxylate (No. 13).— 
2-[2-(Tetrahydrofurfuryloxy)ethoxy]ethanol (cf. above) in the usual manner gave the chloride, 
b. p. 135°/5 mm., n,”° 1-4635 (Found: C, 52-15; H, 8-4. C,H,,ClO, requires C, 51-75; H, 
8-2%), which on condensation with norpethidine yielded ester No. 13, b. p. 170°/0-2 mm., n,™ 
1-5122. 

Ethyl 4-Phenyl-1-[3-(tetrahydrofurfuryloxy)propyl)|piperidine-4-carboxylate (No. 9).—Con- 
densation of sodium tetrahydrofurfuryl oxide (from 11-5 g. of sodium) and trimethylene chloro- 
hydrin (47 g.) in excess of the alcohol gave 3-(tetrahydrofurfuryloxy)propanol (45 g.), b. p. 
135°/16 mm., ,”° 1-4565 (Found: C, 59-25; H, 10-15. C,H,,O, requires C, 60-0; H, 10-5%); 
the derived chloride, b. p. 120°/16 mm., »,”° 14580 (Found: C, 53-35; H, 8-25; Cl, 20-7. 
C,H,,ClO, requires C, 53-8; H, 8-45; Cl, 19-85%), alkylated norpethidine, giving ester No. 9, 
b. p. 225°/0-5 mm., m,,”° 1-5110. 

Ethyl 4-Phenyl-1-[4-(tetrahydrofurfuryloxy)butyl|piperidine-4-carboxylate (No. 10).—4-(Tetra- 
hydro-2-pyranyloxy)butyl chloride ® with a solution of sodium (1 equiv.) in tetrahydro- 
furfuryl alcohol (excess) gave 1-(tetrahydrofurfuryloxy)-4-(tetrahydro-2-pyranyloxy)butane, b. p. 
135°/0-25 mm., n,” 1-4640 (Found: C, 65-4; H, 10-2. C,,H,,O, requires C, 65-1; H, 10-15%), 
which was hydrolysed by boiling 2N-hydrochloric acid in 8 hr. to 4-(tetvahydrofurfuryloxy)- 
butanol, b. p. 140—150°/19 mm., ,”° 1-4618 (Found: C, 61-5; H, 10-2. C,H,,O, requires C, 
62:05; H, 10:4%). This alcohol (5-5 g.) with thionyl chloride (5-6 g.) in chloroform containing 
pyridine (2-5 g.) yielded the chloride (4-5 g.), b. p. 120°/20 mm., m,”° 1-4617 (Found: C, 56-0; 
H, 8-95. C,H,,ClO, requires C, 56-1; H, 8-9%), which with norpethidine in the usual manner 
gave the desired ester No. 10, b. p. 196°/1-5 mm., m. p. ca. 30°, m,?° 1-5140. 

Ethyl 4-Phenyl-1-(2-(tetrahydvo-2-pyranylmethoxy)ethyl|piperidine-4-carboxylate (No. 8).— 
Tetrahydro-2-hydroxymethylpyran (11-6 g.) was treated with sodium (1 equiv.) in benzene and 
then with ethylene chlorohydrin (1 equiv.), the mixture was refluxed for some hours and then 
filtered, and the filtrate distilled: 2-(tetrahydro-2-pyranylmethoxy)ethanol (5-6 g.) had b. p. 138— 
140°/30 mm., m,,*° 1-4610 (Found: C, 59-65; H, 10-0. C,H,,O, requires C, 60-0; H, 10-05%). 
With thionyl chloride in boiling chloroform it gave the chloride (3-5 g.), b. p. 95—96°/18 mm., 
n,* 1-4628 (Found: C, 53-75; H, 8-6; Cl, 19-5. C,H,,ClO, requires C, 53-8; H, 8-45; Cl, 
19-85%), which with norpethidine in the usual manner gave ester No. 8, b. p. 190—220°/0-6 mm., 
n,*° 1-5182. 

° Ethyl 4-Phenyl-1-[2-(tetrahydro-4-pyranyl)ethyl]piperidine-4-carboxylate (No. 6).—Tetrahydro- 
pyran-4-carbonyl chloride (15 g.), b. p. 80°/17 mm., n,,"° 1-4659 (Gibson and Johnson ’ give b. p. 
85—86°/18 mm.), with diazomethane in ether gave the solid diazoketone, which was not isolated 
but was converted by silver oxide in alcohol into ethyl tetrahydro-4-pyranylacetate (10-5 g.), 


18 Vranjican, Pavlovi¢, and Seiwerth, Arhiv Kem., 1953, 25, 81 (Chem. Abs., 1955, 49, 2419d). 
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b. p. 106—110°/18 mm., n,*° 1-4465 (Prelog et al.® give b. p. 113°/15 mm.). Bouveault—Blanc 
reduction of this ester (10-3 g.) yielded tetrahydro-4-2’-hydroxyethylpyran (6 g.), b. p. 
110°/14 mm., ”,*° 1-4590 (Prelog et al.* give b. p. 119—120°/14 mm.), also obtained in 15% 
yield from the ester (15 g.) by reduction with lithium aluminium hydride (2 g.) in ether (50 ml.). 
Finally, action of thionyl chloride in chloroform converted the hydroxy-compound (6 g.) into 
the 2’-chloroethyl compound (4-5 g.), b. p. 89°/16 mm., ,,”° 1-4680 (Found: C, 56-7; H, 8-6; Cl, 
93-3. C,H,,ClO requires C, 56-6; H, 8-8; Cl, 23-85%). This halide (3 g.) with norpethidine 
(4g.) in the usual manner gave ester No. 6 (3-5 g.), b. p. 183°/0-4 mm., m. p. 28—32°, m,*° 1-5245. 
The picrate, recrystallised from ethanol, had m. p. 126° (Found: C, 56-65; H, 6-2; N, 9-7. 
CyHs,NO3,CgsH3N30, requires C, 56-3; H, 6-0; N, 9-75%). 

Ethyl 4-Phenyl-1-[4-(tetrahydro-2-pyranyloxy)butyl|piperidine-4-carboxylate (No. 12).—4- 
(Tetrahydro-2-pyranyloxy)butyl chloride® (5 g.), b. p. 93—94°/3 mm., m,*° 1-4608, and 
norpethidine (6 g.), refluxed in pentyl alcohol for 24 hr. over sodium carbonate and then distilled, 
gave the desired ester No. 12 (6 g.), b. p. 200°/1 mm., m,,*° 1-5135. 

Ethyl 4-Phenyl-1-[2-(tetrahydro-2-pyranyloxy)ethyl|piperidine-4-carboxylate (No. 11).—Keeping 
a mixture of ethylene chlorohydrin (80-5 g.) and A*-dihydropyran (84 g.) containing hydro- 
chloric acid (3 drops) overnight, neutralisation, and distillation gave 2-(tetrahydro-2-pyranyloxy)- 
ethyl chloride (134 g.), b. p. 93°/20 mm., m,,?° 1-4580. This chloride with norpethidine in the 
usual manner afforded the desired product, b. p. 200°/2-5 mm., ,,”° 1-5178. 

Ethyl 1-[2-(2-Phenoxyethoxy)ethyl]-4-phenylpiperidine-4-carboxylate.—Di-(2-chloroethy]) ether 
(144 g.) and phenol (94 g.) were added to a cold solution of sodium (23 g.) in ethanol; the mixture 
was refluxed for 8 hr. and filtered, and the filtrate evaporated. The residue was dissolved in 
ether, washed with aqueous alkali, recovered, and distilled. 2-2’-Phenoxyethoxyethyl chloride 
(120 g.) had b. p. 160°/19 mm., 7,” 1-5230 (Bruson ® gives b. p. 113—120°/1 mm.), and it 
(10 g.) readily condensed with norpethidine (5 g.) in the usual manner giving ethyl 1-[2-(2-phen- 
oxyethoxy)ethy]]-4-phenylpiperidine-4-carboxylate (7-5 g.), isolated as the hydrobromide which, 
recrystallised from ethanol, had m. p. 172—173° (Found: C, 60-5; H, 6-65; N, 2-95. 
C,,H,,NO,,HBr requires C, 60-25; H, 6-75; N, 2-95%). 

Ethyl 1 -(2-(2-Ethoxyethoxy)ethyl]-4-phenylpiperidine - 4 - carboxylate.—2-2’-Ethoxyethyloxy- 
ethyl chloride, b. p. 68—71°/18 mm., mu,” 1-4330 (Blicke and Zienty *® give b. p. 89— 
90°/28 mm.), was prepared from commercial diethylene glycol monoethyl ether. With 
norpethidine (5 g.) it (3 g.) gave ethyl 1-[2-(2-ethoxyethoxy)ethyl]-4-phenylpiperidine-4-carboxylate 
(5 g.), b. p. 175—185°/1 mm., »,”° 1-5122 (Found: C, 67-85; H, 8-9; N, 3:8. Cy9H,,NO, 
requires C, 68-75; H, 8-95; N, 4:0%). . 

4-[2-(Tetrahydrofurfuryloxy)ethyl\morpholine.—This substance was prepared as a ‘‘ model” 
carrying two groups which, in the 1-position of norpethidine, confer high potency on the 
molecule. 2-Tetrahydrofurfuryloxyethy]l chloride (2 g.) (see above) was heated with morpholine 
(6 g.). The morpholine hydrochloride which crystallised on cooling was filtered off, and the 
filtrate fractionally distilled: 4-[2-(tetrahydrofurfuryloxy)ethyl morpholine had b. p. 100°/0-5 mm., 
n,*° 14781 (Found: C, 61-8; H, 10-05; N, 6-5. C,)H,,;NO, requires C, 61-35; H, 9-85; N, 
65%), and gave a picrate, m. p. 128—129° (from ethyl acetate-light petroleum). it had no 
analgesic action. 


The authors are grateful to Miss C. I. Dickson and Miss E. Donaldson for technical assistance, 
to Mr. F. J. Bolton for his interest, and to the Directors of J. F. Macfarlan & Co. Ltd. for 
permission to publish. 
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* Bruson, U.S.P. 2,249,111. 
* Blicke and Zienty, J. Amer. Chem. Soc., 1941, 68, 2779. 
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427. Heterocyclic Derivatives of Guanidine. Part I. 2H-Pyrroles 
and 1H-Isoindoles. 


By J. E. BANFIELD. 


Guanidine and its mono- and di-alkyl derivatives with tvans-«8-dicyano- 
stilbene give 5-guanidino-2-imino-3,4-diphenyl-2H-pyrroles (IV), which with 
ethyl cyanoacetate gave 2,5-di-(«-cyano-«-ethoxycarbonylmethylene)-3,4- 
diphenyl-A*-pyrroline (XVII; R= Et). 5-Guanidino- and 5-N-methyl- 
guanidino-2-imino-3,4-diphenyl-2H-pyrroles with nitrous acid gave the 
imino-oxopyrroline (V; X= NH), whereas the NN’-dimethyl and the 
piperidino-analogue gave the guanidino-oxo-2H-pyrroles (IX). All three 
keto-compounds reacted with ethyl cyanoacetate, to give 5-(«-cyano-z- 
ethoxycarbonylmethylene) -2-oxo-3,4-diphenyl-A*-pyrroline (VI). 

Guanidine and phthalonitrile afforded 3-guanidino-1l-imino-1H-iso- 
indole (III) which with ethyl cyanoacetate gave the known? 1,3-di-(a- 
cyano-«-ethoxycarbonylmethylene)isoindoline (XV). 


A SUBSTANCE previously obtained by the author from guanidine and «-cyanobenzyl 
bromide was shown to give diphenylmaleinimide on hydrolysis, leading to the suggestion 
that trans-«$-dicyanostilbene was an intermediate in its formation. Guanidine has now 
been shown to yield with trans-«$-dicyanostilbene a yellow crystalline 1: 1 adduct which 
gives diphenylmaleinimide on hydrolysis. This adduct was very sparingly soluble in 
non-acidic solvents and could not be purified by recrystallisation; the molecular weight 
in phenol (in which it is undoubtedly ionised but would be expected to dissociate only 
slightly) corresponded to the monomer. In phenol liquefied by 10% of water it titrated 
as a strong monoacid base with a second much weaker basic function (Fig. 1, cf. curve 0). 


Fie, 1. Fic. 2. Fic 3. 
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Fics. 1—3. Potentiometric titrations in phenol—water with 0-04m-perchloric acid. (a) Compound (IX; 
R! = H, R*R* = <[CH,];), (b) compound (IV; R! = R? = Me, R* = H), (c) trans-a«f-dicyano- 
stilbene, (d) p-phenylenediamine, (e) compound (XIII; R! = H, R*R? = <[CH,],), (f) compound 
(IV; R! =H, R*R® = <[CH,],), (g) 1,3-di-iminoisoindoline, 2(h) the triacetyl derivative (XII; 
R! = R* = Ac, R? = H), 3(h) compound (XIV), (i) compound (III), (j) guanidine nitrate, and 
(k) compound (V; X = NH). 


The acetate of this base had a molecular weight in water corresponding to the monomer 
(¢ being assumed to be 2), and basification of its aqueous solution regenerated the base 
as the monohydrate. The anhydrous or hydrated base yielded a triacetyl derivative, 


1 Elvidge, Fitt, and Linstead, J., 1956, 235. 
2 Banfield, J., 1960, 456. 
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which like the parent base had no C=N absorption at ca. 2200 cm. whilst both absorbed 
strongly at ca. 3160 cm." (NH). A similar base was obtained from trans-«f-dicyano- 
stilbene and N-methylguanidine; this base was reprecipitated in anhydrous form from 
aqueous solution and yielded a diacetyl derivative. 1-Amidinopiperidine gave a similar 
basic adduct which yielded a strongly basic monoacetyl derivative. 

Although NN-dimethylguanidine yielded an adduct with properties similar to the 
above-mentioned bases, NN’-dimethylguanidine gave an isomeric yellow base which was 
very soluble in ethanol, acetone, dioxan, etc., and was monomeric in chloroform. However, 


NMe, 


l Sn 
NMe 


(1) 
NH 
Ph 
pn 7% 
Nex NHR! 


NR2R3 
(IV) (Va) 


the similarity of its ultraviolet absorption to those of the above compounds indicated that 
the structures were analogous and that the lower solubility was due to restriction of 
hydrogen bonding in the solid state. 


Ultraviolet absorption maxima (my) (logy) « im parentheses). 


Phthalonitrile-guanidine adduct 229 (4-66), 279 (4-30), 332 (4-05) 
3-Dimethylamino-l-methylimino-1H-isoindole * (I)... 279 (4-09), 348 (3-59) 
Phthalonitrile-guanidine adduct in ACOH 227 (4-23), 318 (3-98), 345 * (3-84) 
Hydrochloride of (I) * 227 (4-50), 280 (4-11), 318 * (3-70), 354 (3-58) 
1,3-Di-iminoisoindoline (in MeOH) ¢ ........... Siesveahe 251 (4:10), 265 (4-10), 303 (3-66) 


* Inflexion. t Elvidge and Golden, J., 1957, 700. 


Phthalonitrile reacted, albeit slowly, with an excess of guanidine in ethanol to give a 
similar, insoluble, basic 1: 1 adduct which gave phthalimide on hydrolysis. This was a 
monohydrate, but the acetate, benzoate, and triacetyl derivative were anhydrous. This 
adduct has absorption in ethanol similar to that ? of 3-dimethylamino-1-methylimino- 1H- 
isoindole (I) in both neutral and acid solution (cf. the Table), and thus must be formulated 
as (II) or (III). Accordingly the «$-dicyanostilbene adducts can be formulated as deriv- 
atives (IV) of 5-guanidino-2-imino-3,4-diphenyl-2H-pyrrole (IV; R! = R? = R® = H); 
use of such names in this paper is not intended to prejudice questions of tautomerism. 

Each of the dicyanostilbene adducts yielded diphenylmaleinimide on hydrolysis. With 
nitrous acid the parent compound (IV; R! = R? = R? =H) gave 2-imino-5-oxo-3,4- 
diphenyl-A*-pyrroline (V; X = NH), also obtained in lower yield from the N-methyl 
compound (IV; R! = Me, R? = R? = H) withnitrous acid, The structure of the product 
(V; X = NH) follows from its hydrolysis to diphenylmaleinimide and its reaction with 
ethyl cyanoacetate to give the «-cyano-a-ethoxycarbonylmethylene analogue (VI). The 
imino-compound (V; X = NH) is a weak base (Figs. 3k, 8b), the protonated form (V; 
X = NH,*) being little stabilised by resonance. The spectrum of the mesomeric anion 
(VII) (Fig. 8c) is very similar to that of the structurally related guanidinoimino-2H-pyrrole 
(IV) (Fig. 5e) (designated below as type E) and easily distinguishable from the spectra 


* Clarke, Elvidge, and Golden, J., 1956, 4135. 
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of the pyrrolines (type I), e.g. (V; X= NH) (Fig. 8a) and N-methyl-a«’-diphenyl. 
maleinimide (Fig. 5h). 

The strongly basic guanidinoimino-2H-pyrrole (IV; R! = R? = R* = H) must exist 
in ethanol substantially as the cation which is presumably (VIII; R = H) formed by 


Fic. 4. 








1 l 1 1 
JOO 400 200 3o0o 
Wovelength (my) 





Fics. 4 and 5. Ultraviolet absorption spectra. (a) Compound (IX; R* = H, a = <([CHg]5), (0) its 
nitrite, (c) = — in acid, (d) its nitrite in alkali, (e) compound (IV; R! = = R* = H), (f) com- 
pound (XII R! = R?= Ac, R§=H), (g) 5-guanidino-2- imino-3, 4- Aahingt- -2H-pyrrole in 
perchloric cid ‘extrapolated to zero time, and (h) N-methyl-ax’-diphenylmaleinimide. 


terminal protonation. However, the type E spectrum of the monocation gives way to 
a type I spectrum in perchloric acid (Fig. 5g, which is the spectrum extrapolated to the 
time of addition of the acid, the product presumably hydrolysing at an appreciable rate) 
and thus formation of a dication (XII; R! = R? = R*? = R* = H) is implied; protonation 
at a terminal nitrogen is in any case considered unlikely as, change from s?- to sp-hybridis- 
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ation being then required, overlap with the shorter x-system would be restricted to NH; 
hyperconjugation (guanidinium ion is not further protonated in less than 99° sulphuric 
acid *). As the second basic function of these compounds is rather weaker than the 
second of p-phenylenediamine (Fig. 1d) (cf. p-Me,N*-C,H,*NH,*,® pK, 2°51), diprotonation 
in ethanolic acetic acid (~1000 mol. in excess) would be substantial but incomplete (Fig. 7/). 

Reaction of the NN’-dimethyl compound (IV; R! = R? = Me, R* = H) with nitrous 


* Williams and Hardy, J., 1953, 2560. 
® Ingold, “‘ Structure and Mechanism in Organic Chemistry,” Bell, London, 1953, p. 746. 
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acid gave the nitrite of 5-NN’-dimethylguanidino-2-oxo-3,4-diphenyl-2H-pyrrole (stable 
to hot ethanol), and basification of the reaction mixture gave the free base (IX; R! = 
R? = Me, R? = H) as the monohydrate. Carbonyl absorption of the salt at 1749 cm. 
and of the base at 1691 cm.*+, and the reaction of the salt with ethyl cyanoacetate to give 
the ester (VI), confirm the structure of this compound. 

Reaction of the piperidino-compound (IV; R! = H, R?R* = <[CH,];) with nitrous 
acid gave a nitrite which was readily hydrolysed to a base by hot ethanol or by addition 
of ether to the chloroform solution. The salt as first prepared was contaminated by 
starting material, as shown by reaction with ethyl cyanoacetate; it was best purified by 
a second treatment with nitrous acid and then reacted with ethyl cyanoacetate to give 
the ester (VI) uncontaminated by the bis-compound (XVII; R= Et). Formulation of 








1 
300 





Wavelength (™u) 


Fics. 6—7. Ultraviolet absorption spectra. (a) Compound (V1), (b) — (XIV), (c) a (IV; 
R! = Me, R? = R? = H), (d) its acetate, y? compound (IV; R' = H, R*R* = <(CHg],), (f) the 
same in acid, (g) compound (XIII; R' = H, R*R* = <(CH,];), and (h) the same in acid. 


the base as (IX; R! = H, R?R® = <[CH,];) was confirmed by hydrolysis of its nitrite 
to diphenylmaleinimide (98°) and l-amidinopiperidine (65%) under conditions shown 
to hydrolyse the related imine (IV) to the same products. Both compounds of type (IX) 
titrated in phenol-water as strong monoacid bases (Fig. la); differences in the ease of 
hydrolysis of their salts are now ascribed to the very low solubility of compound (IX; 
R! = H, R*R® = <[CH,],). The bases (IX) have spectra of type E (Figs. 4a, 9f), little 
different from those of the parent guanidinoimino-2H-pyrroles, suggesting that polar 
forms of type (X) make substantial contributions; these forms can be considered as the 
guanidinium enolate derived from the enolic tautomer of bases (IX), the negligible change 
in spectra of the bases (IX) on basification (Fig. 4a, d) being explicable in terms of the 
negligible acidity of the guanidinium enolate. However, the spectra of the monoacid 
salts are complicated by hydrolysis (Figs. 4b, 9g): the spectra (Fig. 4c, 9h) of the mono- 
cations in an excess of acetic acid (cf. Fig. la) are of type I, indicating structures of type 
(XI). 

In the formation of 5-guanidino-2-imino-3,4-diphenyl-2H-pyrrole from guanidine and 
the dinitrile, the five hydrogen atoms from guanidine-nitrogen atoms must be redistributed 
between the five nitrogen atomsvof the product. If the formation of the triacetyl derivative 
is evidence that these five hydrogen atoms are located on only three of the nitrogen atoms, 
then its functional groups must be NHAc, NHAc, and C:NAc. Sharp absorption of the 
acetyl derivative at 3172 cm." as the only peak in the NH stretching region confirms that 
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an alternative distribution C-NAc, C-NAc, NHAc, and NH is not involved; the distribution 
NH, NH, etc., is considered not to be in accord with the ultraviolet absorption (type E) 
(Fig. 5f). Thus two C=O stretching frequencies are to be expected for this compound 
and, by analogy with the relative frequencies of C=O stretching modes in secondary and 
tertiary amides (1688—1711 cm.+ for Ar-NHAc, 1653—1682 cm.+ for Ar-NMeAc),$ the 
band at 1706 cm.* is assigned to the NHAc group, that at 1661 cm. 1 to C-NAc, and the 
structure (XIII; R!= R*= Ac, R*=H) is proposed. Protonation of this acetyl 
compound to give the symmetrical cation (VIII; R = Ac) is hindered by the electronic 
withdrawal of the acetyl substituents (Fig. 2h). 

The monoacetyl derivative of the piperidino-compound (IV; R!=H, R*R?= 
<(CH,];) lacks absorption in the 1700 cm.* region and thus a strong shoulder at 1668 cm.1 
must be due to a C:NAc function, and strong peaks at 1655 and 1648 cm.* to 3(NH,) 
modes. Structure (XIII; R! =H, R?R* = <(CH,];) is supported for this “The 
as with nitrous acid it yielded the oxo-compound (IX; R! = H, R*R* = <(CH,],), also 
formed as a by-product in its synthesis. In view of the strong basic function of this 
monoacetyl derivative (Fig. 2e) the type E spectrum (Fig. 7g) of the ethanolic solution 
must be due to the monocation of type (VIII), the displacement by acid (Fig. 7h) being 
due to partial formation of the dication (XII; R! = Ac, R? = H, R®R* = <([CH,},),a 
slightly stronger acid than (XII; R! = R? = H, R°R* = <(CH,];) (Figs. 2c, f). 

The diacetyl derivative of compound (IV; R!= Me, R? = R? = H) has a single 


*NHR! NHR! NHR! NAc 
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N=<RIR4 we wed ; ; N~<Nr?R4 N=<yr2R? 
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NHAc C(CN)-CO,Et fe) C(CN)-CO,R 
Ph Ph 
Ph » NH - | | NH 
N om C(CN)-CO,Et C(CN) -CO,Et C(CN)-CO,R 
(XIV) (XV) (XVI) (XVII) 


very sharp peak in the NH stretching region, and thus similar location of the hetero- 
hydrogen atoms is suggested. In view of the strong band at 1706 cm.-?, two NHAc groups 
are implied for this compound and structure (XIV) is supported for the solid state. 
Potentiometric titration of this compound (XIV) gave readings which changed with time; 
Fig. 3h gives both instantaneous and equilibrium readings obtained after each addition of 
acid, the latter corresponding to a moderately strong monoacid base, the former to (possibly) 
a weaker pseudo-base. The weakly basic acylguanidino-residue of (XIV) is apparently less 
able than the amide function to compete for the proton in the solid state than is the 
corresponding guanidino-residue of (XIII; R! = H, R*R* = <[CH,],). 

Reaction of the guanidinoimino-2H-isoindole (III) with ethyl cyanoacetate gave a 
high yield of 1,3-di-(-«-cyano-«-ethoxycarbonylmethylene)isoindoline (XV), the structure 
of which follows * from its oxidation under controlled conditions to 1-«-cyano-x-ethoxy- 
carbonylmethylene-3-oxoisoindoline 7 (XVI), synthesis from the condensation of ethyl 
cyanoacetate with phthalonitrile in the presence of sodium ethoxide, and identity with 
the product obtained by Elvidge, Fitt, and Linstead! by condensation of di-iminoiso- 
indoline with ethyl cyanoacetate. The dimethyl ester analogous to (XV) was obtained 
from (III) and from phthalonitrile and methoxide. 


* This argument is given in greater detail elsewhere (Banfield, Thesis, Melbourne, 1951). 


* Katritzky and Jones, J., 1959, 2067. 
7 Barrett, Linstead, Leavitt, and Rowe, J., 1940, 1079. 
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Each of the guanidinoimino-2H-pyrroles (IV; R! = R? = R* = H, and its hydrate; 
Ri= Me, R?=R?=H; R'=H, R*= R*= Me; R! = R? = Me, R?=H; and 
R! = H, R*R? = <[CH,];) gave with ethyl cyanoacetate 2,5-di-(«-cyano-«-ethoxycarbonyl- 
methylene)-3,4-diphenyl-A*-pyrroline (XVII; R= Et) with loss of its imino- and 
guanidino-residues. The compound (IV; R! = R? = R* = H) with ethyl cyanoacetate 
in acetic acid gave the same pyrroline (XVII). This pyrroline diester was recovered after 
being refluxed in acetic anhydride, and was hydrolysed by aqueous-ethanolic alkali to 
the dicarboxylic acid (XVII; R =H), which was oxidised to benzoic acid by alkaline 
permanganate. The methyl ester was obtained similarly. 


Fic. 8. Fic. 9. 
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Fics. 8—9. Ultraviolet absorption spectra. (a) Compound (V; X = NH), (b) the same in acid, (c) the 
same in alkali, (d) compound (XVII; R = Et), (e) compound (IV; R! = R* = Me, R® = H), (f) 
compound (IX; R! = R® = Me, R® = H), (g) ts nitrite, and (h) its nitrite in acid. 


Although Thorpe-type condensations of nitriles with compounds containing active 
methylene groups are well known }}*-* no such reactions are recorded for trans-«8-dicyano- 
stilbene. The outcome of the reaction of trans-«$-dicyanostilbene with ethyl cyanoacetate 
in the presence of ethoxide proved critically dependent on both the conditions of the 
reaction and the method of working up, either the bis-cyanoacetate derivative (XVII; 
R = Et) or the mono-derivative (VI) being obtained. The final step in this synthesis of 
the ester (XVII: R = Et) is presumably the condensation of 2-a-cyano-«-ethoxycarbonyl- 
methylene-5-imino-3,4-diphenyl-A*-pyrroline with ethyl cyanoacetate, a reaction of a 
type which in the isoindoline and 3,4-diphenylpyrroline series frequently occurs at positions 
occupied by N but apparently not at positions occupied by O; the greater reactivity of 
C:NH than of C:0 in such reactions has been noted,” a further example being the ready 
reaction of diphenylketimine with malononitrile and with ethyl cyanoacetate under 
conditions where benzophenone is inert.1 However, care must be exercised in the use 
of this generalisation in view of the condensation of isatin with cyanoacetic acid to give 
2,3-di(carboxycyanomethylene)indoline.” 

®* Elvidge and Golden, J., 1956; 4135. 

® Atkinson, Ingram, and Thorpe, J., 1907, 91, 578. 

” Elvidge and Linstead, J., 1952, 5000. 


Ramsay, M.Sc. Thesis, Melbourne, 1949. 
”® Yokayama, J. Chem. Soc. Japan, 1936, 57, 251. 
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EXPERIMENTAL 

Infrared spectra were kindly determined by Dr. D. L. Ford, Timbrol Company, Sydney, 
whom we thank, for Nujol mulls; a Perkin-Elmer Model 21 double-beam spectrophotometer 
fitted with a rock-salt prism was used. Ultraviolet absorption spectra were determined for 
95% EtOH solutions on an Unicam S.P. 500 spectrophotometer by Mrs. J. E. Banfield, B.Sc. 

5-Guanidino-2-imino-3,4-diphenyl-2H-pyrrole (IV; R! = R? = R* = H).—trans-a8-Dicyano- 
stilbene (0-5 g.) in dry ethanol was treated with ethanolic guanidine (from the nitrate; 0-3 g) 
at 37° for 6 days to yield the 2H-pyrrole in yellow needles, m. p. 210° (decomp.) [Found: C, 70-6: 
H, 5-4; N, 23-6%; M (cryoscopic, in phenol), 256 (0-36% solution), 239 (0-67% solution), 
C,,H,,N, requires C, 70-6; H, 5-2; N, 24:-2%; M, 289]. Sodium hydroxide precipitated the 
monohydrate of the pyrrole from the acetic acid solution as a pale yellow microcrystalline 
powder, m. p. 210° (decomp.) [Found: C, 65-4; H, 5-6; N, 219%; M (cryoscopic, in phenol), 
168 (0-32% solution), 170 (0-76% solution), 165 (1:25% solution), 165 (2-3% solution), 
C,,H,,;N;,H,O requires C, 66-4; H, 5-58; N, 228%; M, 308]. The acetate (from ethanol-light 
petroleum) had m. p. 170° (decomp.) [Found: C, 65-4; H, 5-8; N, 192%; M (cryscopic, in 
phenol), 194 (0-27%), 177, 216 (0-28%), 207 (0-78%), 194, 198 (1:24%); M (cryoscopic, in 
water), 136 (0-36%), 124 (0-44%). C,,H,,;N;,C,H,O, requires C, 65-3; H, 5:5; N, 20-0%; 
M (van’t Hoff i factor = 2), 175], Amax, 230, 313, Aing, 374 my (log ¢ 4-28, 4-26, 3-27). A solution 
of the acetate, when basified, gave the 2H-pyrrole monohydrate (Found: C, 67-2; H, 5-9; 
N, 22-2; ash, 0-3%). The oxalate was obtained in yellow needles, m. p. >260° (darkens at 
ca. 185°) (Found: C, 64:0; H, 5-0; N, 20-2. C,,;H,;N;,4C,H,O, requires C, 64-6; H, 48; 
N, 20-9%). 

The 2H-pyrrole (0-5 g.) in acetic anhydride (4 ml.) was heated to the b. p. and then cooled 
rapidly, giving the triacetyl derivative (0-3 g.), which separated from benzene-light petroleum 
in yellow needles, m. p. 185—186° (decomp.) [Found: C, 67-1; H, 5-2; N, 16-3%; M (iso- 
thermal distillation in chloroform), 318. C,,;H,,0O;N, requires C, 66-5; H, 5-1; N, 168%; 
M, 415). This derivative, m. p. 185° (decomp.), was also obtained from the precipitated 
2H-pyrrole hydrate (Found: C, 66-9; H, 5-2; O, 12:3; N, 16-5. C,,;H,,O,N, requires 0, 
11-6%; cf. above). The 2H-pyrrole, refluxed for 1 min. in 75% sulphuric acid, gave diphenyl- 
maleinimide, m. p. 218—218-5° (from aqueous ethanol), Amax, 224, 305, 355, Aing, 247, 263, 320 
my (log ¢ 4-236, 3-544, 3-737, 4-12, 3-98, 3-57), hydrolysed by aqueous sodium hydroxide to 
diphenylmaleic anhydride, m. p. 147-5—148°, Amax, 256, 275, 349, Aing, 214 my (log e 3-923, 
3-888, 3-519, 4-26). 

2-Imino-5-N-methylguanidino-3,4-diphenyl-2H-pyrrole (IV; R! = Me, R? = R* = H).— 
Methylguanidinium sulphate (4 g.) was shaken with sodium ethoxide (from sodium, 0-9 g,) 
and a “ Teflon ’”’ ball, and the solution was filtered and then shaken with trans-«{-dicyano- 
stilbene (5 g.), to yield the pyrrole in yellow needles (5-2 g.), m. p. 210° (decomp.). A sample 
prepared in dilute solution had m. p. 213° (decomp.) [Found: C, 71-3; H, 5-8; N, 23-0%; 
M (cryoscopic, in phenol), 261 (0-5%), 256 (0-98%); 253 (1-46%). C,,H,,N, requires C, 71:3; 
H, 5-7; N, 23:1%; M, 303]. Hydrolysis as above gave diphenylmaleinimide, m. p. and mixed 
m. p. 215—216-5°, and methylamine (identified as N-methyl-2,4-dinitroaniline). 

The 2H-pyrrole was reprecipitated from its ethanolic acetic acid solution as a pale yellow 
powder, m. p. 195° (decomp.) (Found: C, 71-0; H, 5-9; N, 22-4%). The yellow acetate, 
m. p. 180° (decomp.), was prepared in ethanol-light petroleum [Found: C, 65-7; H, 59; 
N, 19:0; M (cryoscopic, in water), 200, 158, 170 (0-85%), 167, 152 (0-44%). C,9H,,0,N; 
requires C, 66-1; H, 5-8; N,19-3%; M (van’t Hoff factori = 2), 182]. The benzoate crystallised 
from ethanol-light petroleum in yellow rhombs, m. p. ca. 160° (decomp.) (Found: C, 70-0; 
H, 5-7; N, 16-5. C,,H,,0,N, requires C, 70-6; H, 5-4; N, 165%). 

The 2H-pyrrole (1 g.) was heated in acetic anhydride (8 ml.) at the b. p. for 25 sec., then 
cooled immediately in ice to give 5-acetamido-2-(N-acetyl-N’-methylamidinoimino)-3,4-diphenyl- 
2H-pyrrole (XIV) in yellow needles (from benzene-light petroleum), m. p. 211° (decomp) 
[Found: C, 68-5; H, 5-14; N, 17-8%; M (isothermal distillation in chloroform), 340, 359, 351. 
C,,H,,0,N;, requires C, 68-2; H, 5-5; N, 18-1%; M, 387]; the reaction conditions were critical. 

2-Imino-3,4-diphenyl-5-ox0-A*-pyrroline (V; X = NH).—(a) 5-Guanidino-2-imino-3,4-d- 
phenyl-2H-pyrrole (10 g.) in ethanolic acetic acid was treated with sodium nitrite (20 g.) im 
water at 5°, giving the pyrroline (5-7 g.) in pale yellow spears (from ethanol), m. p. 244—24% 
(decomp.) [Found: C, 77-6; H, 4:9; O, 7-2; N, 11:0%; M (Rast), 255 (2-5%), 288 (5-9%). 
C,gH,,ON, requires C, 77-4; H, 4:9; O, 6-4; N, 11:3%; M, 248). 





[1960] Banfield : Heterocyclic Derivatives of Guanidine. Part I. 2115 


(d) 2-Imino-5-N-methylguanidino-3,4-diphenyl-2H-pyrrole (0-5 g.) gave, by the above 
method, a low yield (0-05 g.) of the pyrroline, m. p.. 241—249-5° (decomp.) (Found: C, 77:8; 

5-0%)- 

“ Te endine in refluxing acetic anhydride rapidly yielded diphenylmaleinimide, yellow 
rods, m. p. 222—223° (from benzene) undepressed on admixture with an authentic sample 
of m. p. 217—217-5° (pale yellow needles) (Found: C, 77-4; H, 4:5; N, 5-8. Calc. for 
CygH102N: C, 77-1; H, 4:45; N, 5-6%); this reaction was analogous to the acetylation of 
|-imino-3-oxoisoindoline which gave a small yield of the acetyl derivative accompanied by 
much phthalimide.’ 

5-NN’-Dimethylguanidino-2-imino-3,4-diphenyl-2H-pyrrole (IV; R! = R* = Me, R? = H).— 
NN’-Dimethylguanidinium sulphate (4 g.) was treated with tvans-a8-dicyanostilbene (5 g.) as 
above. The dicyanostilbene dissolved slowly to give (after 10 days) a small quantity of the 
pyrrole in yellow rhombs, m. p. 220° (decomp.) (Found: C, 71:9; H, 6-0; N, 21-8. C,,H,)N; 
requires C, 71-9; H, 6-0; N, 22-1%). Evaporation of the filtrate yielded more pyrrole (total 
4-0 g.), m. p. 220° (decomp.) (from ethanol) [Found: M (isothermal distillation in chloroform 
at 37°), 321, 359. C,9H,,N, requires M, 317). 

5-NN’-Dimethylguanidino-2-0x0-3,4-diphenyl-2H-pyrrole (IX; R! = R? = Me, R* = H).—5- 
NN’-Dimethylguanidino-2-imino-3,4-diphenyl-2H-pyrrole (0-5 g.) in ethanol-acetic acid was 
diluted with water and treated with sodium nitrite (1 g.) at O—5° for 5 days: it gave the nitrite, 
m. p. 204—209° (decomp.) (0-45 g.), of the oxo-2H-pyrrole in golden-yellow needles (from 
ethanol-light petroleum) (Found: C, 61-7; H, 5-2; N, 18-9. C,gH,,O,N, requires C, 62-4; 
H, 5-2; N, 19-2%). 

In a longer experiment a reduced yield of the nitrite was obtained (0-25 g. from 0-6. g.); 
basification of the supernatant layer gave the base monohydrate (0-45 g.) in yellow needles 
(from methanol), m. p. 249—250° (decomp.) (Found: C, 67-9; H, 5-8; O, 9-8; N, 16-9. 
CygHgO,N, requires C, 67-8; H, 6-0; O, 9-5; N, 16-7%). 

The nitrite (0-15 g.) was refluxed in ethyl cyanoacetate (0-5 ml.) for 3 min., cooled, and diluted 
with ethanol, to yield 2-«-cyano-x-ethoxycarbonylmethylene-5-oxo-3,4-diphenyl-A*-pyrroline 
(VI) (0-07 g.) m. p. and mixed m. p. 169-5—170°. 

5-NN-Dimethylguanidino-2-imino-3,4-diphenyl-2H-pyrrole (IV; R® = R* = Me, R! = H).— 
NN-Dimethylguanidinium sulphate (4-5 g.) and trans-a8-dicyanostilbene (6 g.) gave by the 
above method the pyrrole, m. p. 244° (decomp.) (Found: C, 72-08; H, 6-12; N, 21-94%) 
(7-6 g.), Amax, 228 311, Aina. 373 my (log ¢ 4-21, 4-18, 3-42) displaced by acetic acid to Amax, 307, 
ding, 391 my (log ¢ 4-17, 3-11). Basification of the acetic acid solution regenerated the pyrrole, 
m. p. 235° (decomp.) (from 2-methoxyethanol) (Found: C, 71-0; H, 60%). Hydrolysis 
gave diphenylmaleinimide, m. p. and mixed m. p. 213—215°. 

The Piperidine Analogue (IV; R! = H, R?R* = <[CH,],;).—1-Amidinopiperidine sulphate 
had m. p. 302—303° (Found: N, 24-1. Calc. for C,5H,;N;,4H,SO,: N, 239%). This (9 g.) 
and trans-«8-dicyanostilbene gave as above the pyrrole (12-1 g.) in yellow needles, m. p. 226° 
(decomp.) [Found: C, 73-7; H, 6-5; N, 19:3%; M (cryoscopic, in phenol), 274 (0-36%), 267 
(0-31%), 297 (0-66%), 327 (1:24%), 317, 313 (2:06%). C..H,3N, requires C, 73-9; H, 6-5; 
N, 196%; M, 357]. 

trans-«8-Dicyanostilbene (1 g.) and ethanolic l1-amidinopiperidine [from the sulphate (1 g.)] 
were refluxed for a short time, to yield the pyrrole (1-15 g.), m. p. 228° (decomp.), in brownish- 
yellow needles. 

The pyrrole, recovered from its ethanolic acetic acid solution on basification, had m. p. 
214° (decomp.) (Found: C, 73-1; H, 6-6; N, 191; ash, 0-2%). 

A solution of the pyrrole (0-5 g.) in 70% sulphuric acid (10 ml.) was refluxed for 5 min. 
and when cold diluted with water, to yield a solid (0-35 g.), m. p. 217—217-5°, which afforded 
(from aqueous ethanol) diphenylmaleinimide (0-3 g.). The filtrate was basified with sodium 
carbenate and treated with sodium picrate solution, to give l-amidinopiperidine picrate (0-53 g.), 
m. p. and mixed m. p. 250—252° (from ethanol) (Found: C, 40-9; H, 4-7. Calc. for CygH,,O,N,: 
C, 40-5; H, 4-5%). 

1-[N’-(2-A cetimido-3,4-diphenyl-2H-5-pyrrolyl)amidino|piperidine (XIII, R! = H, R*R® = 
<{CH,],).—The preceding base (IV) (2 g.) was refluxed in acetic acid-acetic anhydride for 30 
sec., the mixture was immediately cooled in ice and added to ice-water without delay, and the 
yellow solution was basified by rapid addition of sodium carbonate solution. The precipitate 

% Possner, Ber., 1897, 30, 1699. 
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was collected and dried (2-3 g.) and then extracted with cold chloroform. The solution was 
filtered from a very small residue of the oxo-compound (IX), and diluted with light petroleum, 
to yield the monoacetyl compound, m. p. 227° (from benzene) [Found: C, 72-2; H, 6-2; O, 45; 
N, 17:3; Ac, 10°7%; M (isothermal distillation, in chloroform), 479. C,,H,,ON, require 
C, 72:2; H, 6:3; O, 4:0; N, 17-5; Ac, 108%; M, 399). 

Compound (IX; R!=H, R*R* = <[CH,],;).—(a) The compound (IV; R! =H, R?*R?~ 
<([CH,],) (4 g.) in ethanolic acetic acid was treated with aqueous sodium nitrite (4 g.) at 0—» 
for 10 days and then at room temperature for one week, to give the nitrite (4 g.), m. p. 200° 
(decomp.), of the oxo-2H-pyrrole (Found: C, 65-4; H, 5-6; N, 17:5. C,2H,303,N; requires 
C, 65-2; H, 5-7; N, 17-3%). The nitrite extracted with hot ethanol afforded a small amount 
of the compound (IX) in yellow needles, m. p. 252-5—253° (slight decomp.) (Found: C, 749; 
H, 6-4; N, 15-7. C.,.H,,ON, requires C, 73-7; H, 6-2; N, 156%). The nitrite in chloroform 
was diluted with ether, giving the same base, which recrystallised from ethanol had m. p. 253— 
255° (decomp.). This base (unrecrystallised), heated with ethyl cyanoacetate, gave a minute 
quantity of the pyrroline (XVII; R = Et),m. p.253—254° (decomp.), and an impure sample, m.p. 
and mixed m. p. 164—167°, of compound (VI) contaminated with the former pyrroline 
(spectroscopic). 

Attempted purification of the nitrite by recrystallisation from organic solvents caused 
hydrolysis; the salt was sparingly soluble in water, more readily in hot water although the hot 
solution rapidly deposited the base. A sample of the nitrite (2 g.; containing at least 5% of the 
iminopyrrole, estimated by reaction with ethyl cyanoacetate and spectroscopic analysis of the 
resulting crude product) in ethanolic acetic acid was diluted with water and treated with 
sodium nitrite (3 g.) at 5°. An oil separated which solidified at 0—5°, to give (probably) 
the monohydrate, m. p. 193—207° (decomp.), of the nitrite of the oxo-2H-pyrrole. This, 
when dried over P,O;, afforded the hemihydrate (Found: C, 64:0; H, 5-6; O, 13-8; N, 174, 
C,,H,,0,N,,4H,O requires C, 63-8; H, 5-8; O, 13-5; N, 169%). The monohydrate lost 4-3% 
when dried to constant weight at 80—90°/0-5 mm. (C,,H,,0,;N,;,H,O requires H,O, 4-3%), 
leaving the anhydrous salt, m. p. 194—205° (decomp.) (Found: C, 65-3; H, 5-9; N, 16-6%), 
the slightly low nitrogen content indicating some loss of nitrous acid. At 120—130°/0-5 mm. 
the monohydrate lost 14-8% (constant weight) (C,,H,,ON,,HNO,,H,O requires: loss of H,0 + 
HNO,, 15-3%); the residue, presumably impure oxopyrrole base, had m. p. ca. 228° (decomp). 

The nitrite monohydrate, taken up in chloroform and diluted with ether, gave the oxo- 
2H-pyrrole (from ethanol), m. p. 253—255° (decomp.). 

The monohydrate (0-3 g.) of the nitrite, refluxed with ethyl cyanoacetate, gave yellow 
needles, m. p. 160—166° (0-12 g.), whose spectrum was identical with that of compound (VI) 
in the region 320—450 mu, indicating the absence of compound (XVII; R = Et). Recrystallis- 
ation from ethanol afforded the last pyrroline pure with m. p. and mixed m. p. 169—169-5°. 

The nitrite monohydrate (0-33 g.), heated in boiling 75% sulphuric acid for 5 min., gave 
diphenylmaleinimide (0-19 g., 98%), m. p. 212—215°, and 1-amidinopiperidine as the picrate 
(0-18 g., 65%) which (from ethanol) had m. p. and mixed m. p. 249—249-5° (Found: C, 40-7; H, 
46%). 

(b) The compound (IV; R! = H, R*R* = <[CH,],) (2 g.) was heated with acetic anhydride- 
acetic acid and then added to water and set aside for some time. The solution was basified 
with sodium hydroxide, to yield a solid (1-6 g.), part of which afforded (from benzene) the 
oxo-2H-pyrrole, m. p. 252—253° (decomp.). The solid gave with acetic acid in benzene-light 
petroleum the acetate monohydrate in yellow needles, m. p. 252—253° (decomp.) (Found: O, 145; 
N, 12-7. C,.,H,,0,N, requires C, 14:7; N, 128%), Amax. 284, Aina, 222, 310 my, displaced by 
acetic acid to 278, 355, and by alkali to 302 my (ding, 229, 372 my); this (0-33 g.) with ethyl 
cyanoacetate gave compound (VI) (0-20 g.), m. p. 168-5—169-5°. 

(c) The acetyl derivative (0-3 g.; Ac, 10-7%) of the preceding compound (IV) in ethanolic 
acetic acid was treated with sodium nitrite (0-6 g.) in water at 0—5° for one week; it gave 
the nitrite (0-15 g.), m. p. 197° (decomp.) (Found: C, 64-2; H, 5-5; N, 16-95%), which in chloro 
form with ether afforded the base, m. p. 255° (decomp.) (from ethanol) (Found: C, 73-8; H, 
6-1; N, 15-55%). The filtrate from the nitrite was basified to give a further amount of base 
(0-18 g.), m. p. 248° (decomp.). 

3-Guanidino-1-imino-1H-isoindole—A mixture of guanidine (8 g.), phthalonitrile (9 g), 
and methanol (100 ml.) was kept at 37° during 1 week; it yielded the crude isoindole (8-9 g,), 
m. p. 183° (decomp.). A monohydrate was obtained in yellow prisms, m. p. 192° (decomp) 
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(Found: C, 52-5; H, 5-8; N, 341%; M (cryoscopic, in phenol), 106, 109 (0-25%), 108, 110 
(0:7%), 111 (102%). CyH yN;,H,O requires C, 52-7; H, 5:4; N, 34:1%; M, 206]. The 
benzoate, needles from ethanol, had m. p. 194—194-5° (Found: C, 62-5; H, 4:9; N, 22-4. 
CygHsO2Ns requires C, 62-1; H, 4-9; N, 22.6%). The acetate had m. p. 190-5—192° [Found: 
C, 540; H, 5-5; N, 284%; M (cryoscopic, in water), 130 (0-38%). C,,H,s0,N, requires 
C, 53-4; H, 5:3; N, 283%; M (van’t Hoff i factor = 2), 124], Amax 230, 280, 314, 327, Aina. 
344 my (log ¢ 4-50, 4-16, 3-96, 3-94, 3-81). The triacetyl derivative (from benzene—light petroleum) 
was obtained in pale yellow needles, m. p. 164° (decomp.) (Found: C, 57-8; H, 4:8; N, 22-0. 
CysHysOsN; requires C, 57-5; H, 48; N, 22-3%), Amax. 222, 247, 298, Ain, 332 my (log ¢ 4-51, 
436, 3°74, 3-34), changed to Amax 293, Aina, 248, 330 my (log ¢ 3-42, 4-10, 3-03), by acetic acid. 

The isoindole, refluxed in 30% sulphuric acid for 1 min., gave phthalimide, m. p. and 
mixed m. p. 232-5—234-5°. 

Potentiometric Titrations in Phenol-Water.—Phenol was freshly redistilled. 0-04m-Per- 
chloric acid was prepared from a 90% phenol solution. The base (ca. 30 mg.) was dissolved 
in 90% phenol solution in a cell compartment containing a glass electrode (Cambridge In- 
strument Co. Yellow Cap, wide range) and a mechanical stirrer. Connection with the reference 
calomel electrode was made by a strip of filter paper arranged so that the liquid junction was 
ca. 1 cm. above the level of the phenol—water in the cell; a Weston standard cell was used for 
bias as required. No attempt was made to set up a pH type scale in view of the large liquid- 
junction potential expected for this system. 

2,5-Di-«-(cyano-a-ethoxycarbonylmethylene)-3,4-diphenyl-A®-pyrroline (XVII; R = Et).—(a) 5- 
Guanidino-2-imino-3,4-diphenyl-2H-pyrrole (10 g.) was stirred with ethyl cyanoacetate (30 ml.), 
and the mixture was warmed to initiate the reaction; when cold, the mixture was treated with 
ethanol, to give the pyrroline (9-8 g.) which, purified from ethanol (orange needles), had m. p. 
253-5—255° (Found: C, 70-9, 71-0; H, 5-0, 4:3; N, 9-6, 9-9; O, 14-9; OEt, 21:9%; M (iso- 
thermal distillation in chloroform), 417, 400. .C,,H,,O,N, requires C, 71-1; H, 4:8; N, 9-6; 
O, 14:6; 2EtO, 20-5; M, 439]. 

(b) A mixture of 5-guanidino-2-imino-3,4-diphenyl-2H-pyrrole (0-5 g.), acetic acid (6 ml.), 
and ethyl cyanoacetate (3 ml.) was refluxed for } hr., giving the pyrroline (0-4 g.), m. p. and 
mixed m. p. 254—255°. 

(c) To a solution of sodium (0-5 g.) and ethyl cyanoacetate (2-5 ml.) in dry ethanol was 
added trans-a8-dicyanostilbene (5-5 g.), and the mixture was distilled at the steam-bath during 
30min. Acetic acid (6 ml.) was added to the warm mixture which deposited the crude pyrroline 
(1-6 g.), m. p. 156—160°; recrystallised from ethyl acetate and then from ethanol, this had 
m. p. 252—255° (Found: C, 70-2; H, 4:85; N, 9-8%). 

An attempt to prepare the pyrroline (VI) by reducing the time of distillation in the above 
preparation to 5 min. was not successful, the pyrroline (XVII; R = Et) (0-07 g.), m. p. and 
mixed m. p. 253—255°, being obtained. 

Reaction as in (a) of ethyl cyanoacetate with all our derivatives (IV) yielded the above 
pytroline, m. p. and mixed m. p. 254—255°. 

The pyrroline was recovered after being heated in acetic anhydride on the steam-bath for 
3hr., and after being refluxed with chromic acid in acetic acid or in concentrated hydrochloric 
acid for 15 min. 

2,5-Di-(«-cyano-a-methoxycarbonylmethylene)-3,4-diphenyl-A*-pyrroline (XVII; R = Me).— 
5-Guanidino-2-imino-3,4-diphenyl-2H-pyrrole (4 g.) and methyl cyanoacetate afforded the 
pyrroline (XVII; R = Me) (4-2 g.) in yellow needles (from 2-methoxyethanol), m. p. 284° 
(decomp.) (Found: C, 70-2; H, 4:1; N, 9-6. C,,H,,O,N, requires C, 70-1; H, 4-2; N, 10-2%). 

Refluxing a mixture of the pyrrole (10 g.), methyl cyanoacetate (15 ml.), and di-n-butyl 
phthalate (30 ml.) for 0-5 hr. gave the same pyrroline (8-4 g.), m. p. 280° (decomp.). 

Hydrolysis of the pyrroline gave the acid, m. p. 242°, described below. 

2,5-Di-(«-carboxy-x-cyanomethylene)-3,4-diphenyl-A*-pyrroline (XVII; R = H).—2,5-Di-(a- 
cyano-a-ethoxycarbonylmethylene)-3,4-diphenyl-A*-pyrroline (6 g.) in 2N-sodium hydroxide sol- 
ution (30 ml.) and ethanol (30 ml.) at 30° afforded the acid (5-1 g.), m. p. 245° (decomp.), which 
recrystallised from ethanol in yellow needles of the hemihydrate, m. p. 240° (decomp.) (Found: 
C, 67-5; H, 3-9; N, 10-2%; equiv., 204. C,,.H,,0,N,,4H,O requires C, 67-3; H, 3-6; N, 10-7%; 
equiv., 196), or from aqueous ethanol in orange prisms, m. p. 242° (decomp.) (Found: C, 64-0; 
H, 4-2; N, 9-8; loss in wt. at 160—175° in a high vacuum, 9-0%. C,,H,,0,N;,2H,O requires 
C, 63-0; H, 4:1; N, 10-0; 2H,O, 86%), Amax. 232, 413, 436, Aj,9, 337, 397 in ethanol containing 
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0-1m-hydrochloric acid, changed to Amax 411, 434 my in aqueous sodium metaborate buffer, 
The anhydrous acid had m. p. 249° (decomp.) (Found: C, 68-4; H, 3-4; N, 10-6. C..H),0,N, 
requires C, 68-9; H, 3-4; N, 110%). The acid was refluxed with copper chromite in quinoline, 
giving a black solid soluble in sulphuric acid to an intensely blue solution. The acid was 
recovered from boiling ethanolic sulphuric acid; gas was not evolved when the acid was sys. 
pended in ethereal diazomethane. 

The diethyl ester (0-3 g.) in ethanolic potassium hydroxide, refluxed with 1-chloro-2,4. 
dinitrobenzene (0-2 g.), yielded an acid, presumably the N-2,4-dinitrophenyl derivative, in 
yellow needles (from ethanol) which exploded at >300° (Found: N, 11-9. Calc. for 
C,,H,,;O,N;,2H,O: N, 11-9%). 

A solution of the acid (from 1 g. of the diethyl ester) in 10% sodium hydroxide solution 
(80 ml.) was oxidised with potassium permanganate (3 g.); it yielded benzoic acid (0-2 g), 
m. p. and mixed m. p. 120-5—121-5°. 

2-a-Cyano-x-ethoxycarbonylmethylene-5-0x0-3,4-diphenyl-A3-pyrroline (V1).—(a) trans-a8-Di- 
cyanostilbene (5-8 g.) was added to a solution from sodium (0-6 g.) in ethanol (20 ml.) containing 
ethyl cyanoacetate (2-5 ml.), and the mixture was distilled during 5 min., cooled, and stirred into 
dilute acid, giving a solid and an oil; the former afforded the pyrroline (from ethyl acetate- 
light petroleum) in yellow needles, m. p. 168-5—169-5° (Found: C, 72-7; H, 4-9; N, 8-1; OEt, 
13-55. C,,H,,0,N, requires C, 73-2; H, 4-7; N, 8-1; OEt, 13-1%). tvans-a8-Dicyanostilbene 
was also isolated but not the bis-derivative (XVII). Attempted repetition of this experiment 
was not successful, the last-named compound being isolated as described above. 

(b) trans-a8-Dicyanostilbene (3 g.) was dissolved in a hot solution from sodium (0:3 g.) in 
ethanol (200 ml.), and a solution of ethyl cyanoacetate (1-5 ml.) in ethanol was added; the 
mixture was distilled on the steam-bath during 45 min. and then added to aqueous acetic acid, 
giving a black tar which afforded the above pyrroline (0-15 g.), m. p. 168—169° (from ethanol) 
(Found: C, 73:3; H, 4:73; O, 14:0; N, 8-4. C,,H,,O,N, requires O, 13-99%; cf. above), 
which from the absorption spectrum was probably contaminated by ca. 7% of bis-ester (XVII; 
R = Et). 

(c) 2-Imino-5-oxo-3,4-diphenyl-A®-pyrroline (1 g.) was refluxed with ethyl cyanoacetate 
(1 ml.) for 1 min., an ammoniacal gas being evolved; the mixture was cooled and diluted with 
ethanol, to yield the pyrroline (0-7 g.), m. p. 169-0—170-5° (Found: N, 8-1; OEt, 12-9%). 

1,3-Di-(a-cyano-a-ethoxycarbonylmethylene)isoindoline (XV).—(a) 3-Guanidino-1-imino-lH- 
isoindole (2 g.) reacted with ethyl cyanoacetate (5 ml.), to give the ester (XV) (2-9 g.) in yellow 
needles (from ethyl methyl ketone), m. p. 233-5—234° (lit.,1 231°) [Found: C, 64-1; H, 4-5; 0, 
19-1; N, 12-7; OEt, 26-9% ; M (Rast), 344. Calc. for C,,H,,O,N,: C, 64-1; H, 4-5; O, 19-0; N, 
12-5; 2EtO, 26-7%; M, 337]. When refluxed in aqueous-ethanolic sodium hydroxide it (1 g.) 
yielded 1,3-di-(a-carboxy-«-cyanomethylene)isoindoline (0-3 g.), m. p. 260° (decomp.) (crude or 
purified via the sparingly soluble sodium salt) (Found: C, 58-5; H, 2-6; N, 14-7. Cale. for 
C,4H,O,N,;: C, 59-8; H, 2-5; N, 14-9%) (Elvidge, Fitt, and Linstead ! state that the m. p. of 
this acid is not characteristic). 

(b) To a solution from sodium (0-67 g.) in ethanol (13 ml.) were added phthalonitrile (3-2 g.) 
and ethyl cyanoacetate (5 ml.), and the mixture was refluxed for 15 min., treated with ammonium 
chloride (5 g.) and ethanol (25 ml.), and refluxed for a further hr.; this gave the ester, m. p. 
and mixed m. p. 233° (3-3 g.), which was hydrolysed to the acid, m. p. 260° (decomp.). 

(c) Use of methyl cyanoacetate in method (b) gave, by transesterification, the diethyl 
ester, m. p. and mixed m. p. 231—232-5°. 

1,3-Di-(«-cyano-a-methoxycarbonylmethylene)isoindoline.—(a) 3-Guanidino- 1 - imino-1H-iso- 
indole (2 g.) and methyl cyanoacetate afforded the dimethyl ester (2 g.), m. p. 276—27% 
(decomp.) (from acetic acid) (Found: C, 62-0, 61-9; H, 4-2, 3:9; N, 13-5; OMe, 202. 
C,,H,,O,N, requires C, 62-1; H, 3-6; N, 13-6; 2MeO, 20-1%), which was hydrolysed to the 
acid, m. p. 261° (decomp.). 

(6) Phthalonitrile (3-2 g.) afforded with ethyl or methyl cyanoacetate and sodium methoxide 
the dimethyl ester (2-35 g.) in yellow plates, m. p. 279—280° (decomp.) (Found: N, 136; 
OMe, 20-1%). 

Oxidation of 1,3-Di-(a-cyano-a-ethoxycarbonylmethylene)isoindoline (XV).—A solution of the 
ester (1 g.) in acetone (500 ml.) was stirred whilst a solution of potassium permanganate (0-55 
g.) was dropped in during 15 min.; the mixture was decolorised with sodium hydrogen sulphite, 
then neutralised with acetic acid, and the acetone was removed by slow evaporation to give 
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four fractions: (i) m. p. 230-5—233° (0-4 g.); (ii) m. p. 169—170° (0-3 g.); (iii) m. p. 167-5— 
169° (0-03 g.), and (iv) m. p. 167-5—169° (0-07 g.). Fractions (iii) and (iv) were combined to 
give the isoindoline (XVI) (from benzene), m. p. and mixed m. p. 169—170-5° with a specimen 
prepared as described by Barrett, Leavitt, Linstead, and Rowe.’ Use of an excess of per- 
manganate afforded phthalimide, m. p. and mixed m. p. 233—234°. 

Identity of the Substance from Guanidine and a-Cyanobenzyl Bromide.*—The following 
evidence indicated that this substance was impure 5-guanidino-2-imino-3,4-diphenyl-2H- 

ole. 

Recrystallised with great difficulty from ethyl methyl ketone it had m. p. 162° (Found: 
C, 63-1; H, 5-7; N, 188%). It dissolved in warm acetic anhydride, to yield (probably) the 
triacetyl derivative of 5-guanidino-2-imino-3,4-diphenyl-2H-pyrrole in orange needles, m. p. 
192°5° (decomp.) (Found: C, 65-9; H, 5-3; N, 162%). When the substance (0-2 g.) was 
refluxed for 2 min. in benzene (2 ml.) containing acetic anhydride (1 ml.) it yielded the triacetyl 
derivative, m. p. 182-5° (decomp.) (Found: C, 66-0; H, 4-8; N, 16-3%), which was hydrolysed 
to diphenylmaleinimide, m. p. and mixed m. p. 215-5—216-5°. 

The substance with warm ethyl cyanoacetate gave 2,5-di-(a-cyano-«-ethoxycarbonyl- 
methylene)-3,4-diphenyl-A*-pyrroline (XVII; R = Et), m. p. and mixed m. p. 254—255°. 

The substance (0-1 g.) was suspended in ethanol (2 ml.) and treated with dry hydrogen 
chloride until most of the solid had dissolved. The solution was clarified at the centrifuge 
and ether was added, giving the hydrochloride (from benzene-ether), m. p. 129° (decomp.) 
(Found: C, 50-5; H, 5-3; N, 17-2. Calc. for C,,H,,N,Cl,: C, 51-2; H, 4-6; N, 17-5%). 
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428. Some Derivatives of 1-Aminocyclopentanecarboxylic Acid 
and Related Compounds. 
By T. A. Connors and W. C. J. Ross. 


Some derivatives of l-aminocyclopentanecarboxylic acid have been 
prepared for examination as tumour-growth inhibitors. These include 
several esters and acyl derivatives, and dipeptides derived from glycine and 
pL-phenylalanine. Substituted derivatives of the parent amino-acid 
include the 2- and 3-carboxy- and the 2,3-benzo-compounds. 1-Amino-cyclo- 
propane-, -cyclobutane-, -cyclohexane-, -cycloheptane-, and -cyclo-octane- 
carboxylic acid have also been prepared and some new derivatives are 
described. Two isomers of 2-aminocyclopentane-l-carboxylic acid have 
been prepared and characterised. «-Cyclopropyl- and «f$-diphenyl-alanine 
have also been obtained. 


THE observation that 1-aminocyclopentanecarboxylic acid inhibits tumour-growth ! has 
led to the preparation and testing of a number of derivatives of this amino-acid and some 
closely related compounds. The parent amino-acid is not well tolerated and it was hoped 
that derivatives would retain the anti-tumour activity whilst having lower overall 
toxicities. 

Of the methods described for the preparation of 1-aminocyclopentanecarboxylic acid,** 


1 Connors, Elson, and Ross, Biochem. Pharm., 1958, 1, 239. 

* Zelinsky, Annenkov, and Kulikov, J. Russ. phys. Chem. Ges., 1911, 48, 1097; McDonald, U.S.P. 
gy Henze and Speer, J. Amer. Chem. Soc., 1942, 64, 522; Connors and Ross, Biochem. Pharm., 

, 1, 93. 

* Zelinsky and Stadnikov, Z. physiol. Chem., 1911, 75, 350. 
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hydrolysis of the corresponding hydantoin by aqueous barium hydroxide at 150—169° 
proved the most satisfactory. This acid has not been well characterised, only a liquid ethyl 
ester * and an infusible copper salt * being described apart from a casual reference to the 
hydrochloride.® * In the present investigation the hydrochlorides of the methyl, ethyl, 
and isopropyl ester, the acetyl, benzoyl, and phthaloyl derivative, the amide and phthaloy}- 
amide, the phthaloyl anhydride, the N-carbamoyl] derivative, and the benzoyl derivative 
of the ethyl ester have been prepared. 


Pore TD al gglgatign 
(1) CO-NH:CH,-CO,R CO-NH-CH,-CO,Et (II) 


Thionyl chloride in the presence of pyridine converted the phthaloyl derivative into the 
acid chloride which with glycine ethyl ester gave 1-phthalimido-N-(ethoxycarbonylmethy))- 
cyclopentanecarboxyamide [I; R= Et, R’ = 0-C,H,(CO),]. This dipeptide was also 
obtained by the interaction of 1-phthalimidocyclopentanecarboxylic acid and glycine 
ethyl ester by the mixed anhydride method with isobutyl chloroformate as reagent. On 
addition of hydrazine to an ethanolic solution of the phthaloyl compound [I; R = Et, 
R’ = o-C,H,(CO),] a crystalline precipitate was formed within a few minutes, which gave 
no ninhydrin reaction but dissolved readily in 2N-hydrochloric acid and was identified as the 
hydrazide (II); if its solution in hydrochloric acid was heated phthalhydrazide separated 
and the hydrochloride of the peptide (I; R = H, R’ = H,) was obtained by evaporating 
the filtered solution. A similar hydrazide had been obtained from 1-phthalimidocyclo- 
pentanecarboxyamide but in this case treatment with dilute hydrochloric acid resulted in 
complete hydrolysis. The free peptide was obtained by passing a solution of the hydro- 
chloride through an ion-exchange column. It was obtained as a hydrate and when an 
attempt was made to remove the water of crystallisation by sublimation in a high vacuum 
the dioxopiperazine (III) was formed. 

When this cyclic dipeptide (III) was heated with concentrated hydrochloric acid ring 
fission occurred with the re-formation of the original dipeptide (I; R = H, R’ = H),). 

Ethyl l-aminocyclopentanecarboxylate reacted with phthaloylglycyl chloride, to give 
the dipeptide derivative (IV; R = Et, R’ = 0-C,H,(CO),]. Treatment of this compoundwith 
hydrazine hydrate under mild conditions gave the acid [IV; R = H, R’ = o-C,H,(CO),] 


Bowes pone 
(ITI) CO-NH* CO,R (IV) 


which was also obtained in low yield by the action of phthaloylglycyl chloride on 1-amino- 
cyclopentanecarboxylic acid in the presence of an aqueous suspension of magnesium 
hydroxide. More vigorous treatment with hydrazine led to the formation of the free 
peptide (IV; R = H, R’ = H,) which was characterised as the hydrochloride. 

Ethyl 1-aminocyclopentanecarboxylate condensed with N-phthaloyl-p1-phenyl- 
alanine in the presence of cyclohexylcarbodi-imide, giving the dipeptide [V; R = Et, 
R’ = 0-C,H,(CO),] which was readily converted into the free dipeptide (V; R=H, 
R’ = H,) by treatment with hydrazine and acid hydrolysis. 

Attempts to prepare the phenylalanyl dipeptide derivative (VI) by the acid chloride 


* Since this work was completed our attention has been drawn to B.P. 752,692 in which the prepar- 
ation of l-aminocyclopentanecarboxylic acid by alkaline hydrolysis under pressure at an unspecified 
temperature has been described. The phthalimido-acid, amide, and benzamido-acid are mentioned but 
adequate analytical data are not given. Neelakantan and Hartung ® describe a hydrochloride, m. p. 
222—224°; we have prepared a hydrochloride, m. p. 286—290°, prisms from dilute hydrochloric acid 
(Found, for a specimen dried at 100°/0-05 mm.: C, 44-0; H, 7-5; N, 8-3. C,H,,O,N,HCl requires C, 
43-5; H, 7-3; N, 84%). 

* Zelinsky, Annenkov, and Kulikov, Z. physiol. Chem., 1910, 78, 465. 
5 Neelakantan and Hartung, J. Org. Chem., 1958, 28, 964. 
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of the carbodi-imide method led to a gum which on reaction with hydrazine was converted 
in good yeld into the dioxopiperazine (VII). 
ME he 2- (VIII) and 3-carboxylic acid (IX) derivatives of 1-aminocyclopentanecarboxylic 
acid have been prepared by alkaline hydrolysis of the corresponding hydantoins which 


CH,Ph 
NH-CO-CH-N=R’ N(CO),C,H,-o CO-NH, 
>CH*CH,Ph 
co,R CO-NH-CH-CO,Et NH-CO 
(V) (VJ) CH,Ph (VII) 


were obtained by the Bucherer—Bergs method from the known oxocyclopentanecarboxylic 
esters. 1-Aminoindane-l-carboxylic acid (X)—the 2,3-benzo-derivative of the tumour- 
growth inhibitory amino-acid—was similarly obtained from indan-l-one. 


CO;H Px 
De Den Oe 
CO.H Boone! 
(VIII) (IX) 


In connection with studies on the mode of action of smainoaaiennhaielaoea 
acid it was desirable to prepare «-aminoadipic acid and 2-aminocyclopentane-1-carboxylic 
acid. The former would be produced in vivo by B-oxidation followed by ring fission, and 
the latter would be rather more readily converted into the same toxic cyclopent-l-ene- 
carboxylic acid that would result from deamination of the cyclic «-amino-acid. 

a-Aminoadipic acid has been obtained by a number of methods ® and it has now been 
found convenient to obtain this aminodicarboxylic acid by the following new route: 


EtO,C*CH!CH*CH,Br -+ NHAc*CH(CO,Et)s ——t> EtO,C*CH?CH*CH,*°C*(NHAc)(CO, Et), ——> 
(XT) 
EtO,C+[CH,],°C(NHAc)(CO,Et), ——t» HO,C+[CH,],°CH(NH,)°CO,H 
(XI) (XIII) 


The low-melting unsaturated ester (XI) obtained by condensing ethyl y-bromocrotonate 
with diethyl acetamidomalonate was readily converted into the crystalline acetamido- 
triester (XII) on hydrogenation over a platinum catalyst. «-Aminoadipic acid (XIII) was 
obtained by acid-hydrolysis of this triester. 

Several methods for the preparation of 2-aminocyclopentane-l-carboxylic acid were 
explored. Catalytic reduction of ethyl 2-aminocyclopent-l-enecarboxylate (XIV; R = 
CO,Et) gave a small amount of an amino-acid which formed a hydrochloride, m. p. 210°, 
together with a compound, C,,H,,0O,N. Titration curves and the behaviour on ion- 
exchange columns suggested that the latter compound was an aminodicarboxylic acid and 
the negative ninhydrin reaction indicated that a primary amino-group was absent. 


(XIV) (XV) (XVI) 


Thompson ’ has observed that 1-amino-2-cyanocyclopent-l-ene (XIV; R = CN) undergoes 
self-condensation to the secondary amine (XV; R= CN). Similar condensation of the 
unsaturated ester (XIV; R = co 2Et) would give the diester (XV; R = CO,Et). 


* Sorensen, Compt. rend. Trav. Lab. Carlsberg, 1903, 6, 1; Dieckmann, Ber., 1905, 38, 1656; Linstead 
and Wang, /., 1937, 807; Gaudry, Canad. J. Res., 1949, B, 27, 21; Waalkes, Fones, and White, J. Amer. 
Chem. Soc., 1950, '72, 5760; Rothstein and Claus, ibid., 1953, 75, ‘2981. 

’ Thompson, Pa Amer. Chem. Soc., 1958, 80, 5483. 
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Reduction of this diester (XV) and hydrolysis of the product would lead to di-(2-carp. 
oxycyclopentyl)amine (XVI) which would have the composition and properties of the 
second product obtained from the unsaturated ester (XIV; R = CO,Et). Its formation 
is also consistent with the production of ammonium salts which were isolated during the 
working up of the reaction mixture. Pyrolysis of the diacid (XVI) gave ammonia and 
cyclopent-l-enecarboxylic acid. 

a-Amino-acids have been prepared by the action of ammonia under pressure and at 
elevated temperature on «$-unsaturated acids. Under these conditions cyclopent-1-ene- 
carboxylic acid gave two, isomeric, amino-acids C,H,,0,N, the separation of which was 
achieved by way of the copper salts.* The amino-acid, m. p. 242—243°, which gave a 
sparingly soluble copper salt formed a hydrochloride, m. p. 165—170°, and an N-benzoyl 
ethyl ester, m. p. 99°. The mother-liquors from the copper salts of the original reaction 
mixture contained unchanged cyclopentenecarboxylic acid and an amino-acid which gave 
a hydrochloride, m. p. 212°, and an N-benzoyl ethyl ester, m. p. 93°. This amino-acid 
proved identical with the product obtained in low yield by the method described above, 
It appears that the two amino-acids are cis- (X VIIa) and ¢vans-isomers (X VIIb) of 2-amino- 
cyclopentanecarboxylic acid. The possibility that one compound might have been 
produced by «-addition of the amino-group forming l-aminocyclopentanecarboxylic acid 
was excluded since this acid was shown to give an N-benzoy]l ethyl ester, m. p. 77°, depressed 
on admixture with either of the products obtained by the reaction of ammonia with 
cyclopent-l-enecarboxylic acid (XVIII). 


NH, NA, 


_ _ 
CoH + CoH [ decom 


(XVila) (XVII) (XVIIb) 


Initial results! indicated that whilst 1-aminocyclopentanecarboxylic acid inhibited 
tumour growth l-aminocyclohexanecarboxylic acid was ineffective. In connection with 
structure-activity studies it was therefore of interest to examine other alicyclic «-amino- 
acids. 

Of the methods available for the preparation of 1-aminocyclopropane-1-carboxylic 
acid ® hydrolysis of hydantoin-5-spirocyclopropane for a short time with aqueous barium 
hydroxide at 155° has given a good yield of the amino-acid. Under more vigorous 
conditions the yield was lower and there was evidence of ring fission. 1-Aminocyclo- 
butanecarboxylic acid was similarly prepared from the cyclobutane spiran which had been 
first obtained by Ingold e¢ al.; ® this amino-acid was prepared by Dem’yanov and Tel’nov ® 
by alkaline hydrolysis of the spirohydantoin but the product does not appear to have been 
characterised. 

1-Aminocyclohexane-, 1-amino-3-methylcyclohexane-, 1-aminocycloheptane-, and 
l-aminocyclo-octane-carboxylic acid, as well as 1-amino-1,2,3,4-tetrahydro-1- and 2-amino- 
1,2,3,4-tetrahydro-2-naphthoic acid, were obtained from the appropriate ketone by way 
of the hydantoin which was hydrolysed by barium hydroxide. The hydantoin from 
2-methylcyclohexanone was resistant to alkaline hydrolysis but readily yielded 1-amino-2- 
methylcyclohexanecarboxylic acid when hydrolysed with dilute sulphuric acid under 
pressure. Similar resistance to hydrolysis imposed by the 2-methyl group was observed 


* Our attention has been drawn to a very recent paper by Plieninger and Schneider (Chem. Ber., 
1959, 62, 1594) in which the addition of ammonia to cyclopent-l-enecarboxylic acid is stated to give 
exclusively the amino-acid, m. p. 240°, to which they assign the ¢vans-configuration. 


8 Slimmer, Ber., 1902, 35, 400. 

® Ingold, Sako, and Thorpe, /., 1922, 121, 1177; Dem’yanov and Feofilaktov, J. Gen. Chem. 
(U.S.S.R.), 1939, 9, 340; Burroughs, Nature, 1957, 179, 360; Rinderknecht and Niemann, J. Amer. 
Chem. Soc., 1951, 78, 4259. 

10 Dem’yanov and Tel’nov, Bull. Acad. Sci. U.R.S.S. Classe Sci. Math. nat., Ser. chim., 1937, p. 529. 
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by Skita and Levi" who prepared 1-amino-2-methylcyclohexanecarboxylic acid by acid- 
hydrolysis of the corresponding amino-nitrile. In the course of this work some minor 
discrepancies with published constants for known compounds were encountered; where 
this occurred the N-benzoyl derivatives of the amino-acids were prepared to characterise 
our products. 

Two isosteres of the active l-aminocyclopentanecarboxylic acid examined were «-methyl- 
norvaline and «-cyclopropylalanine. These were made from the relevant ketones, and the 
latter amino-acid, which showed growth-inhibitory activity of a low order, was converted 
into its glycyl dipeptide. 

«-Diphenylalanine was synthesised by the hydantoin method and characterised as its 
N-benzoyl and N-carbamoy] derivative. 


EXPERIMENTAL 


M. p.s, which are corrected, were determined in sealed capillaries. 

1-Aminocyclopentanecarboxylic Acid.—Hydantoin-5-spirocyclopentane (cf. Henze and 
Speer *) (14-9 g.), barium hydroxide octahydrate (53-3 g.), and water (325 ml.) were heated 
for 2hr. at 160°. After cooling, the precipitated barium carbonate was removed and ammonium 
carbonate (12 g.) was added to the filtrate to remove the excess of barium. Concentration 
of the filtered solution gave the amino-acid (11-7 g.) as prisms, m. p. 260—285°. After drying 
at 120° for 3 hr. the m. p. rose to 328—-329° (Zelinsky and Stadnikov * give m. p. 320° for the 
monohydrate) (Found: C, 55-8; H, 8-6; N, 11-1. Calc. for CsH,,O,N: C, 55-8; H, 8-6; 
N, 10-9%). 

A suspension of the amino-acid (8 g.) in methanol (200 ml.) was saturated with dry hydrogen 
chloride, and the mixture was heated under reflux for 3 hr. After removal of most of the 
methano! under reduced pressure addition of ether caused the separation of an oil which 
gradually solidified. This, the methyl ester hydrochloride, formed needles, m. p. 207—208° 
(decomp.) when a mixture of acetone and ether was added to a methanolic solution of it at 0° 
(Found: C, 47-0; H, 80%; equiv. (Volhard), 173-6. C,H,,;0,N,HCI requires C, 46-8; H, 7-9% ; 
equiv., 179-7]. 

The ethyl ester hydrochloride, needles, m. p. 228° (decomp.), from ether-ethanol (Found: 
C, 49-3; H, 82; N, 6-8. C,H,,0O,N,HCI requires C, 49-6; H, 8-3; N, 7-2%), and the isopropyl 
ester hydrochloride, needles, m. p. 180°, from ether—propan-2-ol [Found: C, 51-6; H, 8-5; 
N,7:2%; equiv. (Volhard), 208. C,H,,O,N,NCI requires C, 52-0; H, 8-7; N, 68%; equiv., 
207-5], were similarly prepared. 

The N-acetyl derivative was obtained by heating the amino-acid (10 g.) with acetic anhydride 
(9-5 ml.) and acetic acid (25 ml.) at 100° for 2 hr. It formed needles, m. p. 195—197°, from 
ethanol-light petroleum (b. p. 40—60°) (Found: C, 56-4; H, 7-5; N, 7-8. C,H,,;0,N requires 
C, 56-1; H, 7-7; N, 82%). 

To a stirred solution of the amino-acid (2 g.) in 2N-aqueous sodium carbonate (28 ml.) was 
added benzoyl chloride (3-2 ml.). The 1-benzamidocyclopentanecarboxylic acid thus obtained 
formed needles, m. p. 214—215°, from aqueous ethanol (Found: C, 66:7; H, 6-5; N, 60%; 
equiv. by titration, 236. C,,H,,QgN requires C, 66-9; H, 6-5; N, 6-0%; equiv. 233). 

1-Phthalimidocyclopentanecarboxylic Acid, Anhydride, Chloride, and Amide.—1-Amino- 
cyclopentanecarboxylic acid (3 g.) and phthalic anhydride (4-5 g.) were heated in a sealed tube 
at 170° for 1 hr. The methanol-soluble fraction of the product formed fine needles, m. p. 
156—158°, from water. This material was almost certainly the phthalimido-acid dihydrate 
(equiv. by titration, 291. C,,H,,0,N,2H,O requires equiv., 295) since drying for several 
hours at 100°/2 mm. raised the m. p. to 163° and analysis indicated that the acid was then 
anhydrous (Found: C, 64-7; H, 5-4; N, 5-4. C,4H,,0,N requires C, 64-9; H, 5-1; N, 5-4%). 
The methanol-insoluble fraction formed prismatic needles, m. p. >360°, from hot ethanol; 
this was probably 3,6-dioxopiperazine-2,5-bis(spirocyclopentane) derived from the free amino- 
acid (Found: N, 12-2. C,,H,,0,N, requires N, 12-6%). 

The phthalimido-acid (1-17 g.) and dicyclohexylcarbodi-imide (0-94 g.) were dissolved in 
tetrahydrofuran (10 ml.); dicyclohexylurea soon separated. Next day the solid (450 mg.) was 


" Skita and Levi, Ber., 1908, 41, 2925. 
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filtered off and washed with a little ether. The solution contained the anhydride of the phtha}. 
imido-acid; this derivative formed prisms, m. p. 118°, from ether—pentane (Found: C, 67,; 
H, 5-0; N, 5-6. C,,H,sO,N, requires C, 67-3; H, 4-8; N, 5-6%) and when heated in wate 
for 2 hr. was reconverted into the phthalimido-acid, m. p. 158°. 

A mixture of the phthalimido-acid (9 g.) and thionyl chloride (30 ml.) containing pyridine 
(0-5 ml.) was stirred at room temperature for 1 hr. and then at 40° for $ hr. After removal 
of the excess of thionyl chloride under reduced pressure at 40° the residual acid chloride was 
extracted with benzene—pentane and crystallised from pentane as prisms, m. p. 44° (Found: 
C, 60-5; H, 4:7. C,,4H,,O,NCl requires C, 60-6; H, 44%). 

Shaking an ethereal solution of this chloride with concentrated aqueous ammonia afforded 
1-phthalimidocyclopentanecarboxyamide. It formed prisms, m. p. 215°, from ethanol (Found: 
C, 64-9; H, 5-4; N, 10-5. C,,H,,O,N, requires C, 65-1; H, 5-5; N, 10-9%). An attempt to 
remove the phthaloyl group from this amide by the action of one equivalent of ethanolic 
hydrazine led to a sparingly soluble hydrazide, m. p. 210°, needles from ethanol (Found: C, 57-9; 
H, 6:3; N, 19-6. C,,H,O,N, requires C, 57-9; H, 6-3; N, 19-3%). When this hydrazide was 
heated with dilute hydrochloric acid 1-aminocyclopentanecarboxylic acid was formed: it has 
not proved possible to obtain 1-aminocyclopentanecarboxyamide from the hydrazide, complete 
hydrolysis occurring under all the conditions employed. 

1-A minocyclopentanecarboxyamide.—Ethyl 1l-aminocyclopentanecarboxylate hydrochloride 
(10 g.) was suspended in dry ether and after the addition of triethylamine (7-2 ml.) the mixture 
was stirred for 2hr. After removal of the precipitated triethylamine hydrochloride the ethereal 
solution was evaporated and the residual oil was washed into a pressure bottle with concen- 
trated aqueous ammonia (75 ml.). The contents of the sealed bottle were stirred at 30° for 3 
days by which time a single phase had formed. Evaporation of the solution gave a residue 
which was extracted with acetone. Addition of light petroleum to this extract caused 
separation of the amide (2-2 g.). On recrystallisation from acetone—pentane it formed needles, 
m. p. 95—96° (Found: C, 56-3; H, 9-5; N, 21-6. C,H,,ON, requires C, 56-2; H, 9-4; 
N, 21-9%). Heating this amide (125 mg.) with phthalic anhydride (125 mg.) at 90° for 1 hr, 
gave the phthalimido-derivative, m. p. 212°, not depressed by admixture with the compound 
of m. p. 215° described above. 4 

1-Ureidocyclopentanecarboxylic Acid.—l-Aminocyclopentanecarboxylic acid (12 g.) and 
potassium cyanate (16-2 g.) in sufficient water for complete dissolution were heated on a steam- 
bath for 1 hr. When the pH of the cooled solution was adjusted to 5 by hydrochloric acid 
the uveido-compound separated. The acid formed small prisms, m. p. 203° (decomp.), from 
water (Found: C, 48-9; H, 6-7; N, 16-2. C,H,,O,N, requires C, 48-8; H, 7-0; N, 163%). 

Ethyl 1-Benzamidocyclopentanecarboxylate——A solution of ethyl 1-aminocyclopentane- 
carboxylate hydrochloride (500 mg.) in pyridine (2 ml.) containing benzoyl chloride (500 mg) 
was heated at 100° for 15 min. After dilution with water the mixture was extracted with 
ether, and this extract washed successively with 2N-hydrochloric acid, water, 2N-sodium 
carbonate, and water, dried (Na,SO,), and evaporated, giving a colourless gum. This was resolved 
by passing a solution in benzene through a column of activated alumina; further washing with 
benzene slowly eluted the benzamido-ester, prismatic needles, m. p. 76—77°, from light petroleum 
(b. p. 40—60°) (Found: C, 68-8; H, 7-1; N, 5-4. C,;H,g0,N requires C, 68-9; H, 7-3; N, 5-4%). 

N-(Ethoxycarbonylmethyl)-1-phthalimidocyclopentanecarboxyamide.—(1) 1-Phthalimidocyclo- 
pentane-l-carbonyl chloride (23-5 g.) was added during 30 fifin. to a stirred solution of glycine 
ester hydrochloride (11-2 g.) and triethylamine (24-8 ml.) in dioxan (80 ml.) at 5—10°. After 
stirring of the cooled solution for a further 4 hr. water (14 1.) was added and most of the dioxan 
was removed at 50—60° under reduced pressure. The resinous product was extracted with 
ether (1 1.), and the washed extract was dried (CaCl,). Adding pentane to the concentrated 
ether extract precipitated the peptide derivative (16-3 g.). Recrystallisation from ether—pentane 
gave needles, m. p. 90° (Found: C, 62-7; H, 5-9; N, 8-1. C,,H..O;N, requires C, 62-8; H, 5-9; 
N, 8-1%). 

(2) Isobutyl chloroformate (1-3 ml.) was added slowly to a cooled (5°) and stirred solution 
of 1-phthalimidocyclopentanecarboxylic acid (2-6 g.) and triethylamine (1-4 ml.) in dry 
chloroform (25 ml.). After this mixture had been stirred for a total time of 2 hr. at 5° a solution 
of glycine ester hydrochloride (1-4 g.) and triethylamine (1-4 ml.) in chloroform (10 ml.) was 
added during 30 min. Stirring was continued for a further 3 hr. and the solution was then 
washed successively with water, saturated aqueous sodium hydrogen carbonate, and water, 
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and dried (Na,SO,). Evaporation of the chloroform gave a brown oil, an ethereal solution of 
which gave needles, m. p. 88—89° undepressed by admixture with the product obtained by 
method 1, when pentane was slowly added. 

Action of Hydvazine on the Phthalimido-ester—80%, w/w Hydrazine hydrate (0-12 ml.) was 
added to a solution of the ester (680 mg.) in ethanol (10 ml.). Within a few minutes crystals 

ted; these were sparingly soluble in ethanol but dissolved in warm aqueous ethanol and 
crystallised on cooling as plates, m. p. 205° (decomp.) (Found: C, 57-9; H, 6-6; N, 14:8. 
CygHO5N, tequires C, 57-6; H, 6-4; N, 14-9%). The hydrazide which was sparingly soluble 
in water dissolved readily in 2Nn-hydrochloric acid; when this solution was heated phthal- 
hydrazide separated. When no further precipitate was formed the solution was filtered and 
evaporated to dryness. The gum obtained was dissolved in ethanol; gradual addition of 
ether to this solution precipitated a microcrystalline powder, m. p. 197—199°. 1-Amino-N- 
carboxymethylcyclopentanecarboxyamide hydrochloride formed prisms, m. p. 200—201°, from 
ethanol-ether (Found: C, 43-2; H, 7-0; N, 13-1. C,H,,O,N,,HCl requires C, 43-2; H, 6-8; 
N, 126%). In larger-scale preparations it was advantageous to collect the sparingly soluble 
hydrazide and to heat this with dilute acid—its insolubility rendered the normal method of 
hydrazinolysis inapplicable. In a typical experiment 13 g. of the phthalimido-ester gave 
11-3 g. of hydrazide and 4-5 g. of peptide hydrochloride. 

An aqueous solution of the hydrochloride was passed slowly through a column of Amberlite 
resin IR-4B which had been previously washed with ammonia and water. The column was 
washed with water until only a faint ninhydrin reaction was given by the eluates. Evaporation 
of these eluates gave the hemihydrate of the free peptide which formed plates, m. p. 269—270°, 
from aqueous ethanol (Found: C, 49-3; H, 8-0; N, 14:3. C,H,,O,N,,4H,O requires C, 49-3; 
H, 7-8; N, 14-4%). 

In an attempt to obtain the anhydrous peptide the hemihydrate was sublimed at 180°/0-02 
mm. The product, which formed prisms, m. p. 275—280° (decomp.) from water, was apparently 
3,6-dioxopiperazine-2-spirocyclopentane (III) (Found: C, 57-3; H, 7-2; N, 16-6. C,H,,O,N, 
requires C, 57-1; H, 7:2; N, 16-7%). Evaporation of a solution of the dioxopiperazine in 
concentrated hydrochloric acid gave a product, m. p. 200°, not depressed on admixture with the 
hydrochloride of the dipeptide described above. 

Ethyl 1-Phthaloylglycylamidocyclopentanecarboxylate.—A solution of phthaloylglycyl chloride 
(8-06 g.) in dioxan (35 ml.) was slowly added to a cooled (10°), stirred solution of ethyl 1-amino- 
cyclopentanecarboxylate hydrochloride (7-5 g.) in triethylamine (10-8 ml.) and dioxan (40 ml.). 
After stirring of the cooled mixture for 3 hr.-water was added and the solid which remained 
was collected and washed successively with water, saturated aqueous sodium hydrogen car- 
bonate, and water (yield, 9-1 g.). The phthaloyl-ester of the dipeptide formed needles, m. p. 
146—147°, from aqueous ethanol (Found: C, 62-8; H, 6-2; N, 83. C,H ».O;N, requires 
C, 62:8; H, 5:9; N, 81%). 

1-Phthaloylglycylamidocyclopentanecarboxylic Acid.—(1) Phthaloylglycyl chloride (4-47 g.) 
in dry dioxan was added dropwise during 35 min. to a stirred ice-cooled suspension of l-amino- 
cyclopentanecarboxylic acid (2-58 g.) and magnesium hydroxide (1-21 g.) in water (75 ml.). 
The whole was stirred for a further 20 min. at 5° and then allowed to reach room temperature 
during the following 20 min. After acidification with hydrochloric acid the solution was 
evaporated to dryness and the residue was extracted with hot ethyl acetate to remove phthaloyl- 
glycine. The insoluble residue (900 mg.) was crystallised repeatedly from water, giving 
1-phthaloylglycylamidocyclopentanecarboxylic acid (500 mg.) as needles, m. p. 218—220° (Found: 
C, 60-7; H, 5-2; N, 8-8. C,,H,,O,N, requires C, 60-7; H, 5-1; N, 88%). 

(2) A solution of ethyl phthaloylglycylamidocyclopentanecarboxylate (1-73 g.) and 80% w/w 
hydrazine hydrate (0-26 ml.) in ethanol (500 ml.) was heated under reflux for 2 hr. and the 
ethanol was then removed under reduced pressure. The residue was digested for 10 min. at 40° 
with 2n-hydrochloric acid which left phthalhydrazide undissolved. Evaporation of the 
solution under reduced pressure gave a solid which after several crystallisations from water 
had m. p. 212° not depressed on admixture with the acid prepared by method 1 (Found: 
C, 60-8; H, 5-4; N, 85%). : 

1-Glycylamidocyclopentanecarboxylic Acid.—A solution of ethyl phthaloylglycylcyclopentane- 
carboxylate (40-65 g.) and hydrazine hydrate (7-65 ml.) in ethanol (14 1.) was heated under 
reflux for 3 hr. and the product isolated as described under method 2 above. The solid (23-07 g.) 
had m. p. 186° (gassing at 195°), raised to 202—204° by washing with hot acetone and ether. 
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After several crystallisations by pouring of a concentrated aqueous solution into an excess of 
acetone the hydrochloride of the glycyl-peptide was obtained as needles, m. p. 216° (Found: 
C, 43-1; H, 6-9; N, 12-6; Cl, 15-9. C,H,,O;N,,HCl requires C, 43-2; H, 6-8; N, 1946. 
Cl, 15-9%). 

Ethyl 1-(N-Phthaloyl-pi-phenylalanylamido)cyclopentanecarboxylate.—A mixture of ethyl 
l-aminocyclopentanecarboxylate hydrochloride (11-6 g.), triethylamine (8-28 ml.), and tetra. 
hydrofuran (150 ml.) was stirred vigorously for $ hr. and then the triethylamine hydrochloride 
was filtered off and washed with a little tetrahydrofuran. To the filtrate was added N-phthaloyl. 
pL-phenylalanine (17-6 g.) followed by dicyclohexylcarbodi-imide (12-36 g.), and the clear 
solution was stirred at room temperature for 5 hr. The dicyclohexylurea (5-4 g., 83%) which 
separated was removed. After addition of a little acetic acid to remove unchanged di-imide 
the solution was again filtered and the filtrate was evaporated to dryness. An ethyl acetate 
solution of the residue was washed successively with 2N-hydrochloric acid, water, saturated 
aqueous sodium hydrogen carbonate, and water, dried (Na,SO,) and concentrated. Addition 
of pentane precipitated crystals (17-6 g.). When crystallised from benzene—pentane the 
phthaloyl dipeptide ester formed prismatic needles, m. p. 142—144° (Found: C, 69-0; H, 61; 
N, 6-4. C,,H,,O;N, requires C, 69-2; H, 6-1; N, 6-5%). 

1-(pL-Phenylalanylamido)cyclopentanecarboxylic Acid.—A mixture of the phthaloyl ester 
(4-34 g., 0-01 mole), 80% w/w hydrazine hydrate (0-65 ml., 0-011 mole), and ethanol (50 ml.) was 
heated under reflux for 2hr. The solid which separated was removed and the filtrate evaporated 
to dryness under reduced pressure. The residue was extracted with 2N-hydrochloric acid 
(50 ml.), and the extract was evaporated. Adding ether to an ethanolic solution of the residue 
afforded fluffy needles (1-5 g.) of the phenylalanyl dipeptide hydrochloride, m. p. 200° (decomp) 
(Found: C, 58-0; H, 7-0; N, 9-1. C,;H.,0,N,,HCl requires C, 57-6; H, 6-8; N, 8-9%). The 
free dipeptide, obtained as described above, formed needles, m. p. 268—270° (slight decomp), 
from aqueous alcohol (Found: C, 65-1; H, 7-2; N, 10-1. C,;H. O,N, requires C, 65-2; H, 7-2; 
N, 10-1%). 

Attempted Preparation of N-a-Ethoxycarbonylphenethyl-1-phthalimidocyclopentanecarboxy- 
amide.—(1) A mixture of pL-phenylalanine ethyl ester hydrochloride (5-16 g.) and triethylamine 
(6-3 g.) in tetrahydrofuran (50 ml.) was vigorously stirred for $ hr. and then filtered. A solution 
of 1-phthalimidocyclopentane-l-carbonyl chloride (from 5-85 g. of acid) in dry tetrahydrofuran 
(20 ml.) was slowly added with stirring to the cooled (0°) filtrate. After the addition was 
complete, cooling was discontinued. Next day water was added and most of the tetrahydro- 
furan removed by distillation. An ether extract of the residue was washed with dilute acid 
and then with sodium hydrogen carbonate solution, dried (Na,SO,), and evaporated. A 
colourless gum (8-5 g.) was obtained. 

(2) To a solution of pt-phenylalanine ester in tetrahydrofuran prepared as described above 
were added 1-phthalimidocyclopentanecarboxylic acid (5-85 g.) and dicyclohexylcarbodi- 
imide (4-7 g.) in tetrahydrofuran (25 ml.). Cyclohexylurea soon separated. The whole was 
stirred overnight at room temperature and the product (9-0 g.) then isolated in the usual manner: 
it did not crystallise. 

5-Benzyl-3,6-dioxopiperazine-2-spirocyclopentane.—The product (13-2 g.) obtained by method 
1 or 2 above was heated under reflux for 24 hr. with hydrazine hydrate (2 ml.) in ethanol 
(250 ml.). Solid separated at first but this eventually dissolved. The residue obtained by 
evaporation to dryness was extracted with dilute hydrochloric acid. This extract yielded only 
a trace of deliquescent solid but crystallising the acid-insoluble material from methanol gave 
prismatic needles, m. p. 262—264°, of the spivan (VII) (Found: C, 69-5; H, 7-1; N, 104 
C,;H,,0,N, requires C, 69-7; H, 7-0; N, 10-8%). 

Hydantoin-5-spirocyclopentane-2’-carboxylic Acid and its Ethyl Ester.—(a) A mixture of ethyl 
2-oxocyclopentanecarboxylate (5 g., prepared ™ from diethyl adipate), sodium cyanide (3-2 g.), 
and ammonium carbonate in 1 : 1 v/v aqueous ethanol (200 ml.) was heated at 58—60° for 16 hr. 
After removal of the ethanol under reduced pressure the clear aqueous solution was rendered 
acid to Congo Red by concentrated hydrochloric acid. Evaporation of this solution gave 4 
sticky brown solid, an acetone extract of which was passed through a column of activated 
alumina. The eluates obtained on washing with fresh acetone contained the hydantoin-spiran ester 
(2 g.) which formed rosettes of needles, m. p. 145°, from ether-light petroleum (b. p. 40—60°) 
(Found: C, 53-0; H, 6-1; N, 12-3. C,9H,,O,N, requires C, 53-1; H, 6-2; N, 12-4%). 

42 Pinkney, Org. Synth., Coll. Vol. II, p. 116. 
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(6) Ethyl 2-oxocyclopentanecarboxylate (5 g.), ammonium chloride (6 g.), ammonium 
carbonate (10 g.), sodium cyanide (6 g.), ethanol (100 ml.), and water (80 ml.) were heated in 
a pressure bottle at 60—70° for 26 hr. The product was worked up as under (a), but as the 
acetone extract did not yield a solid product it was heated under reflux with 4n-hydrochloric 
acid (150 ml.). The filtrate obtained on evaporation of the solution to half volume and treat- 
ment with charcoal deposited prisms (2-7 g.), m. p. 214—216°. On repeated crystallisation 
from water the hydantoin-spiran acid formed needles, m. p. 225—226° (Found: C, 48-4; H, 5-2; 
N, 14:0. CsHoO,N, requires C, 48-5; H, 5-1; N, 141%). 

1-Aminocyclopentane-1,2-dicarboxylic Acid.—A solution of the hydantoincarboxylic acid 
(10-9 g.) and barium hydroxide octahydrate (15-5 g.) in water (100 ml.) was heated in a pressure 
bottle at 170—180° for 90 min. Ammonium carbonate (16-3 g.) was added to the hot filtered 
solution, and the precipitated barium carbonate was removed. The residue obtained on 
evaporation was rubbed with methanol, yielding a granular solid, charring at 218° and melting 
with decomposition at 223°. When methanol or acetone was added to a concentrated aqueous 
solution ammonium hydrogen 1-aminocyclopentane-1,2-dicarboxylate separated as plates, m. p. 
249° (decomp. from 226°) (Found: C, 44-3; H, 7-2. C,H,,O,N, requires C, 44-2; H, 7-4%). 

This ammonium salt (500 mg.), acetic anhydride (2 ml.), and acetic acid (50 ml.) were heated 
under reflux for 2 hr. and then the solution was evaporated to dryness. The residue was 
dissolved in acetone and on addition of a large volume of dry ether the N-acetyl derivative of the 
dicarboxylic acid slowly separated as prisms, m. p. 226—228° [Found: C, 50-1; H, 6-0; N, 
64%; equiv. (by titration), 111-7, 107-0. C,H,,0;N requires C, 50-2; H, 6-1; N, 65%; 
equiv., 107-6). 

Hydantoin-5-spirocyclopentane-3'-carboxylic Acid.—3-Oxocyclopentanecarboxylic acid (6-4 g., 
prepared essentially by the method of Ruzicka, Almeida, and Brack "), sodium cyanide (9-8 g.), 
and ammonium carbonate (19-2 g.) in 1:1 v/v aqueous ethanol (200 ml.) were heated in a 
pressure bottle at 65—70° for 25 hr. The product (6-3 g.) obtained by treatment as under (6) 
formed prisms, 223—226°. Recrystallisation from water afforded 4-7 g. of the spivan acid, 
m. p. 228—230°. The product is evidently a mixture of isomers for repeated crystallisation 
gradually raised the m. p. to 243—245° (Found: C, 48-2; H, 5-2; N, 14-5. C,H,,O,N, requires 
C, 48-5; H, 5-0; N, 141%). 

1-Aminocyclopentane-1,3-dicarboxylic Acid.—The preceding hydantoin (5-5 g.) was 
hydrolysed as described for the 2-carboxy-isomer, and the product obtained after removal 
of the excess of barium was a deliquescent solid (3-9 g.; m. p. 160—185°). On 
repeated treatment with hot methanol this material yielded a high-melting non-deliquescent 
solid which on crystallisation from water gave l-aminocyclopentane-1,3-dicarboxylic acid hydrate, 
prisms, m. p. 264° (Found, for a specimen dried at 100°/0-5 mm. for 1 hr.: C, 44-2; H, 7-1; 
N, 7-4. C,H,,O,N,H,O requires C, 44-0; H, 6-9; N, 7-3%). After drying at 130°/0-5 mm. for 
6 hr. the m. p. rose to 277° and a hemihydrate was produced (Found: C, 46-1; H, 6-7; N, 8-0. 
C,H,,0O,N,4H,O requires C, 46-2; H, 6-6; N, 7-7%). Clearly the treatment with methanol 
completed the removal of the ammonia from the acid. Refluxing the deliquescent solid (1 g.) 
with acetic anhydride (2 ml.) and acetic acid (20 ml.) for 2 hr. afforded the N-acetyl derivative, 
prisms, m. p. 225—-226° (from ether—ethanol) [Found: C, 50-5; H, 6-4; N, 63%; equiv. (by 
titration), 113. C,H,,0,;N requires C, 50-2; H, 6-1; N, 65%; equiv., 107-6}. 

1-Aminoindane-|-carboxylic Acid.—The hydantoin (8-5 g.; m. p. 242—243°; Henze and 
Speer * give m. p. 240°) derived from indan-1l-one was heated with barium hydroxide octahydrate 
(208 g.) and water (150 ml.) at 180° for 2 hr. and the product was worked up in the usual 
manner. When acetone was added to a concentrated aqueous solution of the amino-acid a 
gelatinous precipitate formed but on standing overnight at 0° this became transformed into 
large prisms, m. p. 269—270° (dependent on the rate of heating with a tendency to sublime 
above 260°) (Found: C, 68-0; H, 6-5; N, 7-9. C,9H,,O,N requires C, 67-8; H, 6-3; N, 7:9%). 

The amino-acid (1 g.), acetic anhydride (1 ml.), and acetic acid (20 ml.) were heated under 
reflux for 2 hr. On dilution with water needles separated. Recrystallisation from aqueous 
ethanol gave the N-acetyl derivative as needles, m. p. 259—260° (decomp.) (Found: C, 66-0; 
H, 6-0; N, 6-1. C,,H,,0,N requires C, 65-7; H, 6-0; N, 6-4%). 

Triethyl 1-Acetamidobutane-1,1’,4-tricarboxylate—Diethyl acetamidomalonate (21-7 g.) was 
dissolved in a solution from sodium (2-5 g.) in ethanol (200 ml.) and after the addition of ethyl 
y-bromocrotonate (25-7 g., b. p. 96°/9 mm., prepared essentially by the method of Ziegler 


* Ruzicka, Almeida, and Brack, Helv. Chim. Acta, 1934, 17, 183. 





2128 Connors and Ross: Some Derivatives of 


et al.\4), the mixture was heated under reflux until neutral to litmus (about 5 hr.). Most of the 
ethanol was removed under reduced pressure and then water was added and the solution was 
extracted with ether. The washed extract was dried (CaCl,) and evaporated, giving a low- 
melting solid which was difficult to purify. 18-1 g. of this solid were dissolved in ethanol 
(25 ml.) and shaken in hydrogen over Adams platinum catalyst. The theoretical uptake of 
hydrogen was complete in 2 days. Evaporating the filtered solution yielded a solid. Crystal- 
lisation from ether gave the saturated triester (6-5 g.) as plates, m. p. 98—99° (Found: C, 54-4: 
H, 7-7; N, 3-8. C,;H,,0,N requires C, 54-4; H, 7-6; N, 4:2%). 

a-Aminoadipic Acid.—The saturated triester (4-4 g.) was heated under reflux for 3 hr. with 
concentrated hydrochloric acid (25 ml.) and water (25 ml.), and then the solution was evaporated 
to dryness, giving a brown solid (2-4 g.), m. p. 138—140°. A slight excess of pyridine was 
added to a warm solution of this hydrochloride in water (12 ml.) and ethanol (15 ml.). On 
cooling, crystals were formed and after recrystallisation from aqueous ethanol the «-amino- 
adipic acid (1 g.) had m. p. 199—201° (lit.,45 m. p. 206° for the anhydrous form). 

Ethyl 2-Aminocyclopent-1-enecarboxylate.—Dry ammonia was passed through a mixture of 
ethyl 2-oxocyclopentanecarboxylate (20 g.) and ammonium nitrate (11 g.). At first the fluid 
suspension gradually set to a stiff paste but during the next 2 days the mass liquefied. Shaking 
the whole with ether gave two layers; the upper layer was dried (Na,SO,) and concentrated, 
Addition of pentane caused separation of needles (13-5 g.), m. p. 55—57°, of the unsaturated 
amino-ester (cf. Dieckmann !* and Prelog and Szpilfogel 1’). 

A solution of this ester and a slight excess of benzoyl chloride in pyridine was left for 1 hr., 
after which water was added and the precipitated solid was collected. Ethyl 2-benzamido- 
cyclopent-1-enecarboxylate formed prismatic needles, m. p. 110—111°, from ether—methanol 
(Found: C, 69-6; H, 6-5; N, 5-4. C,;H,,O,N requires C, 69-5; H, 6-6; N, 5-4%). 

Reduction of Ethyl 2-Aminocyclopent-1-enecarboxylate-—The amino-ester (7-75 g.) in glacial 
acetic acid (30 ml.) containing Adams platinum catalyst (200 mg.) absorbed 1 mol. of hydrogen 
during 19 hr. When the filtered solution was evaporated under reduced pressure crystals of 
ammonium acetate were formed in the condenser. The product did not crystallise and so was 
hydrolysed under reflux for 1 hr. with concentrated hydrochloric acid (25 ml.) and water (25 ml.), 
Concentration then gave a gum which yielded some ammonium chloride immediately when 
rubbed with methanol. When the methanol extract was kept for several days a solid, m. p. 
210°, separated. Heating this hydrochloride gave a sublimate of cyclopent-1l-enecarboxylic 
acid, m. p. 120°. The mother-liquors from the hydrochloride were diluted with water and 
passed through the acid form of an Amberlite resin column (grade IR-120). The absorbed 
material was eluted with dilute aqueous ammonia and evaporation of these eluates gave an 
amino-acid which redissolved in ammonia but separated as prisms when the ammonia was 
boiled off or acetic acid was added. The product, which did not give a positive ninhydrin 
reaction or a solid hydrochloride, melted at 227—-235° (decomp.; dependent on the rate of 
heating) and at the m. p. a crystalline sublimate formed and ammonia was evolved. This had 
m. p. 119°, not depressed on admixture with cyclopentenecarboxylic acid. The compound was 
almost certainly di-(2-carboxycyclopentyl)amine (Found: C, 59-9; H, 7-9; N, 6-0. C,.H,O,N 
requires C, 59-7; H, 7-9; N, 58%). 

Isomers of 2-Aminocyclopentanecarboxylic Acid.—Cyclopent-l-enecarboxylic acid was 
prepared essentially by the method of Cook and Linstead #8 except that in agreement with 
McElvain and Starn ?* we find the dehydration of 1-cyano-1-hydroxycyclopentane by thionyl 
chloride in pyridine gives higher yields of 1-cyanocyclopent-l-ene. A solution of the acid 
(20 g.) in aqueous ammonia (250 ml.; d 0-880) was heated in a stirring autoclave at 150° for 2 
days. Basic copper carbonate (10 g.) was then added to the cooled mixture, and the clear 
solution was heated to remove ammonia. At first some copper oxide separated but further 
evaporation of the decanted liquor led to a crystalline copper salt. When the volume had been 
reduced to about 50 ml. the light blue plates were collected. The copper salt was purified by 
redissolving it in an excess of dilute ammonia and then boiling off the ammonia. It was a4 


M Ziegler, Spath, Schaaf, Schumann, and Winkelmann, Amnalen, 1942, 551, 80. 
18 Behal and Tiffeneau, Bull. Soc. chim. France, 1908, 4, 301. 

16 Dieckmann, Annalen, 1901, 317, 27. 

17 Prelog and Szpilfogel, Helv. Chim. Acta, 1945, 28, 1684. 

18 Cook and Linstead, J., 1934, 956. 

1% McElvain and Starn, J. Amer. Chem. Soc., 1955, '77, 4571. 
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dihydrate (Found: C, 40-6; H, 6-7; N, 85; Cu, 17-9. C,.H.0,N,Cu,2H,O requires C, 40-5; 
H, 6-8; N, 7-9; Cu, 17-°9%). On drying at 130°/0-5 mm. the crystals become deep blue with a 
metallic sheen, a monohydrate apparently being formed (Found: C, 42-0; H, 6-7; N, 85; 
Cu, 18-6. CsHO,N,Cu,H,O requires C, 42-6; H, 6-5; N, 8-3; Cu, 18-8%). 

Hydrogen sulphide was passed into a solution of the copper salt in dilute hydrochloric acid, 
and the precipitated copper sulphide was removed. Evaporation of the colourless solution 
gave a crystalline residue of the hydrochloride which was dried by rubbing it with acetone 
(yield, 5-7 g.). The 2-aminocyclopentanecarboxylic acid hydrochloride formed prisms when 
acetone was added to a methanol solution. The m. p., 165—170°, was not well defined since 
decomposition with the formation of cyclopent-l-enecarboxylic acid occurs at the point of 
fusion (Found: C, 42-7; H, 7-3; N, 8-5. C,H,,O,N,HCI requires C, 43-5; H, 7-3; N, 85%. 
The low carbon value was due to the difficulty in removing the last traces of ammonium chloride). 

An aqueous solution of the hydrochloride (1 g.) was digested with silver oxide (from 1 g. 
of silver nitrate) and after removal of the silver chloride the colourless solution was evaporated 
and the residue was crystallised by repeatedly boiling a concentrated aqueous solution to which 
ethanol was added from time to time. This give plates of the amino-acid monohydrate, m. p. 
242—243° (decomp.) (Found: C, 49-4; H, 8-6; N, 9-8. C,H,,O,N,H,O requires C, 49-0; 
H, 89; N, 95%). The amino-acid gave a weak ninhydrin reaction in aqueous solution but 
gave a strong blue colour when the test was carried out on filter paper. Ethyl 2-benzamido- 
cyclopentanecarboxylate formed flattened needles, m. p. 98—99° (Found, after drying at 55°/0-5 
mm.: C, 69-1; H, 7-1; N, 5-4. C,;H,,O,N requires C, 68-9; H, 7:3; N, 5-4%). 

The mother-liquors from the sparingly soluble copper salt were acidified with hydrochloric 
acid, and the unchanged cyclopentenecarboxylic acid was extracted with ether. The aqueous 
layer was saturated with hydrogen sulphide, filtered, and evaporated. After determination 
of the chloride-ion content of the residue by a Volhard titration an exact equivalent of silver 
oxide was added to an aqueous solution. Filtration and concentration gave a solution which 
was adjusted to pH 4 with dilute sulphuric acid and evaporated to dryness. Extraction with 
methanol left some ammonium sulphate undissolved and when the extract was evaporated 
with dilute hydrochloric acid a solid was obtained. This isomeric hydrochloride (1 g.) which 
formed prismatic needles, m. p. 210—212°, from methanol—acetone was identical with that 
prepared in low yield by the two methods described above (Found: C, 43-1; H, 7-2; N, 8-2%). 
The isomeric amino-acid was also characterised as its N-benzoyl ethyl ester, prismatic needles, 
m. p. 91-5—93° [from ether-light petroleum (b. p. 40—60°)] depressed to 72° on admixture with 
the isomer of m. p. 98—99° (Found: C, 68-8; H, 7:2; N, 5-3%). 

1-Aminocyclopropanecarboxylic Acid.—Diethyl cyclopropane-1,l-dicarboxylate (125 ml.; 
b. p. 116—119°/12 mm., prepared essentially by the method of Dox and Yoder **) and aqueous 
ammonia (625 ml.; d 0-880) were stirred in a pressure bottle at room temperature for 2 days. 
The crystals which began to separate after 10 hr. were collected (49-9 g. of material, m. p. 199°; 
Dox and Yoder *° give m. p. 198°). The diamide was converted into hydantoin-5-spirocyclo- 
propane (40-1 g.; m. p. 220—222°) by the method of Ingold ef a/.® who report m. p. 214°. A 
mixture of the hydantoin (10 g.) and barium hydroxide octahydrate (25 g.) in water (300 ml.) 
was heated in a pressure bottle at 155° for 40 min. The amino-acid (4-5 g.), isolated in the 
manner already described, formed needles, m. p. 248—249° (decomp.), when acetone was added 
to a concentrated aqueous solution and the mixture kept at 0° for several hr. (Found: C, 47-5; 
H, 7-2; N, 13-8. Calc. for CgH,O,N: C, 47-5; H, 7-0; N, 13-9%). Burroughs ® gives decomp. 
>200° and Vahatalo and Virtanen 2! give decomp. ~234—236°. It formed a hydrochloride, 
plates, m. p. 220—223° (decomp.), from ethanol—acetone; Ingold et al.* give m. p. 222° (decomp.). 

1-Aminocyclobutanecarboxylic Acid.—Diethyl cyclobutane-1,l-dicarboxylate (84 g.) was 
similarly converted into the diamide (reaction time 5 days; m. p. 280—283°; yield 16-9 g.; 
Ingold et al.® give m. p. 275—277°) and then into the spirohydantoin (m. p. 224°; 13 g.; Ingold 
et al.® give m. p. 225°) which on hydrolysis as described above gave the amino-acid (8-3 g.), 
m. p. 290° (decomp.), prismatic needles from aqueous ethanol (Found: C, 52-1; H, 7-6; N, 12-1. 
C,H,O,N requires C, 52:1; H, 7-9; N, 12-2%). The hydrochloride formed plates, m. p. 260— 
265° (rapid heating), from acetone (Found: Cl~, 23-2. C;H,O,N,HCI requires Cl, 23-4%). The 
amino-acid formed an N-acetyl derivative, m. p. 179°, needles from acetone-light petroleum 
(b. p. 40—60°) (Found: C, 53-7; H, 7-4; N, 8-7. C,H,,0,N requires C, 53-5; H, 7-1; N, 8-9%), 

* Dox and Yoder, J. Amer. Chem. Soc., 1921, 48, 2097. 

*1 Vahatalo and Virtanen, Acta Chem. Scand., 1957, 11, 741. 
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and an N-benzoyl derivative, m. p. 204—205°, needles from ether [Found: C, 66-1; H, 64: 
N, 67%; equiv. (by titration), 220. C,,H,,0,N requires C, 65-7; H, 6-0; N, 64%; equiv. 
219-2). 

1-Aminocyclohexanecarboxylic Acid.—Hydantoin-5-spirocyclohexane, needles, m. p. 22]— 
225° (from ethanol) (Found: C, 57-1; H, 7-4; N, 17-3. Calc. for CgH,,O,N,: C, 57-1; H, 7-2; 
N, 16-7%) (Adkins and Billica ** give m. p. 213—215°; Tiffeneau et a/.* give m. p. 222°), was 
hydrolysed by barium hydroxide at 160°, giving 1-aminocyclohexanecarboxylic acid, plates, 
m. p. 330—340° (from water) (Adkins and Billica ** give m. p. 318—319°, Zelinsky and Stad- 
nikov ** m. p. 334—335°, and Cocker et al.*® m. p. 350°), which formed an N-benzoyl derivative, 
plates, m. p. 198—200°, from aqueous ethanol [Found: C, 68-0; H, 6-5; N, 53%; equiv. 
(by titration), 251. Calc. for C,gH,,O,N: C, 68-0; H, 6-9; N, 5-7%; equiv., 247]. Upham 
and Dermer ** give m. p. 190—191°. 

1-Amino-3-methylcyclohexanecarboxylic Acid.—This amino-acid similarly prepared from 
hydantoin-5-spiro-(3-methylcyclohexane) (Henze and Speer *) formed prisms from water which 
sublimed at 305—310° without melting (Zelinsky and Stadnikov ** give m. p. 330°, and 
Buchever and Brandt ®” give m. p. 260°). The N-benzoyl derivative formed plates, m. p. 220— 
221°, from aqueous ethanol [Found: C, 69-1; H, 7-4; N, 5-2%; equiv. (by titration), 264. 
C,,H,,0,N requires C, 69-0; H, 7-3; N, 54%; equiv., 261). 

1-Amino-1,2,3,4-tetrahydro-1-naphthoic Acid.—The hydantoin from a-tetralone had m. p. 
248° (needles from ethanol; Novelli ** gives m. p. 237-5—239-5° and Rothman and Day ® give 
m. p. 237-2—238-2°); it yielded 1-amino-1,2,3,4-tetrahydro-l-naphthoic acid, m. p. 258—260°, 
prisms from water, which effloresce (Found: C, 68-9; H, 7:2; N, 7:3. C,,H,,;0,.N requires 
C, 69-1; H, 6-9; N, 7:°3%) [N-benzoyl derivative, m. p. 174—178° (from ethanol) (Found: 
C, 73-5; H, 6-0; N, 51%; equiv. (by titration), 292. C,,H,,O,N requires C, 73-1; H, 5-8; 
N, 48%; equiv., 295). 

2-Amino-1,2,3,4-tetrahydro-2-naphthoic Acid.—The hydantoin from £-tetralone had m. p. 
268—269° (prisms from aqueous ethanol; Novelli *® gives m. p. 250—260°; Jules et al.*' give 
m. p. 267—268°); it yielded 2-amino-1,2,3,4-tetrahydro-2-naphthoic acid, m. p. 297-—-303°, 
prisms from water (Found: C, 69-4; H, 7-2; N, 7-1. (C,,H,s0,N requires C, 69-1; H, 649; 
N, 7:3%), which forms a benzoyl derivative, prisms, m. p. 213—215°, from ethanol [Found: 
C, 72-7; H, 6-0; N, 46%; equiv. (by titration), 297. C,,H,,O,N requires C, 73-1; H, 58; 
N, 48%; equiv., 295]. 

1-Aminocycloheptanecarboxylic Acid.—This amino-acid, prepared in the usual manner from 
the spirohydantoin, formed plates, m. p. 320° (decomp.), from water (Zelinsky and Stadnikov ™ 
give m. p. 306—309°). The N-benzoyl derivative formed prismatic needles, m. p. 202—203°, 
from ether (Found: C, 69-0; H, 7-3; N, 6-4. C,;H,gO,N requires C, 68-9; H, 7-3; N, 5-4%). 

1-Aminocyclo-octane-1-carboxylic Acid.—The appropriate hydantoin,** m. p. 246°, similarly 
afforded 1-aminocyclo-octane-1-carboxylic acid, m. p. 321° (decomp.), plates from aqueous 
acetone (Found: C, 63-2; H, 9-8; N, 8-5. C,H,,O,N requires C, 63-1; H, 10-0; N, 82%) 
[N-benzoyl derivative, m. p. 226°, needles from aqueous acetone (Found: C, 69-7; H, 7:8; 
N, 5:2. C,ygH,,O,N requires C, 69-8; H, 7-7; N, 5-1%)]. 

a-Methylnorvaline.—5-Methyl-5-propylhydantoin, m. p. 123—124° (Henze and Speer? 
give 123—124-5°), on hydrolysis with barium hydroxide affords a-methylnorvaline, sublimes 
above 312° (Kurono * gives m. p. 295°), which yields a benzoyl derivative, prisms, m. p. 160— 
161°, from ether-light petroleum (b. p. 40—60°) (Found: C, 66-0; H, 7-2; N, 6-7. C,3H,,0,N 
requires C, 66-4; H, 7:3; N, 6-0%). 

1-Amino-2-methylcyclohexanecarboxylic Acid.—Hydantoin-5-spiro-(2-methylcyclohexane) 
(10 g.; m. p. 223—225°; Henze and Speer * give m. p. 215—216°, Tiffeneau et a/.*5 give m. p. 
228°) in water (35 ml.) containing concentrated sulphuric acid (15 ml.) was heated at 160—180° 

#2 Adkins and Billica, J. Amer. Chem. Soc., 1948, 70, 3121. 

%3 Tiffeneau, Tchoubar, Saiaslambert, and Dupré, Bull. Soc. chim. France, 1947, 445. 

*4 Zelinsky and Stadnikov, Ber., 1906, 39, 1722. 

25 Cocker, Lapworth, and Peters, J., 1931, 1382. 

26 Upham and Dermer, J. Org. Chem., 1957, 22, 799. 

27 Bucherer and Brandt, J. prakt. Chem., 1934, 140, 129. 

28 Novelli, Anales Asoc. quim. Argentina, 1941, 29, 83. 
Rothman and Day, J. Amer. Chem. Soc., 1954, 76, 111. 
Novelli, Anales Farm. Bioquim. Buenos Aires, 1954, [2], 21, 81. 


Jules, Faust, and Sahyun, U.S.P. 2,716,648. 
Kurono, Biochem. Z., 1922, 184, 424. 


eon 


s2&s8 















H, 6-0; 
equiv,, 


. 221— 
H, 7-2; 
2°), was 
plates, 
d Stad- 
ivative, 

equiv, 
Upham 


d from 
t which 
0°, and 
». 220— 
n), 264. 


1 m. p. 
y %9 give 
3— 260°, 
requires 
(Found: 
H, 5:8; 


1 m. p. 
1.31 give 
1—-303°, 
H, 69; 
(Found: 
H, 5:8; 


1er from 
inikov * 
2—203°, 
, 54%). 
similarly 
aqueous 
I, 82%) 
H, 7:8; 


Speer * 
sublimes 
p. 160— 


3H,,0,N 


yhexane) 
ive m. p. 
50—180° 








(1960) 1-A minocyclopentanecarboxylic Acid and Related Compounds. 2131 


for 4 hr. Barium hydroxide octahydrate (85 g.) was added to the cooled solution; the 
precipitate was centrifuged off, then an excess of ammonium carbonate was added to the 
supernatant liquid and the warm solution was filtered and concentrated. The amino-acid was 
obtained as needles, m. p. 330° (Skita and Levi “ give m. p. 300° for material produced by acid- 
hydrolysis of the corresponding amino-nitrile). The N-benzoyl derivative formed prisms, m. p. 
196°, from aqueous ethanol [Found: C, 69-0; H, 7-3%; equiv. (by titration), 266. C,;H,sO,N 
requires C, 68-9; H, 7-3; equiv., 261). 

5-Cyclopropyl-5-methylhydantoin.*—Cyclopropyl methyl ketone (30 g.), sodium cyanide 
(42 g.), and ammonium carbonate (165 g.) in water (200 ml.) and ethanol (200 ml.) were heated 
at 58—60° for 5hr. Next day the solution was evaporated to low bulk and then acidified with 
concentrated hydrochloric acid, a heavy white precipitate being formed. This was collected 
and more product was obtained by evaporating the liquors to dryness and exhaustively extract- 
ing the residue with ether. The combined yield of hydantoin was 32g. It formed small prisms, 
m. p. 94—96°, of a hydrate on crystallisation from water. On drying at 100° the m. p. rose to 
148—151°; material with this m. p. was obtained directly when the product was crystallised 
from ether (Found: C, 54-6; H, 6-5; N, 18-7. C,H, O,N, requires C, 54-5; H, 6-5; N, 18-2%). 

a-Cyclopropylalanine.—The preceding hydantoin (13-8 g.), barium hydroxide octahydrate 
(27 g.), and water (200 ml.) were heated at 160° for 1 hr. Amonium carbonate (13-8 g.) was 
added to the cooled solution which was filtered and then evaporated to low bulk. Needles, 
m. p. 290—292°, of the amino-acid separated (Zelinsky and Dengin * give m. p. 273—275° 
and report that the compound sublimes at about 110°; however, we find that the material 
loses solvent and becomes opaque at 120—130° but does not sublime though charring occurs 
above 200°). The amino-acid formed a hydrochloride, prisms, m. p. 264—266°, from water 
(Zelinsky and Dengin ** give m. p. 256°). As it proved impossible to obtain satisfactory 
analyses for the amino-acid or its hydrochloride, possibly owing to the difficulty of removing 
solvent of crystallisation, the compound was characterised as the more readily purified hydro- 
bromide and N-benzoyl derivative. The hydrobromide formed prisms, m. p. 254—257°, from 
water [Found: C, 34:8; H, 6-1; N, 6-7; Br, 37:6%; M (by titration of Br), 209. 
C,H,,O,N,HBr requires C, 34:3; N, 5-8; N, 6-7; Br, 38:1%; M, 210). N-Benzoyl-a-cyclo- 
propylalanine * formed plates, m. p. 195—196°, from water [Found: C, 66-5; H, 6-7; N, 61%; 
equiv. (by titration), 238. C,,;H,,;0O,N requires C, 66-9; H, 6-5; N, 6-0%; equiv., 233]. 

N-Phthaloylglycyl-a-cyclopropylalanine Ethyl Ester.—a-Cyclopropylalanine (10 g.) in 
ethanol (30 ml.) was saturated with dry hydrogen chloride and then heated under reflux for 2 hr. 
Next day evaporation gave the ester hydrochloride (13-3 g.) which was used directly without 
purification. It was treated in tetrahydrofuran (70 ml.) with triethylamine (9-6 ml.) and then 
vigorous stirring was continued for 2—3 hr. Phthaloylglycine (7-93 g.) was next added to the 
filtered solution, followed by dicyclohexylcarbodi-imide (8-1 g.) in tetrahydrofuran (10 ml.). 
The initially clear solution deposited cyclohexylurea (7-9 g., 96%) during stirring for 16 hr. 
An ethyl acetate solution of the residue obtained after removal of the tetrahydrofuran was 
washed successively with dilute hydrochloric acid, water, aqueous sodium hydrogen carbonate, 
and water. Gradual addition of light petroleum (b. p. 40—60°) to the dried (Na,SO,) solution 
gave the peptide derivative (9-3 g.), m. p. 145—146°, recrystallising from ethyl acetate—pentane 
as needles, m. p. 146° (Found: C, 62-5; H, 5-6; N, 7-9. C,gH. O;N, requires C, 62-8; H, 5-9; 
N, 8-1%). 

Glycyl-a-cyclopropylalanine.—Phthaloylglycylcyclopropylalanine ethyl ester (9-51 g., 0-3 
mole), and 80% w/w hydrazine hydrate (1-75 ml., 0-3 mole) in ethanol (200 ml.) were heated 
under reflux for 2 hr, After removal of the ethanol, 2N-hydrochloric acid (150 ml.) was added 
and the solution was heated on a steam-bath for 5 min. The cooled solution was filtered and 
evaporated to dryness. Chromatography revealed a mixture of peptide and ester and so the 
whole was dissolved in a solution of barium hydroxide octahydrate (10 g.) in water (30 ml.) 
and set aside. Next day an excess of ammonium carbonate was added and the filtered solution 
was evaporated to low bulk. Addition of ethanol and then ether precipitated the peptide 
(2g.),m. p. 249—250°. Recrystallisation from aqueous ethanol gave needles, m. p. 251—252° 
(Found, for a specimen dried at 120°/1 mm.: C, 51-8; H, 7-4; N, 15-2. C,H,,O,N, requires 
C, 51-6; H, 7-6; N, 15-0%). The ethyl ester hydrochloride formed prisms, m. p. 152—153°, from 
aqueous ethanol (Found: C, 48-3; H, 7-6. C,9H,,0,N,,HCl requires C, 47-9; H, 7-6%). 

* These compounds are referred to in B.P. 752,692 but adequate analytical data are not given. 
* Zelinsky and Dengin, Ber., 1922, 55, 3354. 
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a8-Diphenylalanine.—5-Benzyl-5-phenylhydantoin (18 g.; m. p. 215°; Slotta et al.™ give 
m. p. 210°) and barium hydroxide octahydrate (34-4 g.) in water (600 ml.) were heated at 
160—180° for 10 hr. The amino-acid (12-0 g.) isolated in the usual manner formed needles 
m. p. 274—275°, from water (Found: C, 74:9; H, 6-3; N, 5-8. C,,H,,O,N requires C, 714-7. 
H, 6-3; N, 5-8%). N-Benzoyl-a8-diphenylalanine formed prisms, m. p. 84°, from aqueous 
ethanol (Found: C, 76-5; H, 6-1; N, 3-9. C,,H,O,N requires C, 76-5; H, 5-6; N, 4-0%), 
and the N-carbamoyl derivative was obtained as prisms, m. p. 190—191°, from aqueous ethanol} 
(Found: C, 67:3; H, 5-9; N, 9-7. C,,H,,O,N, requires C, 67-6; H, 5-7; N, 9-9%). 
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429. <A Reduction of Diaryl Ketones. 
By T. MOLE. 






Formaldehyde in methanolic sodium hydroxide solution reduces diary] 
ketones to the secondary alcohols. This reduction is also accomplished 
by using salicylaldehyde in alkaline ethylene glycol. 







Tue Cannizzaro disproportionation of aldehydes in alkaline solution is thought to occur 
by way of a hydride-anion transfer from one aldehyde molecule to another.! Transfer of 
hydride ions from aldehydes to ketones should be similarly possible. The process should 
occur less easily than the Cannizzaro disproportionation, because replacement of the 
aldehydic hydrogen atom by a second alkyl or aryl group must make the carbonyl group 
less susceptible to nucleophilic attack and thus a poorer hydride-ion acceptor. It is known 
that enolisable ketones are reduced by formaldehyde, but only after the acidic hydrogen 
atoms are replaced by hydroxymethyl] groups.?°> 

This paper describes the reduction of several diaryl ketones by formaldehyde in reflux- 
ing, strongly alkaline methanol. Reaction was slow at room temperature. A many-fold 
excess of formaldehyde was slowly added to the other reagents during several hours. The 
reduction of diaryl ketones by alkaline ethanol is a well-documented reaction.® Alkaline 
methanol is likewise a source of hydride ions. It was, however, established that reduction 
of diaryl ketones by methanolic sodium hydroxide is much slower than reduction by 
formaldehyde. 

Salicylaldehyde was also used as the reducing agent with ethylene glycol as solvent 
at 150—190°. With a large excess of the reducing agent good yields of diarylmethanols 
were obtained after only a few minutes’ reaction. Salicylaldehyde alone does not undergo 
a Cannizzaro reaction,’ although it gives hydrogen and salicylic acid on fusion with alkali® 
or when heated with a concentrated solution of alkali in glycol. Such a solution acts asa 
source of hydride ions at high temperature,® just as does methanolic alkali, but it seems 




























1 Ingold, “‘ Structure and Mechanism in Organic Chemistry,”’ Cornell Univ. Press, N.Y., 1953, p. 
154; Hammett, ‘“‘ Physical Organic Chemistry,’’ McGraw-Hill, N.Y., 1940, p. 350. 
Apel and Tollens, Ber., 1894, 27, 1087. 
Mannich and Brose, Ber., 1923, 56, 833. 
Roach, Witticoff, and Miller, J]. Amer. Chem. Soc., 1947, 69, 265. 
Witticoff, Org. Synth., 1951, $1, 101. 
Montagne, Rec. Trav. chim., 1908, 27, 327. 
Cannizzaro and Bertagini, Annalen, 1856, 98, 192. 
Piria, Annalen, 1839, 30, 165; Lock, Ber., 1928, 61, 2234. 
Barnes and Palmer, Australian J. Chem., 1957, 10, 334. 
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unlikely that the reducing action of the glycol competes effectively with reduction by 
salicylaldehyde. ‘ 

Benzophenone, 1l-naphthyl phenyl ketone, and 4-phenylbenzophenone were success- 
fully reduced by both formaldehyde and salicylaldehyde. 4-Chlorobenzophenone was 
reduced by both procedures; reduction by salicylaldehyde in glycol gave a much lower 
yield, probably owing to partial hydrolysis of the chloro-group. 2-Phenylbenzophenone 
and 2-benzoylbenzoic acid were reduced by salicylaldehyde but not by formaldehyde; this 
suggests that the salicylaldehyde reduction is the more vigorous. Fluorenone was smoothly 
reduced by salicylaldehyde, but 9-hydroxymethylfluoren-9-ol was the only product isolated 
from the reaction of fluorenone with formaldehyde in alcoholic alkali. Reduction to 
fluorenol must have occurred initially, followed by condensation with formaldehyde. No 
attempts were made to reduce amino- and nitro-substituted benzophenones, since the 
reagents would be expected to react with the substituent groups. 


EXPERIMENTAL 


Structures of all products were checked by infrared spectroscopy. Microanalyses were 
carried out in the C.S.I.R.O. and University of Melbourne Microanalytical Laboratory. 

Reduction by Formaldehyde.—(a) Of benzophenone. Benzophenone (18-5 g.), sodium hydr- 
oxide (22 g.), and methanol (150 ml.) were refluxed on a steam-bath. Formalin (15 ml.) in 
methanol (20 ml.) was added dropwise during 3 hr. The mixture, which turned brown towards 
the end of the addition, was cooled, poured into water, and extracted with ether. An ethereal 
extract of the diluted reaction product yielded diphenylmethanol (80% yield), m. p. and mixed 
m. p. 66—67°. . 

(b) Of other ketones. Other ketones were reduced similarly. The methanols were purified 
by recrystallisation from benzene-light petroleum and by chromatography on alumina. 
1-Naphthylphenyl- and 4-biphenylylphenyl-methanol were obtained in approx. 80% yields, 
and p-chlorcdiphenylmethanol was obtained in 72% yield. 

(c) Control experiment. Sodium hydroxide (14 g.), benzophenone (7 g.), and methanol 
(70 ml.) were refluxed for 2 hr. The infrared spectrum of the extracted product indicated a 
yield of only 20% of diphenylmethanol. 

Reaction of Fluorenone with Formaldehyde.—Formalin (10 ml.) was added slowly (54 hr.) to 
a refluxing solution of sodium hydroxide (20 g.), fluorenone (2-0 g.), and ethanol (50 ml.) in 
methanol (100 ml.). The solution was then poured into water and extracted with ether. The 
extract was dried (Na,SO,), and the ether was distilled to leave a yellow oil, which was 
chromatographed on alumina from a series of solvents. Elution with light petroleum (b. p. 
40—60°) yielded unchanged fluorenone; ether eluted unidentified oils; finally, methanol eluted 
a viscous oil which gave 9-hydroxymethylfluoren-9-ol (0-25 g.) as white needles, m. p. 105—108° 
(Found: C, 79-1; H, 5-8. C,,H,,O, requires C, 79-2; H, 5-7%) after three recrystallisations 
from benzene. The infrared spectrum showed the presence of hydroxyl groups (3100— 
3300 cm. in Nujol; 3610 cm. in chloroform); there was no absorption due to carbonyl 
groups. Oxidation of an alcoholic solution of the compound with potassium periodate in 
n-sulphuric acid gave a good yield of fluorenone, m. p. 83—84°. 

Reduction by Salicylaldehyde.—(a) Of benzophenone. Benzophenone (3:8 g.), salicylaldehyde 
(42 g.), sodium hydroxide (3-5 g.), and ethylene glycol (4 ml.) were heated to 150° for 15 min. 
in a test-tube. Some evolution of hydrogen occurred. A homogeneous, light brown liquid 
resulted. This was cooled, diluted with methanol, poured into water, and extracted with ether. 
The extract yielded diphenylmethanol (73% yield). 

(b) Of other ketones. The method was similar to that of the previous experiment. Chrom- 
atography on alumina of the reaction products yielded 1-naphthylphenylmethanol (85% yield), 
2-biphenylylphenylmethanol (40%), and 4-chlorodiphenylmethanol (22%) from the corre- 
sponding ketones. Fluoren-9-ol (80% yield) was obtained by recrystallisation from ethanol- 
light petroleum of the product obtained from fluorenone. 

(c) Of 2-benzoylbenzoic acid. A mixture of this acid (1-1 g.), salicylaldehyde (4 g.), sodium 
hydroxide (5 g.), and ethylene glycol (5 ml.) was heated to 180° for 6 min., then cooled, diluted 
with methanol, poured into water, and acidified with hydrochloric acid. The products were 
warmed (to aid lactone formation), then cooled and extracted with ether. The extract was 









2134 Grover and Seshadri: 
washed with sodium hydrogen carbonate solution and water. Removal of the ether left an ojj 
which was crystallised from aqueous methanol and then ethanol to give white plates (0-6 g.; 
yield 59%), m. p. 115—117° (Found: C, 80-0; H, 4-9. Calc. for C,gH,99,: C, 80-0; H, 4-8%), 
The infrared spectrum showed a peak at 1745 cm. but no hydroxy] absorption above 3000 cm,"1, 
The compound must be 3-phenylphthalide (lit.,°m. p. 117°). 

(d) Control experiment. Benzophenone (3 g.), sodium hydroxide (4 g.), and ethylene glycol 
(3 ml.) were refluxed for 40 min. Benzophenone was recovered, containing little diphenyl- 
methanol. 






















Thanks are due to Dr. H. H. Hatt, who gave several of the compounds used in this 
investigation. 
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430. Bromo-derivatives of Pulvinic Acid. 
By P. K. Grover and T. R. SESHADRI. 





Bromination of pulvinic acid (the ¢vans-trans-form) gives the 4’-bromo- 
derivative. The isomeric 4-bromo-compound has also been synthesised. 
These two derivatives give, on dehydration, the same dilactone which with 
methanolic potassium hydroxide affords methyl esters of trans-trvans- and 
cis-trans-4-bromo-pulvinic acid. The constitution of the bromo-acids has 
been established by two methods. The stereochemistry is deduced from 
the relative solubilities and ultraviolet absorption spectra of the isomers. 














PINASTRIC acid (methyl ester of I; R = OMe) has two.special features: 1 (1) The position 
of the methoxyl group in the natural product is also that in the product formed on methan- 
olysis of -methoxypulvinic dilactone (cf. III). (2) Pinastric acid is the cis-trans-form,* 
and isopinastric acid, obtained by synthesis, is the trans-trans-form. We now report 
a study of the analogous monobromo-compounds. 


2 aw 0,Cc OH 
\ ON D> ys l BZOH + 
R c=c-e+c —> Ph-C=C-—C=C i. — 
I l l p-C,H4Br-COH 
' o——co an o——co oe 
7 You i 
N N Le & 
Sc:Ph <— CI S-c=¢-C=C-C,H,8r Ph—-C=C tac Vw 

N nN’ | o—co o——co 
H (Vv) H Ph (IV) (III) 


Bromination of pulvinic acid was reported by Volhard ? though the constitution of the 
product was not established. Activation as indicated in formula (I) suggests that the 
bromine atom would enter the 4’-position and this has been proved by the following 
reactions of the product (II). (a) With neutral potassium permanganate it yielded benzoic 
acid and p-bromobenzoic acid, locating the bromine atom in a para-position. (b) Condens- 
ation with o-phenylenediamine and alkali-fission of the product (IV) yielded 2-benzyl- 
benzimidazole (V). 

Dehydration of 4’-bromopulvinic acid (II) by acetic anhydride yielded p-bromopulvinic 
dilactone (III). This is formed by Asano and Kameda’s method ° involving condensation 


* cis- and trans- refer to the Ar-C:C-C:CAr groupings. 

1 Grover and Seshadri, Tetrahedvon, 1938, 4, 105, and unpublished work. 
2 Volhard, Annalen, 1894, 282, 1. 

3 Asano and Kameda, Ber., 1934, 67, 1522. 
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of 4-bromobenzyl cyanide successively with ethyl oxalate and benzyl cyanide, hydrolysis 
of the dinitrile (VI), and dehydration. The dilactone (III) with aqueous sodium hydroxide 


nN oil 






7m” \ formed a single monobromopulvinic acid, obtained also by hydrolysis of the dinitrile 
O}* 
~ CO;H OH 
lycol Yb COCO: et» > oes c-C= ~~) = ill) 
enyl- 
(VI) (VII) /_ 
this 
ea S-CHy-C,H,8r < ee an & “ch 
H = (IX) EF ° vay 

19.) 

(VI) but different from 4’-bromopulvinic acid (II). That this is the 4-bromo-acid (VII) 

was confirmed as for its isomer: the o-phenylenediamine reaction yielded a product (VIII) 

which on alkali fission gave 2-4’-bromobenzylbenzimidazole (IX). 

The fact that 4- and 4’-bromopulvinic acid give different benzimidazoles supports the 
conclusion reached for the methoxy-compounds,‘ that the reaction with o-phenylenedi- 
amine involves only the ester or carboxyl group and is free from complications. 

The fission of the bromo-dilactone with aqueous sodium hydroxide, leading to 4-bromo- 
pulvinic acid (VII), seems to be controlled by electromeric effect of the bromine atom 
similar to that produced by the methoxy-group,‘ and the result is thus explicable. The 
same lactone ring opens under the action of alcoholic potassium hydroxide, and indeed of 
o-phenylenediamine as reported earlier ! for the p-methoxy-compound. 

HO, 7Ph RO, 7Ph H---O-H 
c=C c=c. \ Ph 
sition MeO et Al co magpie il co oO= a cae” 
ae, fe) MeO,C ° =C. CO 
vipat C.HBr~ OO 
rm,* (X) (XI) stil (X11) 
= The constitutions of 4- and 4’-bromopulvinic acids are supported by periodate oxid- 


ation! of their methyl esters. Methyl 4’-bromopulvinate (the trans-trans-form; see below) 
gave p-bromobenzoic acid and methyl phenylacetate; methyl 4-bromopulvinate (/rans- 
trans) gave benzoic acid and methyl #-bromopheny] acetate. 

The 4-bromo-compounds showed the same type of stereoisomerism as did the p-meth- 
oxy-compounds (pinastric acids). The synthetic dinitrile gave on hydrolysis a trans-trans- 
acid (VII) which was obtained also as the sole product of hydrolysis of the bromo-dilactone 
Vn by aqueous alkali. However, when the dilactone was treated with methanolic potassium 
: hydroxide the product could be separated into two fractions, respectively soluble and 
insoluble in sodium hydrogen carbonate. The former contained esters with a free enolic 
hydroxyl group, whereas the latter contained the ether-esters. Each of these was 


»f the separated into two fractions by crystallisation from methanol or benzene, less soluble, 
t the higher-melting cis-trans-fractions and more soluble, lower-melting ¢rans-trans-fractions. 
ywing Thus were obtained the four compounds (X; R = H or Me) and (XI; R= H or Me). 
NZOiC The trans-trans-acid (VII) obtained by the hydrolysis of the dinitrile (VI) afforded the ester 
dens- (X; R = H) and the ether ester (X; R = Me). 
nzyl- The structures thus assigned are confirmed by the ultraviolet absorption spectra. As 
with the pinastric acids! the maxima for the trans-trans-compounds are at longer wave- 
lvinic lengths than for the cis- trans-compounds (303 my, compared with 290 my; see Figure) 
sation {in the present series also the dilactone is taken as the standard trans-trans-compound). 


The fact that with aqueous alkali p-bromopulvinic dilactone gives only the trans-trans- 
acid (VII) whereas with alcoholic alkali it gives trans-trans- and cis-trans-esters and ether 


* Mittal and Seshadri, J., 1955, 3053. 
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esters may be of significance for the mechanism of the geometrical inversion. The acid 
(VII) gives a green colour with ferric chloride, indicating chelation (cf. XII) which may 
prevent isomeric change, whereas the ester does not give a ferric colour and so undergoes 
no chelation and is free for conversion into the cis-trans-form, in agreement with the experi- 
mental results. Further, when the ¢rans-trans- and cis-trans-esters were hydrolysed 
with aqueous alkali, each gave its corresponding acid and no isomer was found. 


#5 


Ultraviolet spectra (B) of p-bromopulvinic dilactones, 
of methyl 4-bromopulvinate, (A) trans-trans and 
(D) cis-trans, and of (C) methyl trans-trans-4’- 
bromopulvinate, all in methanol. 








230 260 290 320 340 
Wavelength (mp) 


EXPERIMENTAL 


trans-trans-4’-Bromopulvinic Acid (I1).—Bromine (1 c.c.) was added with stirring to 
pulvinic acid (5 g.) in chloroform (100 c.c.). The solution was left at room temperature for 
24 hr., then evaporated under reduced pressure. The product crystallised from acetic acid as 
yellow leaflets, m. p. 207—208° (3-8 g.) (Found: C, 53-1, 53-2; H, 2-8, 2-6; Br, 206. 
C,,H,,0;Br,H,O requires C, 53-3; H, 3-2; Br, 19-8%). 

Oxidation of the Acid (II1).—A solution of 4’-bromopulvinic acid (0-6 g.), potassium per- 
manganate (1-2 g.), and anhydrous sodium carbonate (0-6 g.) in water (60 c.c.) was heated under 
reflux for 2 hr., then cooled and acidified with dilute sulphuric acid. Sulphur dioxide was 
passed in until the solution was colourless. -Bromobenzoic acid which separated was 
filtered off and, crystallised from hot water, had m. p. and mixed m. p. 250—251°. The filtrate 
was extracted with ether, and the extract, on concentration, yielded benzoic acid, m. p. and 
mixed m. p. 120—121°. 

Condensation of the Acid (Il) with o-Phenylenediamine.—4’-Bromopulvinic acid (1 g)), 
o-phenylenediamine (0-50 g.), and NN-dimethylaniline (25 c.c.) were heated at 200° for 4 hr., 
cooled, and poured into very dilute hydrochloric acid. The precipitate was filtered off, washed 
with dilute hydrochloric acid and then water. The product, 2-«-(4-p-bromophenyl-2,5-dihydro- 
3-hydroxy-5-ox0-2-furylidene)benzylbenzimidazole, after drying, crystallised from ethyl acetate- 
light petroleum (b. p. 40—60°) as dark orange rhombohedral plates, m. p. 332—334° (decomp.) 
(0-39 g.) (Found: C, 61-8; H, 3-2. C,,H,,O,N,Br requires C, 62-7; H, 3-2%). 

This product (0-3 g.) was heated under reflux with 15% absolute-alcoholic potassium 
hydroxide (10 c.c.) for 5 hr. The insoluble potassium salts were filtered off and most of the 
alcohol was removed under reduced pressure. Ice-cold water (30 c.c.) was added to the 
residue, and the colourless solid that separated was filtered off, dried, and crystallised from 
ethyl acetate-light petroleum (b. p. 40—60°), giving 2-benzylbenzimidazole as plates, m. p. and 
mixed m. p. 185—187°. 

p-Bromopulvinic Dilactone (I11).—4’- or 4-Bromopulvinic acid (100 mg.) was heated under 












1960] Bromo-derivatives of Pulvinic Acid. 2137 






ne acid reflux with acetic anhydride (5 c.c.) at 140° for } hr. and the clear yellow solution cooled in ice. 

h ma The yellow solid that separated was filtered off, washed with a small quantity of ether, and 

jen y lised from benzene, yielding lemon-yellow prisms of the dilactone, m. p. 210—212° 
Goes (85 mg.) (Found: C, 59-1; H, 2-8. C,,H,O,Br requires C, 58-6; H, 2-4%). 

exper trans-trans-4-Bromopulvinic Acid (VII).—(i) Ethyl a-p-bromophenyl-a-cyanopyruvate. Toa 

rolysed cooled solution from sodium (1-3 g.) in absolute ethyl alcohol (15 c.c.), ethyl oxalate (20 c.c.) and 


finely powdered 4-bromobenzyl cyanide (12 g.) were added with stirring. The mixture was 
heated under reflux for 14 hr., diluted with water, and acidified with acetic acid; the colourless 
estey was precipitated. It crystallised from carbon disulphide as needles (18-0 g.), m. p. 146— 
147° (Found: C, 48-6; H, 3-4. C,,.H,,O,NBr requires C, 48-7; H, 3-4%). 

(ii) «-p-Bromophenyl-B8’-dioxo-a'-phenyladipodinitrile (V1). Sodium (0-9 g.) was dissolved 
in absolute ethyl alcohol (15 c.c.), and the preceding ester (8 g.) was added. The 
stirred solution was treated with freshly distilled benzyl cyanide (4-8 c.c.) and heated under 
reflux for 2 hr. The red solution so formed was acidified with acetic acid and the dinitrile that 
separated was filtered off. It crystallised from acetic acid as orange leaflets (2-9 g.), m. p. 272— 
273° (decomp. from 257°) (Found: C, 56-2, 56-1; H, 2-7, 2-9; Br, 22-6. C,,H,,O,N,Br,H,O 
requires C, 56-1; H, 2-8; Br, 21-6%). 

" (iii) trans-trans-4-Bromopulvinic acid (VII). The dinitrile (1 g.), acetic acid (16 c.c.), 





“ concentrated sulphuric acid (8 c.c.), and water (10 c,c.) were mixed and heated under reflux 
for 2 hr. A yellow oil separated. The mixture was cooled, diluted with water, and stirred 
until the oil solidified. After filtration, the solid was treated with aqueous sodium hydrogen 
carbonate in which almost all of it dissolved. The mixture was filtered and the filtrate 
acidified with hydrochloric acid. The precipitate of 4-bromopulvinic acid was collected, dried, 
and crystallised from acetic acid, yielding light orange needles, m. p. 212—213° (0-30 g.) (Found: 
C, 53-2; H, 2-8. C,sH,,O;Br,H,O requires C, 53-3; H, 3-2%). The m. p. was depressed on 
admixture with the 4’-bromo-isomer. 

The same product was obtained when methyl 4-bromopulvinate or p-bromopulvinic dilactone 
was hydrolysed with 2% aqueous barium hydroxide or 2% aqueous sodium hydroxide re- 
spectively. 

4-Bromopulvinic acid with potassium permanganate under the conditions mentioned above 
yielded benzoic and p-bromobenzoic acid. 

Condensation of the Acid (VII) with o-Phenylenediamine.—4-Bromopulvinic acid (1 g.), 
ring to o-phenylenediamine (0-5 g.), and dimethylaniline (25c.c.) were heated at 200° for 4 hr. and worked 
ture for up as given above. The product, 2-[4-bromo-a-(2,5-dihydro-3-hydroxy-5-ox0-4-phenyl-2-furyl- 
acid as idene)benzyl|benzimidazole (VIII), crystallised from ethyl acetate-light petroleum (b. p. 40— 
r, 206. 60°) as deep orange rhombohedral prisms, m. p. 346—348° (decomp.) (0-35 g.) (Found: C, 61-9; 

: H,3-1. C,,H,,O,;N,Br requires C, 62-7; H, 3-2%). The mixed m. p. with the isomer (IV) was 

im per ff 332°. 

d under This product (0-3 g.) was heated under reflux with alkali as for the isomer. The product 

ide was crystallised from ethyl acetate-light petroleum (b. p. 40—60°) as needles, m. p. 212—213° 

ed was alone or mixed with 2-4’-bromobenzylbenzimidazole. 

filtrate — 2-4’-Bromobenzylbenzimidazole (IX).—o-Phenylenediamine and -bromophenylacetic acid 

.p.and & (1 mol. each), heated at 180° for 2 hr., gave the benzimidazole, needles, m. p. 212—213° (from 
dilute alcohol) (Found: C, 58-1; H, 4-1. C,,H,,N,Br requires C, 58-5; H, 3-8%). 

(1 g), Condensation of p-Bromopulvinic Dilactone (III) with o-Phenylenediamine.—The dilactone 
or 4 hr, (1 g.), diamine (0-48 g.), and dimethylaniline (25 c.c.) were heated under reflux for 4 hr. and 
washed worked up as above, giving the product (0-4 g.), m. p. and mixed m. p. 346—348° (decomp.), 
dihydro- obtained similarly from 4-bromopulvinic acid, and yielding 2-4’-bromobenzylbenzimidazole 
acetate- with alkali. 
ecomp.) Action of Methanolic Alkali on the Dilactone (I111).—p-Bromopulvinic dilactone (1 g.) was 

dissolved in 2% absolute-methanolic potassium hydroxide (200 c.c.) and set aside for } hr. at 
tassium room temperature, then diluted with water (200 c.c.) and acidified with hydrochloric acid. The 

t ofthe fp yellow solid that separated was treated with aqueous sodium hydrogen carbonate (giving 

to the solution B) and again filtered off. The residue was fractionally crystallised from benzene. The 
ed from — first fraction, when recrystallised from benzene-light petroleum, separated as tiny broad prisms 

1. p. and (methyl cis-trans-4-bromopulvinate methyl ether (XI; R = Me)], m. p. 154—156° (Found: C, 


57-3; H, 3-6. C,,H,,0,Br requires C, 57-8; H, 36%) (the same product was obtained when 
d under methyl cis-trans-4-bromopulvinate was treated with an excess of methyl iodide). The second 
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fraction was colourless needles of methyl trans-trans-4-bromopulvinate methyl ether (X; R= 
Me), m. p. 110—112° (Found: C, 57-5; H, 3-5%), and was also obtained when methy] trays. 
tvans-4-bromopulvinate or tvans-trans-4-bromopulvinic acid was methylated with an excess of 
methyl iodide. 

The solution B was acidified and the precipitate filtered off and fractionally crystalliseg 
from benzene. The first fraction crystallised as yellow rhombohedral prisms of methyl cis-trans. 
4-bromopulvinate (XI; R=H), m. p. 180—182° (Found: C, 56-6; H, 3-2. C19H,,0,Br 
requires C, 56-8; H, 3-2%), and the second as yellow plates of trans-trans-ester (X; R = H), 
m. p. 126—128° (Found: C, 56-7; H, 3-1%). 

The ester (XI; R = H) with 2% aqueous barium hydroxide yielded the trans-cis-acid, m. p, 
226—228°. The mixed m. p. with trans-tvans-4-bromopulvinic acid was depressed. 

Each of the esters (X and XI; R =H) with o-phenylenediamine under the conditions 
mentioned above yielded the benzimidazole derivative (VIII), m. p. 346—348°, and thence 
2-4’-bromobenzylbenzimidazole (IX), m. p. and mixed m. p. 213—214°. 

Oxidation with Sodium Periodate-—The ester (X; R = H) (0-4 g.) in alcohol (200 c.c.) was 
treated with saturated aqueous sodium periodate (5 mol., 1 g.) and left at room temperature for 30 
hr. Alcohol was distilled off under reduced pressure, water added to the residue, and the solution 
extracted with ether. This solution was extracted with aqueous sodium hydrogen carbonate 
(giving solution A); subsequent extraction with 1% aqueous sodium hydroxide did not remove 
any substance. The ether solution containing the neutral fraction was dried (Na,SO,) and 
evaporated, yielding an oil which on hydrolysis with 5% aqueous sodium hydroxide (20 
c.c.), acidification, and ether-extraction gave a colourless semi-solid. This was converted into 
the amide, m. p. 192—194°, which agreed in properties (including mixed m. p.) with p-bromo- 
phenylacetamide. 

Fraction A on acidification and ether-extraction gave a semi-solid. A portion of it on 
vacuum-sublimation gave benzoic acid, m. p. and mixed m. p. 120—121°. The crude product, 
on circular paper chromatography with butanol saturated with ammonia (Bromophenol Blue as 
indicator), showed two rings having Ry 0-59 and 0-30,at 28° identical with those of benzoic acid 
and oxalic acid respectively. 

Methyl trans-trans-4’-Bromopulvinate.—This ester was prepared by heating 4’-bromopulvinic 
acid (1 g.) in acetone with dimethyl sulphate (1 mol., 0-27 c.c.) and potassium carbonate for 3 hr. 
and crystallised from methanol as yellow needles, m. p. 130—132° (Found: C, 56-9; H, 37. 
C,,H,,0,;Br requires C, 56-8; H, 3-2%). 

This ester (0-4 g.) in alcohol (200 c.c.) was treated with sodium periodate (5 mol., 1 g.) as in 
the previous experiment. The fraction soluble in sodium hydrogen carbonate solution p-bromo- 
benzoic acid, m. p. 250—251°, and the neutral fraction with aqueous alkali yielded phenylacetic 
acid (p-toluidide, m. p. and mixed m. p. 134—136°). 


DEPARTMENT OF CHEMISTRY, THE UNIVERSITY, 
Deut, INDIA. [Received, November 27th, 1959.] 





431. Addition Reactions of Heterocyclic Compounds. Part V.* 
Some Pyrazoles and Methyl Acetylenedicarboxylate. 


By R. M. AcHEson and P. W. PouLter. 


Pyrazole and its 3,5-dimethyl and 3,4,5-trimethyl derivatives reacted 
with 2 mols. of methyl acetylenedicarboxylate to give methyl af-di-1- 
pyrazolylsuccinates. From the trimethylpyrazole and 1 mol. of the ester 
the methyl 1-pyrazolylfumarate was obtained. None of these adducts 
showed an infrared absorption maximum at 3-20u which is characteristic of 
the N-H bond in pyrazoles unsubstituted at position 1. 


METHYL ACETYLENEDICARBOXYLATE is reported ! to combine with 2 mols. of pyrazole to 
give two isomeric adducts, and with 3,5-dimethylpyrazole giving both 1:1 and 1:2 


* Part IV, J., 1960, 1691. 
1 Diels, Alder, Winckler, and Petersen, Annalen, 1932, 489, 1. 
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adducts; no structures were suggested for these adducts. It is also known® that a 
Michael addition takes place between 3,5-dimethylpyrazole and crotonic acid, as the 
product is the same as that obtained from 3-hydrazinobutyric acid and acetylacetone. 
It appeared therefore that the adducts obtained from the acetylenic ester might also be 
formed through similar Michael additions, and this proved to be the case with several 
pyrazoles not substituted on the nitrogen atom at position 1. 
Pyrazole and its 3,5-dimethyl and 3,4,5-trimethyl derivatives combined with 2 mols. of 
methyl acetylenedicarboxylate giving products of similar ultraviolet spectra to the parent 
oles. As the parent pyrazoles with a hydrogen atom at position 1 possess strong 
broad absorption bands at ca. 3-20 u, which is in the correct region for a bonded N-H, 
while this band is absent in the adducts from 3,5-dimethyl- and 3,4,5-trimethyl-pyrazole, 


Me 


R R 
°'/ a 1. (I) Mer Bi 
. t/ 
R” N-CH-CH-N—JR” (II); R= R”= Me MeC—N-C =CH-CO,Me 
! 


i 
MeO,C CO,Me (III); R=R'=R"=Me CO.Me 
otherwise R=R’=R”=H (IV) 


it appeared that a double Michael addition had occurred and that the products were (II) 
and (III). In the case of the adduct from pyrazole (I) a small residual absorption, probably 
due to impurity, was still observed at 3-20 » in spite of repeated crystallisation. In 
confirmation of structure (I) this adduct was recovered unchanged from acetic anhydride, 
under conditions which were simultaneously shown to acetylate pyrazole itself, and gave 
no pyrazolecarboxylic acid with potassium permanganate, which converts * 4-methyl- 
pyrazole into the corresponding carboxylic acid. 

The structure of the adduct from 3,5-dimethylpyrazole has been confirmed by synthesis 
from this pyrazole and methyl «$-dibromosuccinate; pyrazoles alkylate quite readily 
with alkyl halides. An objection to this proof, that the ester might be dehydrobrominated 
to the acetylenic ester, cannot be sustained as 3,5-dimethylpyrazole is very weakly basic 
and very strong alkali is needed for the dehydrobromination. This adduct (III) does not 
appear to react with picric or styphnic acids but is dibasic to anhydrous perchloric acid in 
acetic acid. The 2:1 adducts from pyrazole and 3,5-dimethylpyrazole corresponded to 
two of those reported by Diels and Alder.1_ Unsuccessful attempts were made to isolate 
an isomeric adduct from pyrazole which was obtained previously on only one occasion.! 

Diels and Alder describe a 1:1 molar adduct from 3,5-dimethylpyrazole and the 
acetylenic ester. Many unsuccessful attempts were made to prepare this compound, but 
a presumably similar 1:1 adduct was obtained from 3,4,5-trimethylpyrazole. This 
adduct showed two absorption bands in the carbonyl region of the infrared but no N-H 
band, and its ultraviolet absorption spectrum indicated more conjugation than that present 
in 3,4,5-trimethylpyrazole or in ester (III). These results are consistent only with struc- 
ture (IV), and it is likely that the ester groups are ¢rans by analogy with other similar 
additions. The ultraviolet absorption spectra of all the pyrazoles and their adducts were 
virtually unchanged by the addition of acid, but on basification the absorption in the 
region of 2100—2200 A increased enormously and no maxima could be observed; this 
change was reversible. 

As 1-methylpyrrole with methyl acetylenedicarboxylate gives an adduct, the structure 
of which is now under investigation, l-methyl-, 1,3,5-trimethyl-, and 1-phenylpyrazole 
were prepared. Although these pyrazoles reacted with the acetylenic ester to give deep 
ted products no crystalline materials have so far been isolated. 


* Alder, K., “‘ Die Methoden der Dien-synthese ” (Handbuch der Biologischen Arbeitsmethoden. 
ed. E. Abderhalden), 1933, p. 3080—3192, Abt. I, Teil 2/II. 

* Jones, J. Amer. Chem. Soc., 1949, 71, 3997. 

* Auwers and Breyhan, J. prakt. Chem., 1935, 148, 259, and earlier works; Jones, Mann, and 
McLaughlin, J. Org. Chem., 1954, 19, 1428. 

* Parts I and II, J., 1954, 3240; 1956, 246. 
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Schénberg and Mostafa ® claim that anthranil and maleic anhydride combine in toluene 
to give a 1:1 addition compound, for which they proposed two structures; others are 
possible. All attempts to prepare the adduct under the conditions specified, and in hot 
xylene irradiated with ultraviolet light, gave back the starting materials; no reaction 
could be detected between anthranil and methyl acetylenedicarboxylate (at 140°) or 
hexachlorocyclopentadiene (at 100°). 


EXPERIMENTAL 


Methyl a-Di-1-pyrazolylsuccinate (I).—Methyl acetylenedicarboxylate (0-9 ml.) and 
pyrazole * (1-0 g.) in ether (20 ml.) were left at room temperature (24 hr.). The precipitate 
(0-23 g.) was collected and more material (0-32 g.) precipitated slowly during 4 days; evapor. 
ation of the filtrate gave more of the same adduct and no trace of an isomer could be detected, 
Recrystallisation from methanol gave the succinate as crystals, m. p. 158° (Found: C, 52-0; 
H, 5-1; N, 20-2. C,,H,,N,O, requires C, 51-9; H, 5-0; N, 20-2%). In methanol it showed 
Amax. 2175 A (Emax. 11,200), and in paraffin paste a single maximum at 5-79 p in the carbonyl 
region. 

Methyl «8-Di-(3,5-dimethyl-1-pyrazolyl)succinate (I1).—(i) This was prepared as above from 
3,5-dimethylpyrazole [3-0 g.; Amax, 2130 A (€max. 7900) in methanol] and the ester (5-0 g.) in 
dry ether (87 ml.) and the precipitate collected after 1, 4, and 10 days. The final filtrate on 
evaporation gave a brown oil, from which no trace of the described 1 : 1-adduct could be obtained. 
The combined precipitates, all of which melted within a few degrees of the analytical sample, 
crystallised from ethyl acetate in needles, m. p. 188° (Found: C, 57-3; H, 6-5; N, 16-8. Cale. 
for CygHyN,O,: C, 57-2; H, 6-6; N, 16-8%). In methanol the ester showed Amax 2220 A 
(Cmax, 14,520) and in paraffin paste one maximum at 5-79yin thecarbonylregion. Potentiometric 
titration (84-2 mg.) in acetic acid (10 ml.) by perchloric acid (0-1N) in acetic acid, a glass electrode 
being used, gave the end point required by a dibasic compound; during the titration the 
perchlorate was precipitated. The adduct was unchanged after attempted hydrogenation over 
Raney nickel (5 atm.; 20°). 

(ii) 3,5-Dimethylpyrazole (4-0 g.) and methyl «$-dibromosuccinate (3-18 g.) were refluxed 
(2-5 hr.) in nitromethane (100 ml.), and most of the solvent was evaporated. The solid was 
boiled with ethyl acetate, and the mixture filtered hot. The insoluble material was the pyrazole 
hydrobromide [m. p. 223° (decomp.)], and evaporation of the filtrate gave a solid which after 
recrystallisation from ethyl acetate yielded a compound identical (infrared absorption spectrum 
and mixed m. p.) with that obtained by method (i). 

Methyl 3,4,5-Trimethyl-1-pyrazolylfumarate (IV).—3,4,5-Trimethylpyrazole (1-0 g.) and 
methyl acetylenedicarboxylate (1-3 g.) in ether (45 ml.) were left (1 day), and the mixture 
evaporated to 4 volume. The precipitate, on crystallisation from light petroleum (b. p. 60— 
80°), gave the fumarate as needles, m. p. 96° (Found: C, 56-9; H, 6-2; N, 11-2. C, ,Hy,N,0, 
requires C, 57-1; H, 6-3; N, 11-2%). In methanol the ester showed A,,, 2950 A (Emax, 18,420) 
and in paraffin paste maxima at 5-72 and 5-86 u in the carbonyl region. 

Methyl «8-Di-(3,4,5-trimethyl-1-pyrazolyl)succinate (I11).—This was prepared as described 
for ester (IV) but by using the pyrazole (1-0 g.), the ester (0-65 g.), and ether (40 ml.) and work- 
ing up after 4 days. The succinate (1-55 g.) crystallised from methanol in needles, m. p. 193° 
(Found: C, 59-5; H, 6-9; N, 15:2. C,,H,,N,O, requires C, 59:7; H, 7-2; N, 155%). In 
methanol this showed Amax. 2320 A (emax, 9750) and in paraffin paste one maximum at 5-79 pin 
the carbonyl region. 


We thank Mr. G. A. Taylor for his interest in this work and Dr. G. D. Meakins through 
whose courtesy the infrared absorption spectra were obtained. 
DEPARTMENT OF BIOCHEMISTRY, UNIVERSITY OF OXFORD. [Received, December 10th, 1959.] 


* Schénberg and Mostapha, /., 1943, 654. 
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432. Interaction of Boron Trichloride and Amides or Oximes, . 
and Allied Reactions. 


By W. GERRARD, M. F. Lappert, and J. W. WALLIs. 


Boron halides (Cl, Br) and titanium tetrachloride form with amides 1: 1 
complexes, which are hydrolysed readily. The pyrolysis of the complexes is 
described. Benzophenone oxime underwent the Beckmann rearrangement 
when treated with boron trichloride. 


As well as forming hydrochlorides, amides form complexes with a number of inorganic 
halides. Thus copper! (2: 1),} cadmium" (2: 1),) and mercury" (1:1)? chloride, boron 
trifluoride (1: 1),%%4 titanium!” (2:1),5 cobalt! (1:1),! and nickel (1:1)! chloride 
complexes have been prepared (ratios in parentheses refer to mol. ligand : mol. halide). 
Reactions of primary amides with aluminium trichloride * and phosphorus pentachloride 7-8 
(see also ref. 9) have also been studied and the ultimate products were corresponding 
nitriles, although intermediates, R-CCI°N*PCl, 7 and R-CO-N:PCI,,8 have been described. 
Data on parachors ‘ and infrared *!° and nuclear magnetic resonance ! spectra are avail- 
able. The boron trifluoride-NN-dimethylformamide complex was hydrolysed readily; 2 
pyrolysis of the corresponding formamide complex gave carbon monoxide and hydrogen 
cyanide. The boron trifluoride-acetamide complex reacted as an acetylating agent with 
alcohols and amines (primary and secondary).') 


TABLE 1. 

Complex M. p. Complex M. p. 
SEM. © ceccncoosesroscavter 75-5—76-5° HCO*NHMe,BCl, — .......000000. (Viscous liquid) 
MeCO-NHMe, BCI, ............000006 88—90 H-CO-NMe,, BCI, ...........ccceeee 119—122° 
Me-CO-NMe,, BCI, ...........0c0ceceees 99—101 PRCONE, BO, ...ccccscsccnccese 95 
BAP IEIPD, BO, «.22.0.00000cecce00e 130 Me-CO-NHg, BBrg .........2cccc0ee 98—99 
Me‘CO-NH-C,H,OMe-?, BCI, ...... 103—104 Me-CO-NHMe,BBr, .............+. 104—106 

Me-CO-NMe,, BBrg..........22000 110—114 
RRs eer ae ore (mp®° 1-4980, Me’CO*NHMe, TiC], ...........000. (softens at ~130°) 
d,®° 1-5469) (m. p. > 200°) 


In the present work, various unsubstituted and N-substituted amides were shown 
(Table 1) to form moderately stable 1 : 1 complexes with boron halides (Cl, Br) and titan- 
ium tetrachloride. 

Reactions between the halides and such a variety of amides were carried out in order (1) 
to determine whether complex formation was general; (2) to study the structure of the 
complexes (see following paper’); and (3) to study selected chemical reactions 
(particularly pyrolyses) of the boron trichloride complexes, because the trichloride has 
proved !3 such a versatile reagent with most classes of organic compound. 

All the complexes were readily hydrolysed by cold water, unlike amine—boron 
trichloride adducts."* They were also reactive with alcohols (but not as acylating agents) ; 
thus the benzamide-boron trichloride complex with butan-1-ol afforded hydrogen chloride, 


1 André, Compt. rend., 1886, 102, 115. 
* Muetterties and Rochow, J. Amer. Chem. Soc., 1953, 75, 490. 

* Bowlus and Nieuwland, ibid., 1931, 58, 3835. 

* Sugden and Waloff, J., 1932, 1492. 

5 Dermer and Fernelius, Z. anorg. Chem., 1934, 221, 83. 

* Norris and Klemka, J. Amer. Chem. Soc., 1940, 62, 1432. 

? Wallach, Annalen, 1877, 184, 1. 

® Kirsanov, Bull. Acad. Sci. U.S.S.R., 1954, 551. 

* von Braun and Heymons, Ber., 1930, 68, 502, and earlier references cited therein, 
” Gerrard, Lappert, Pyszora, and Wallis, following paper. 

1 Sowa and Nieuwland, J. Amer. Chem. Soc., 1933, 55, 5052. 

2 Idem, ibid., 1937, 59, 1202. 

8 Gerrard and Lappert, Chem. Rev., 1958, 58, 1081. 

4 Idem, J., 1951, 1020; Chem. and Ind., 1952, 53, 
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benzamide hydrochloride, and tri-n-butyl borate. It seems probable that pyrolysis of 
primary amide-boron trichloride proceeds as follows: 


— HCI — HCI 
R*CO*NH,,BCl, ———> R*CO-NH:BCl, ————> R-CO-N:BCl ——— RCN + }(BOCI), 
(I) (II) (IIT) 
——> [48,0; + $8Cl;] ———» RCN,BC, 
(IV) 


A compound of type (II) was isolated from acetamide, and analogous compounds 
R-CO:NR’-BCl, (V) were obtained from N-methylformamide and acetanilide. Neither 
chemical reactions nor infrared spectra indicated whether in these the boron atom was 
attached to oxygen or nitrogen. In the propionamide experiment, the complex (IV) was 
isolated and benzonitrile was obtained from benzamide-boron trichloride. 

Continuing the study *° of reactions of boron trichloride with different classes of organic 
compound, we examined the boron trichloride—benzophenone oxime system. In common 
with many other inorganic halides,” the trichloride was shown to be an effective reagent 
for the Beckmann rearrangement of oxime to amide (to give in this case benzanilide, after 
hydrolysis). 


EXPERIMENTAL 


General Procedures.—All the amides, except N N-dimethylacetamide * [b. p. 64—65°/15 mm, 
n,* 1-4380, d,* 0-4458 (Found: N, 16-1. Calc. for CjH,ON: N, 16-1%)), NN-diphenylacet- 
amide !? [m. p. 102° (Found: N, 6-2. Calc. for C,,H,,N: N, 6-3%)], and p-methoxyacet- 
anilide 1* [m. p. 130—132° (Found: N, 8-4. Calc. for CgH,,O,N: N, 8-4%)], were commercial 
samples purified by standard methods. Benzophenone oxime, m. p. 146—147° (Found: N, 
7-0. Calc. for C,,H,,ON: N, 7-1%), was prepared by Beckmann’s method.!® Hydrocarbon 
solvents were dried over sodium, and methylene chloride over phosphoric oxide. Boron 
halides and titanium tetrachloride were redistilled before use. Chlorine, bromine, and boron 
were analysed acidimetrically as hydrogen halide (Methy! Red) and boric acid (phenolphthalein, 
in presence of mannitol) formed by cold-water hydrolysis of samples in enclosed systems. 
Nitrogen was estimated by the Kjeldahl procedure. M. p.s were determined in sealed capillary 
tubes. 


TABLE 2. 


Yield Found (% Required (%) 

Complex Solvent (%) Hal B N Hal 

Me-CO-NH,, BCI, * . 99 60-1 6-30 60-4 

Me-CO-NHMe, BCI, ¢ 95 54:8 5-58 55-9 

Me-CO-NMe,, BCI, ¢ 98 5-28 51-2 

Me-CO-NHPh, BCI, * . 72 4-32 42-2 

Me-CO-NH:C,H,’OMe-p, BCI, ¢ .... CH,C 84 3-85 37-7 
Me-CO-NPh,, BCI, ¢ CH,C 97 3-42 
Et-CO-NH,, BCI, * C 5-92 
H-CO-NHMe,BCI, ¢ 6-23 
H-CO-NMe,, BCI, * 5-81 
Ph-CO-NH,, BCI, * 4-60 
Me-CO-NH,,BBr, * 3-74 
Me-CO-NHMe,BBr, ¢ 4-34 
Me-CO-NMe,, BBr, * - 3-31 
Me-CO-NHMe, TiCl, * C,H 5: == 
* Addition of amide to halide. f Addition of halide to amide. { Pptn. completed by addition 

of n-pentane. 
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Preparation of Boron Halide and Titanium Tetrachloride Complexes.—The complexes were 
obtained by addition of the amide (1 mol.) in an inert solvent to the halide (1 mol.) in the same 


18 Beckmann and Bark, J. prakt. Chem., 1923, 105, 327. 
16 Aschan, Ber., 1898, $1, 2344. 

17 Kaufmann and Luterbacher, ibid., 1909, 42, 3483. 

'§ Reverdin and Bucky, ibid., 1906, 39, 2679. 

1% Beckmann, ibid., 1886, 19, 988. 
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solvent at —78°. The order of addition was reversed, and the amide was in suspension in cases 
where the amide had sparing solubility in the chosen solvent. The reactions, which were exo- 
thermal, were carried out on approximately 0-05 molar scale. The solid complexes were purified 
by filtration, washing with n-pentane, and freeing from solvent at 20°/0-1—15 mm. The liquid 
complexes were isolated as residues after removal of volatile matter at 20°/0-1 mm.; details are 
shown in Table 2. 

Hydrolysis and Alcoholysis of Certain of the Complexes.—That all the complexes were 
hydrolysed by cold water to produce hydrogen halide and boric acid was evident from the 
analytical results. This was checked for the benzamide-boron trichloride complex by treating 
it (419 g.) with cold water (30 ml.) and then extracting the mixture with chloroform 
(2x 20 ml.). The chloroform solution was washed with water and, after drying (MgSO,), 
afforded benzamide (1-90 g., 89%), m. p. 130° (from aqueous ethanol) (Found: N, 11-5. Cale. 
for C,H,ON: N, 11-5%). 

Butan-1-ol (4-58 g.) in n-pentane (15 ml.) was slowly added to the complex (4-91 g.) suspended 
in n-pentane (15 mi.); an exothermal reaction, with evolution of hydrogen chloride, took place. 
The mixture was heated under reflux for 1 hr.; and 1-36 g. (91%) of hydrogen chloride were 
trapped in potassium hydroxide absorption tubes. Benzamide hydrochloride (3-27 g., 
100%), m. p. 95—96° (Found: N, 9-0; Cl, 23-1. Calc. for C,H,ONCI: N, 8-9; Cl, 
225%), was separated by filtration and washing (n-pentane). The combined filtrate 
afforded tri-n-butyl borate (4-41 g., 93%), b. p. 116—117°/15 mm., m,** 1-4087 (Found: 
B, 475. Calc. for C,,H,,O,B: B, 4:72%). Yields are based on: Ph-*CO-NH,,BCl, + 
3C,H,,OH —» Ph-CO-NH,,HCl + 2HCl + B(OC,H,)s. 

Pyrolysis of Amide Complexes.—(a) Acetamide. The complex (6-91 g.) was heated under 
reflux at 100°/15 mm. for 10 hr. and the evolved hydrogen chloride (1-43 g., 100%) was 
absorbed in alkali. The yellow compound (II) (R = Me) (5-40 g., 98%) (Found: N, 10-2; Cl, 
49-5; B, 8-4. C,H,ONCI,B requires N, 10-0; Cl, 50-6; B, 7-75%) was obtained as a residual 
lass. 
: (b) N-Methylformamide. The complex (16-42 g.) was heated for 17 hr. at 110° and treated 
as in (a), to give hydrogen chloride (3-01 g., 100%) and the yellow solid compound (V) (R = H, 
R’ = Me) (13-13 g., 100%) (Found: N, 10-3; Cl, 49-0; B, 7-93. C,H,ONCI,B requires N, 
10-0; Cl, 50-6; B, 7-75%). 

(c) Acetanilide. The complex (7-74 g.) when heated for 6 hr. at 120°/15 mm. and treated as 
in (a) afforded hydrogen chloride (1-06 g., 100%) and compound (V) (R = Me, R’ = Ph) (6-63 g., 
100%) as a yellow glass (Found: N, 6-5; Cl, 35-2; B, 4-62. C,H,ONCI,B requires N, 6-4; Cl, 
32:3; B, 4-:92%). 

(d) NN-Dimethylacetamide. The complex was unchanged (analysis and infrared spectrum) 
after 6 hr. at 120°/15 mm. 

(e) Propionamide. The complex (14-65 g.) in toluene (40 ml.) was heated under reflux for 
12hr. Hydrogen chloride (5-12 g., 91%) was evolved. Matter volatile at 110° was removed 
from the residue by distillation to leave a black solid (9-57 g.) (Found: N, 10-8; Cl, 22-3; B, 
934%). Boron trichloride (6-00 g.) in n-pentane (50 ml.) was added to the distillate to give 
the propionitrile—boron trichloride complex *° (0-98 g., 11%), m. p. 136—138° (authentic infra- 
ted spectrum, C=N band at 2326 cm.!) (Found: N, 8-2; Cl, 61-4; B, 6-43. Calc. for 
C,H,NCI,B: N, 8-1; Cl, 61-8; B, 6-28%). 

(f) Benzamide. The complex (12-50 g.) in toluene (40 ml.) was treated asin (e). Hydrogen 
chloride (3-39 g., 88%) was evolved and a solid (9-13 g.) was obtained, which when extracted 
with n-pentane afforded the soluble benzonitrile (1-54 g., 43%) (authentic infrared spectrum, 
C=N band at 2223 cm.~1), m,%° 1-5243. The insoluble portion (7-25 g.) (Found: N, 8-03; Cl, 
11-4; B, 8-21%) was a white solid. 

Yields in (a), (b), and (c) are based on an equation, R*CO-NHR’,BCl, —» HCl + 
R-CO-NR’-BCl,; and in (e) and (f) on: 3R-CO*-NH,,BCl, —» 2RCN + 6HCl + (RCN,BCI, + 
B,0,). 

Interaction of Benzophenone Oxime and Boron Trichloride.—The trichloride (4-60 g., 1-5 mol.) 
in methylene chloride (20 ml.) at —78° was added dropwise to the oxime (5-07 g., 1 mol.) in the 
same solvent (20 ml.) at —78°. The solvent was partially removed at 20°/20 mm. and addition 
of n-pentane (50 ml.) resulted in precipitation of a yellow solid (8-01 g.) (Found: N, 4-1; Cl, 


* Gerrard, Lappert, and Wallis, J., in the press; Gerrard, Lappert, Pyszora, and Wallis, j., in the 
press. 
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35-6; B, 4-32%). A portion (2-12 g.) of this was hydrolysed with cold water (20 ml.) to give 
benzanilide (1-08 g., 81%), m. p. 163° (from ethanol) (Found: N, 7-0. Calc. for C,;H,,ON: ¥, 
7:1%) (authentic infrared spectrum). 


We thank Messrs. Borax Consolidated, Ltd., for a gift of boron tribromide and one of ys 
(J. W. W.) gratefully acknowledges a maintenance grant from Messrs. Albright and Wilson, Ltd, 
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433. Spectra and Structure of Amide Complexes. 
By W. GERRARD, M. F. Lappert, H. Pyszora, and J. W. WALLIs. 


The infrared spectra of eleven amide complexes with boron halides 
(Cl, Br) and titanium tetrachloride have been measured. The virtual 
absence of hydrogen-bonding in primary and secondary amide complexes 
and the observation of frequency shifts (of vyq, amide I, II, III, and V 
bands, 8g, and vpx) relative to free amides and boron halides (also in tertiary 
amide complexes) are consistent with donation by oxygen and not by nitrogen. 
The same conclusion is derived from the nuclear magnetic resonance spectrum 
of NN-dimethylformamide—boron trichloride, which shows a chemical shift 
between the two sets of protons of the NMe, group and spin-spin coupling 
with the aldehydic hydrogen. Stereochemical questions are discussed. 


In an earlier paper,’ the preparation and reactions of some amide—boron trihalide (Cl, Br) 
complexes and of the titanium tetrachloride-N-methylacetamide complex were described. 
We now report their infrared spectra and nuclear. magnetic resonance spectra, the latter 
for two complexes only. The object of this work was essentially to establish the structures, 
but other features considered are (1) the nature of changes in bond strengths in the amide 
molecule on co-ordination, (2) stereochemical aspects, and (3) comparison of the two 
(BCl, and BBr,) systems. 

The structure of primary and secondary amides themselves has been much discussed, 
particularly in terms of the relative importance of amido- and imido-forms. It is now 
realised that in general the tautomerism lies almost completely on the side of the amido- 
structure.2, Amides form salts, e.g., hydrochlorides, and act as ligands to electron 
deficient molecules (for bibliography, see ref. 1). By analogy with amines it has frequently 
been assumed (see, e.g., ref. 3) that the structure of the amide hydrochlorides involves 
protonation of the nitrogen atom, and many physicochemical data * have been brought 
forward in support of ‘this. On the other hand, evidence ** increasingly suggests that 
the hydrochlorides are oxonium salts. In only one work on amide complexes with 
electron-deficient molecules, the cadmium chloride complex of N-methylacetamide,’ has 
evidence (infrared spectroscopy) been presented in favour of a definite structure; this was 
for nitrogen donation, but we shall here show that the data are consistent with our own 
view of oxygen donation. 

Structures that require consideration are (I), (II), and (III) (we show a secondary 
amide with a boron halide as the acceptor molecule). 


1 Gerrard, Lappert, and Wallis, preceding paper. 
2 Wheland, “‘ Resonance in Organic Chemistry,’’ Wiley, New York, 1956, p. 410; Bates and Hobbs, 
J. Amer. Chem. Soc., 1951, 78, 2151; Worsham and Hobbs, ibid., 1954, 76, 206; Kotera, Shibata, and 
Son, ibid., 1955, 77, 6183. 
Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” Bell, London, 1953, p. 786. 
Spinner, Spectrochim. Acta, 1959, 95. 
Fraenkel and Niemann, Proc. Nat. Acad. Sci. U.S.A., 1958, 44, 688. 
Hantzsch, Ber., 1931, 64, 661; Huisgen and Brade, Ber., 1957, 90, 1432. 
Martinette, Mizushima, and Quagliano, Spectrochim. Acta, 1959, 77. 
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Spectra and Structure of Amide Complexes. 


R-C=O'BX, 


(1960) 


R-C=0 [R°CO}*[R”*NH,BX3]}- 


oe 6 a 
R’ R’ 


(1) (I) (IIT) 


Infrared Spectra.—(i) Association in complexes. The infrared spectra of amides are 
difficult to interpret, as many of the absorptions are not localised within particular atomic 
i In the main, we shall discuss the so-called amide I, II, and III bands and the 
NH stretching frequencies in primary (R*CO-NH,) and secondary (R‘CO-NHR’) amides 


TABLE 1. 


Free amide BCl, Complex 
dil. soln. liquid (or dil.soln. paraffin 
(CH,Cl,) paraffin mull) (CH,Cl,) mull 


BBr, Complex 
dil. soln. paraffin 
(CH,Cl,) mull 


(a) NH Stretching frequencies (cm.“) of amides and their complexes.* 


3559 3333 3448 3436 3448 
3436 3175 3367 3367 3367 
3289 3289 3279 


Compound 


3436 
3356 
3279 


CH,CO-NH, 


Ph-CO-NH, 


CH,‘CO-NHMe * 
CH,‘CO-NHPh 


3553 
3436 


3425 
3289 


CH,-CO‘NH-C,Hy-OMe-p 


CH,-CO-NH, 
Ph-CO-NH, 
CH,-CO-NHMe ¢ 
CH,-CO-NHPh 


CH,-CO-NH-C,H,-OMe-p 


H-CO-NMe, ® 
CH,CO-NMe, 
CH,CO-NPh, 


CH,CO-NH, 
CH,-CO-NHMe * 
CH,-CO-NHPh 


CH,CO-NH-C,H,-OMe-p 


(b) The amide I band (cm.) in amides and complexes.* 


1685 
1678 
1669 
1684 
1689 
1675 
1634 
1661 


(c) The amide II band (cm.-) in amides and complexes.” 


1595 
1528 
1524 
1515 ° 


3367 
3145 


3300 
3311 
3145 
3263 


1685 
1658 
1653 
1631 
1647 
1661 ® 
1634 
1664 


1626 
1567 
1558 
1560 


3448 
3333 
3247 
3367 
3367 
3279 
3289 


1661 
1647 
1650 
1626 
1623 
1686 
1633 
1553 


1550 
1538 
1553 
1550 


3444 
3336 
3268 
3367 
3378 
3289 


1658 
1658 
1661 
1647 
1645 
1692 
1645 
1553 


1548 
1536 
1553 
1548 


(ad) The amide III band (cm.~) in amides and complexes. 
1299 1323 1332 
1326 1370 1370 
(e) The CH (in Me-N<) deformation mode (cm.-).™ 


1413 1408 1408 
1399 1401 1397 


CH,-CO-NHMe ™ 
CH,-CO-NHPh 


1406 1408 
1399 1390 


References in the body of this table are numbered independently of those in the main text and refer 
to the footnotes in Table 1. 


CH,-CO-NHMe 13 
CH,-CO-NMe, 


1 These results show deviations of +10 cm.-1. #2 The free amide in the vapour has vyg at 3500 
cm.!; the cadmium chloride complex (potassium bromide disc) at 3400 cm.1;7 and the titanium 
tetrachloride complex (paraffin mull) at 3289 cm.'. * The results show deviations of +5 cm.-. 
* The free amide in the vapour has Amide I band at 1718 cm.~!; the titanium tetrachloride complex 
(in CH,Cl,) at 1654 cm.-!; and the cadmium chloride one (KBr disc) at 1650 cm. (ref. 7). 5 The 
boron trifluoride complex at 1695 cm.“ (ref. 12). ® Broad. 7 These results show deviations of 
+5cm.. ® The free amide in the vapour has Amide II at 1487 cm.-'; the titanium tetrachloride 
complex (in CH,Cl,) at 1530 cm.-1; and the cadmium chloride complex (KBr disc) at 1555 cm.-? 
(ref. 7). ® Overlapping with aromatic C=C stretching mode. 1 These results show deviations of 
+3cm.. ™ The free amide in the vapour has Amide III at 1247 cm.+; the titanium tetrachloride 
complex at 1310 cm.-!; and the cadmium chloride complex (KBr disc) at 1300 cm. (ref. 7). 
% These results show deviations of +3 cm.~. 1 The titanium tetrachloride complex has the band 
at 1403 cm.!; the cadmium chloride complex at 1418 cm.~ (ref. 7). 
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and their complexes; the tertiary amides (R°CO-NR’,) and complexes are discussed 
separately, and other assignments considered for all classes are certain CH deformation 
frequencies and absorptions due to the B-X stretching mode. A complete theoretical 
treatment of the N-methylacetamide molecule has recently been made,’ and we rely on 
this in our discussion of amide I—V bands, generally. However, no such treatment 
appears to be available on tertiary amides, and this has necessitated our making tentative 
assignments (see Table 2) for certain absorption bands. 

The amide I band arises almost exclusively (>80%) from the carbonyl stretching mode, 
the amide II band has contributions from the NH in-plane bending (~60%) and CN 
stretching modes, the amide III band arises from the CN stretching (~40%), NH in-plane 
bending (~30%), and the CH [of group R in (I)—(III)] deformation modes, and the amide 
V band represents the NH out-of-plane bending mode. 

The infrared spectra of all the complexes have been measured both as mulls in liquid 
paraffin and as dilute solutions in methylene chloride, and there were no significant 
differences. On the other hand, with free amides, large frequency shifts in absorptions 
associated with NH and CO bonds occur under these conditions (and still further changes 
take place when spectra are examined in the vapour state). These shifts in free primary 
and secondary amides have been explained in terms of intermolecular hydrogen-bonding 
(IV),® which is dependent on the degree of molecular aggregation. The absence of com- 
parable shifts in complexes shows that these are not (or, if so, only weakly) associated and 
this is consistent with structure (I), but not with (II). Thus, whilst in (I) the carbonyl- 
oxygen atom would no longer be nucleophilic, the tendency for hydrogen-bonding in (II) 
would be expected to be greater (except for steric effects) even than in the free amide 

because of the positive charge on the nitrogen atom to which the hydro- 
R«C*NHR’ gen is attached. With regard to comparison of particular absorption 
| | bands as between their positions in the free amides and their com- 
O-~HNCOR plexes, it is clearly necessary that both be considered in unassociated 
(Iv) forms. Thus the reference spectra for the free amides should ideally 
ia be those taken in the vapour state, but as these are available in only very 
few cases (owing to the low volatility of amides) we have had of necessity to use spectra 
measured in dilute solutions; in these cases it must therefore be remembered that the band 
shifts quoted are minimal values. As mentioned above, the spectrum of the cadmium 
chloride complex of N-methylacetamide has been considered ’ to indicate structure (II), 
but one of the main lines of evidence was the absence of large shifts as between complex 
and free amide. However, it was the liquid-amide spectrum (and not that of a dilute solu- 
tion or gas) that was taken as reference and therefore the result is not surprising in terms 
of a structure analogous to (I), because one (hydrogen-bonded) carbonyl-associated form 
was being compared with another (‘‘ cadmium-bonded”’). We refer to the data on this 
cadmium chloride complex in connection with Table 1. 

Structure (III) was considered because acylium ions are known and so is the hydroxy- 
fluoroborate anion, [HO-BF,]~, which can be considered to resemble the anion shown 
in (III). Nevertheless, this structure must be rejected because the amide complexes 
showed no absorption in the range 2200—2400 cm.*1, whereas the acetylium ion, [CH,°CO)’, 
has recently been characterised as having a strong carbonyl absorption at 2290 cm.*.” 

(ii) The NH stretching frequencies. The results are shown in Table 1 (a). The points 
to note are: (i) dilution of the free amide causes large increases in vyq; (ii) the values 
shown for vyy of boron halide complexes in solution and paraffin mull are almost identical; 
(iii) the complexes have vyq at much lower frequencies than do solutions of the free amides; 
(iv) in primary amides a third NH stretching mode is apparent. The significance of (i) 


§ Miyazawa, Shimanouchi, and Mizushima, J. Chem. Phys., 1958, 29, 611. 

* Klemperer, Cronyn, Maki, and Pimentel, J. Amer. Chem. Soc., 1954, 76, 5846; Cannon, Mikrochim. 
Acta, 1955, 555. 

10 Susz and Wuhrmann, Helv. Chim. Acta, 1957, 40, 722. 
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and (ii) has been discussed in the preceding section, and (iii) is consistent with structure 
(I) (see (V)], which requires the NH bond in the complex to be longer than in the free amide. 
However, it should be noted that, also for (II), a similar shift would be predicted [see (VI)]}. 


R (+) (-) R ¢ 
so BX, ‘cS 
<-o-.7 - 
rw fal, 
HN: H--N" BX, 
(V) R’ R (V1) 


The appearance of an extra band in the primary amide complexes may be due to the 
existence of two geometrical isomers, although a fourth band would probably then be 
expected. Geometrical isomers in the complexes could arise from one of two causes: 
(i) from restricted rotation about the CN bond because its double-bond character exceeds 
that of the free amide (the hydrogen could then lie either cis or trans with respect to the 
carbonyl group); or (ii) from the mode of attachment of the boron halide molecule (either 
cis or trans with respect to the NHR group; see p. 2150). An increase in the number of 
NH stretching absorptions has been noted in certain transition-metal complexes with 
amines." 

(iii) The amide I band. The results are summarised in Table 1 (b). For the primary 
amides shown, no data on vapour-phase spectra appear to be available; #* however, it is to 
be expected that the amide I band in unassociated acetamide and benzamide would fall 
at a frequency somewhat lower than 1740 cm.-1, because this is the position of the amide I 
band in gaseous formamide, and the electron-releasing methyl and phenyl groups would 
lower the CO frequency. On the other hand, the value for acetamide is likely to be 
greater than that in N-methylacetamide (1718 cm.*4). It should be noted that in general 
(i) dilution of the primary or secondary amide increases the frequency of the amide I 
band; (ii) the values shown for the boron halide and titanium tetrachloride complexes 
in solution and in paraffin mull are substantially the same; (iii) the amide I band for 
complexes is at lower frequencies than for solutions of free amides (primary and secondary) ; 
(iv) the magnitude of the shift varies considerably with structure, and for two of the 
tertiary amides is insignificant. 

Problems (i) and (ii) have been discussed, and with regard to (iii) it must be remembered 
that the amide I band does not arise merely from the stretching vibration of the carbonyl 
group. If it did, and structure (I) were correct, then a lowering in frequencies would be 
expected !* for the complexes of 100—150 cm.!. For the primary and secondary amide 
complexes the shifts are 19—66 cm.*+ (and probably of the order 70—100 cm." if com- 
pared with unassociated amides) and this seems consistent with structure (I), whilst 
structure (II) would require a shift in the opposite direction [see (VI)]. 

The two aliphatic tertiary amides present a difficulty. The free amides cannot 
associate and therefore the position of the amide I band should be independent of the 
state of molecular aggregation. A possible explanation can be put forward. In the free 
amides, the groups attached to nitrogen profoundly influence the position of the amide I 
band, and electron-releasing (conjugative or hyperconjugative) groups cause absorption 
at lower frequencies (e.g., in formamide at 1740 cm.7,!* N-methylformamide at 1724 
cm.+15 and NN-dimethylformamide at 1675 cm."). In the corresponding complexes, 
similar electron-release requires coplanarity of the groups attached to nitrogen with the 
N, C, O, B atoms and this may be sterically difficult. The exceptionally large shift with 
NN-diphenylacetamide would thus be accounted for on the basis that in the free amide 

" Chatt, Duncanson, and Venanzi, J., 1956, 2712. 

* Muetterties and Rochow, J. Amer. Chem. Soc., 1953, 75, 490. 

* Lappert, Paper presented at International Conference on Co-ordination Chemistry, London, 1959. 


* Evans, J. Chem. Phys., 1954, 22, 1228. 
%® Jones, Mol. Spectroscopy, 1958, 2, 581. 
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itself (as in its complex) coplanarity is not attained, and the reason for the virtual identity 
of values for amide I bands in NN-dimethylformamide and acetamide complexes could 
then be explained on the view that the shift caused by the acceptor molecule’s exercising 
its effect is neutralised by the decrease in the contribution made by the groups attached 
to nitrogen. On the other hand, the nuclear magnetic resonance spectrum (see below) 
of NN-dimethylformamide shows that H*CO-NMe, is virtually coplanar. 

(iv) The amide II band. The results are summarised in Table 1 (c). For some of the 
other amides, selection of particular bands as the amide II was considered unsafe. Very 
large shifts in the amide II absorptions of the free amide are observed and depend on 
changes in state. This is particularly clear for N-methylacetamide, where the value for 
the gaseous substance is available, and one may conclude that increase in hydrogen- 
bonding is accompanied by a large increase in frequency of amide II absorption. On the 
other hand, for the amide complexes such shifts do not appear and this is again consistent 
with structure (I). 

(v) The amide III band. The results are summarised in Table 1 (d) and the observations 
are similar to those for the amide II band. The complexes have amide III bands at even 
higher frequencies than the fully hydrogen-bonded amides, in which such bonding increases 
the absorption frequency. The shifts to higher frequencies for complexes are again to be 
expected in the light of structure (I), because voy and 8yq make the major contribution 
to the amide III band. The remaining contribution (20%) comes from the CH deformation 
mode in the ketonic methyl group, and on no structure (except IIT) would one expect this 
mode to be influenced significantly by co-ordination. 

(vi) The amide V band. No bands appear in the spectra of the amide complexes which 
can be attributed to the NH out-of-plane bending mode. However, the absence of sucha 
band in the spectrum of the cadmium chloride complex of N-methylacetamide has been 
taken as evidence for structure (II). We do not share this view, because also on the basis 
of (I) we should expect the band to change in intefsity and position, for the NH bond in 
(I) [see (V)] as in (II) [see (VI)] is lengthened on co-ordination. Our comparisons through- 
out have been with the unassociated free amide and, with regard to the amide V band of 

-methylacetamide, in the vapour phase this should lie outside the sodium chloride range. 
In support of this view—for the value is not in the literature—we note that the amide V 
band in the free amide appears at 790 (crystal, —60°), 745 (crystal, +15°), 725 (liquid), 
and 648 cm. (dilute non-polar solution).'® 

(vii) The CH deformation (in CH,*-NZ). The results shown in Table 1(e) indicate that 
the absorption band shows no significant difference as between free amide and complex. 
The CH deformations in methyl groups are considerably influenced by the electronegativity 
of adjacent atoms "” (e.g., v» = 1475, 1355, 1305, and 1251 cm. in methyl fluoride, chloride, 
bromide, and iodide, respectively) and in terms of structure (II) a shift to higher frequency 
would have been expected. 

(viii) The tertiary amides and complexes. For NN-dimethylformamide, assignments 
for certain bands at 1661 (amide I), 1255 [CN (contiguous to carbonyl) stretch], 1091 
[CN (contiguous to methyl) stretch], and 1389 cm. [CH (in CH,*N<) deformation] can 
be made, mainly by analogy with ester assignments.'* The boron trichloride complex, 
however, shows much increased absorption in this region (see Table 8), and only the amide! 
band (1686 cm.) can be assigned with confidence. This increase in complexity of the 
spectrum may be associated with the increased possibilities of geometrical isomerism in the 
co-ordination compound. 

With NN-dimethylacetamide, the position appears to be clearer and the results with 
tentative assignments are shown in Table 2; the failure to observe significant shifts may 
be accounted for on the basis of the argument put forward for the amide I band. 

16 Miyazawa, Shimanouchi, and Mizushima, J. Chem. Phys., 1956, 24, 408. 


'? Bellamy and Williams, J., 1956, 2753. 
18 Thompson and Torkington, J., 1945, 640. 
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TABLE 2. NN-Dimethylacetamide and complexes.* 
BCl, Complex BBr, Complex Tentative 
Amide (liquid) (dil. soln. in CH,Cl,) (dil. soln. in CH,Cl,) assignment 
1634 1633 1637 Amide I 
1269 1255 t 1263 t¢ von (of —CO'NZ) 
1011 995 996 vew (of >NMe) 


1399 1401 1399 Sue (of >NMe) 
1497 1481 1475 aaa 
1361 1370 1374 Sue (of MeC<) 


* These results show deviations of +5 cm.~. 
+ From spectra in paraffin mulls, as methylene chloride absorbs in this region. 


With NN-diphenylacetamide and its boron trichloride complex, the amide I band can 
readily be detected (section iii). It may also be significant that aromatic CH out-of-plane 
deformations appear as doublets at 775 and 765 cm." (free amide) and at 772 and 761 cm. 
(complex). This could be interpreted as implying double-bond character in the CN bond 
(of -CO-N<) in both amide and complex and would thus be consistent with structure (I). 

(ix) The BCl and BBr stretching modes. These are shown in Table 3. Undoubtedly, 
further absorption bands (particularly for the boron tribromide complexes) could be 
detected if their spectra were examined in the potassium bromide region. As is to be 
expected, the bands lie at lower frequency than for tervalent boron compounds, such as 
boron trichloride (958 and 924 cm.~!) and tribromide (806 and 743 cm.*).% 

Nuclear Magnetic Resonance Spectra.—(i) NN-Dimethylformamide-boron trichloride. 
The spectrum (of a methylene chloride solution) shows two lines in the region expected 
from the protons of the NMe, group; these lines are of equal intensity and the separation 
between them is 0-11 p.p.m. This separation was shown to be a chemical shift between 


TABLE 3. BX Assignment in boron halide—-amide complexes.* 


Compound ysx (cm.~) Compound vpx (cm.~) 
CH,-CO-NH,, BCI, 803, 773, 734 H-CO-NMe,,BCl, 784, 750, 699 
CH,-CO-NHMe, BCl, 786, 762 CH,‘CO-NH,,BBr, 683 
CH,°CO-NMe,, BCI, CH,°CO-NHMe,BBr, 674 

* These results show deviations of +2 cm. and are on paraffin mulls. 


non-equivalent protons by measurements at 40 and 56 Mc./sec., which showed it to be 
field-dependent. The presence of two lines can be reasonably interpreted (as it has been 
in the free amide ®° and the hydrochloride *) as caused by the presence of two different 
methyl groups in a structure (VII) having restricted rotation about the C-N (of the 
~CO-NZ group) bond. Chemical shifts of similar magnitudes have been found between 
protons of the methyl groups in 1,1-dimethyl-olefins which are unsymmetrically substituted 
at C;,).24 Each of the two lines is a doublet, the separations being 0-8, and 
non oF ei 1-3, c.p.s., for the low- and the high-field line, respectively. Presumably, 
CH,” mn the doublet structure is produced by the indirect spin-spin coupling 
interaction between the methyl-protons and the aldehydic proton. 
The observation of splitting of this order of magnitude across four bonds 
(H-C-N-C-H) is consistent with the view that there is some appreciable double-bond 
character in the C-N (of the -CO-N<) bond. Splitting of about this value has been 
observed with appropriate olefins.2 The aldehydic proton shows resonance of some 
complexity, but it was not possible to determine whether this was a septuplet, as would be 
expected from spin-spin coupling. 
The observation of a chemical shift in NN-dimethylformamide-boron trichloride is 
consistent with structure (I), but not (II), as the molecule would not then be planar 
#” Anderson, Lassettre, and Yost, J. Chem. Phys., 1936, 4, 703. 


* Phillips, J. Chem. Phys., 1955, 23, 1363; Gutowsky and Holm, ibid., 1956, 25, 1228. 
™ Jackman and Wiley, Proc. Chem. Soc., 1958, 196. 
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(nitrogen, sp*-hybridised), whilst the spin-spin coupling, which is not shown by the free 
amide # or its hydrochloride,5 shows that CN bond order is significantly increased on 
co-ordination, as required by structure (I) [see (V)]. 

(ii) NN-Dimethylacetamide and its boron trichloride complex. The free amide, unlike 
the corresponding formamide,” shows a single line for the methyl-protons of the NMe, 
group, whilst the complex shows some signs of a chemical shift (the separation is slight 
and not symmetrical). This suggests that substitution of the aldehydic proton in the 
formamide by the ketonic methyl group of the acetamide prevents coplanarity of the 
molecule. 

R 


R 
Nc—n Non 
I < ee, 


O O 
(VIII) \ px; x,B” (IX) 


Stereochemistry of the Complexes.—Apart from the problem of restricted rotation about 
the CN bond, discussed in the preceding section, the question of the orientation of the 
halide molecule has to be considered. As postulated for ester and ketone complexes, 
it is likely that the oxygen atom of the carbonyl group has hybridisation approximating 
to sp?, and this permits alternative orientations (VIII) and (IX). We have no direct 
evidence as to this point, but, as discussed above, certain observation on infrared spectra 
would be consistent with this view. 

Comparison of the Two Boron Halide Systems.—In general, it will be seen that infrared 
spectroscopic shifts for boron trichloride complexes are of the same order of magnitude as 
for the tribromide analogues. Shifts for the bromide would have been expected to be 
slightly greater than for the trichloride by analogy with observations on ester complexes,¥ 
which were interpreted as showing that the tribromide is a better acceptor than the 
trichloride. : 


Experimental.—Compounds were prepared and purified as described in a previous paper.! 
The essential results have been given but are supplemented by Table 4 (max. in cm.7; 


TABLE 4. Absorption bands (900—1700 cm.) in amide complexes.“ 
H-CO-NMe,, CH,‘CO-NH,, CH,CO*-NH,, CH,*CO-NHMe, CH,°CO-NHMe, CH,‘CO-NMe,, 


BCI, BCI, BBr, BCI, BBr, BCl, 
1686s ° 1661s ® 1658s ° 1650s ® 1645s ° 1633s? 
148lw 1550s ° 1546m° 1538s ¢ 1536m 1481m 
1458m 1490s 1488s 1408s ¢ 1406m * 140Is * 
1429m 1414m 1412s 1381m 1357w 1370s 
1391m 1374m 1372w 1323s 4 1323m ¢ 1255s 
1332s 1104s 1103s 1174s 1174m 1036w 
1248m 1043m 1046w 1083w 1085w 995s 
1136w 1028m 1026w 1020w 1026m 
1058w 926s 957m 964m 

992w 

901s 

CH,°CO:NMe,, CH,°CO-NHPh, CH,°CO:NH’C,H,-OMe-p CH,°CO:NPh,, Ph-CO-NH,, 
BBr, BCI, BCI, BCl, 
1635s ° 1626s ° 1623s 1600w 1647s* 
1475s 1587s 1590m 1553s ® 1597m 
1399s * 1553m °¢ 1550m °¢ 1497s 1563m 
1374m 1459m 1513s 1477s 1309w 
1263s 1433m 1443m 1408m 1190w 
1023w 1370m 4 1425m 1377m 1152m 
996m 1038m 1368m 1217m 1105m 

952m 1245m 1079w 1072m 
1172m 1038m 1003w 
1109w 1015m 935w 

957w 913w 


* Dil. solution n CH,Cl,. * Amide I. ¢ Amide II. # Amide III. * CH deformation (in 
Me-N<) mode. 
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s = strong; m= medium; w = weak). Measurements were taken on a Grubb—Parsons 
S3A double-beam spectrometer with rock-salt optics and calibrated throughout its range by 
using water, ammonia, and carbon dioxide as standards. It may be significant that spectra 
of complexes showed sharper bands than those of free amides. 

High-resolution nuclear magnetic resonance spectra were measured on a Varian Associates 
Model 4300B spectrometer with superstabiliser. 


We are very grateful to Dr. L. Pratt, of Imperial College, for the nuclear magnetic resonance 
spectra and their interpretation, and to Mr. H. A. Willis for useful discussions. One of us 
(J. W. W.) thanks Messrs. Albright and Wilson, Ltd., for a maintenance grant. 
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434. Reactivity of Anions towards Electron Transfer in the 
Bismuth ——— Tervalent Bismuth Exchange Reaction. 
By A. A. Moussa and H. M. SAmMmour. 

The pseudo-capacity and over-all polarisation resistance during the 
electroreduction of tervalent bismuth at a dropping-mercury cathode in 
various media were traced as a series combination; and the general features 
of the former are described. The combination corresponding to the peak 
values was then balanced against the equivalent of a simple model of the 
faradaic admittance, and in this way information was obtained from which 
the specific rate constant.for the above exchange in each medium could be 
evaluated. In n-perchloric and N-hydrochloric acid, the results agreed 
excellently with those previously published. In N-nitric and N-sulphuric 
acid the constants were respectively 3-7 x 10 and 1-8 x 10 cm. sec. at 
26° + 0-5°. In mixtures of nitric and perchloric acid of constant ionic 
strength, the rate increased sensibly with the increase of concentration of the 
former. The order of reactivity towards electron transfer for the various 
anions is briefly discussed in the light of possible ionic interactions within the 
electrical double layer and in the bulk of solution. 


Heyrovsky,! using oscillographic polarography, showed the reduction of tervalent 
bismuth to involve three-electron transfer, and to be irreversible in media containing 
undeformable anions such as NO,~ and ClO,~, but highly reversible in complex-forming 
media of Cl- or Br~ ions. These conclusions were confirmed by Randles and Somerton,” 
who, investigating the electrodic behaviour in an alternating field, computed, as a measure 
of the degree of reversibility, the specific rate constant for the exchange Bi == Bi** + 3e. 
In n-perchloric and N-hydrochloric acid the constant was reported as 3 x 10% and 
>l cm. sec., respectively. The reversible behaviour on open circuit of both protected 
and unprotected bismuth electrodes as metal-metal oxychloride electrodes in hydro- 
chloric acid media is undoubtedly * consistent with the above facts. However, the extent 
to which anions such as NO,~ and SO,?- may catalyse the above exchange does not seem 
to have been studied before. As is well known, these anions, like ClO,~, do not become 
specifically adsorbed. In this investigation, using a different experimental technique, we 
confirmed Randles and Somerton’s results, and moreover examined the reactivity of the 
above anions, alone or in mixtures, towards electron transfer in the above reaction. 


EXPERIMENTAL 
The technique used was essentially polarography with superimposed alternating voltage.‘ 
The capacitative and resistive components of the impedance of a mercury surface were measured 


? Heyrovsky, Discuss. Faraday Soc’., 1947, 1, 212. 

* Randles and Somerton, Trans. Faraday Soc., 1952, 48, 951. 

* Sammour and Moussa, J., 1958, 1762. 

* Delahay, ‘‘ New Experimental Methods in Electrochemistry,” Interscience Publishers Ltd., 
London, 1954, p. 166. 
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on an a.c. bridge by the procedure already described. In presence of tervalent bismuth and 
with no current-maxima suppressor added, the pseudo-capacity and over-all polarisation 
resistance were traced over an appropriate potential range, and their peak values C,, and Ry 
determined at 1000, 3000, and (in some experiments) 4000 cycles/sec. The C,,—R,, series 
combination at each frequency was then balanced against a block model representing the 
faradaic admittance * (Fig. 1) through the capacitor C, and the resistor R,; Cq and R,, the 
double layer capacity and the solution resistance respectively, were maintained constant at 
their appropriate values as obtained from measurements in the pure electrolyte alone. 

The polarisation cell and the d.c. polarising circuit were essentially the same as described 
previously. As a dropping-mercury electrode, a thin-walled fine capillary with a drop time of 
3-1—3-2 sec. and a rate of flow 1-91 mg. of Hg/sec. was used. As a reliable unpolarisable 
reference electrode for the present measurements, a saturated calomel electrode was employed, 
and the necessary precautions to avoid diffusion of chloride ions into the test solution were 
taken. 

Tervalent bismuth solutions in N-perchloric, N-hydrochloric, and N-nitric acid were made 
from chemically pure bismuth trioxide, and in n-sulphuric acid from the basic carbonate 
(B.D.H.). Other chemicals were of ‘‘ AnalaR” grade. Deaeration of the solutions was 
effected with purified hydrogen, and the measurements in the cell were made at 26° + 0-5° in 
an air-bath. 

To bridge 
arms 


t a ac.input * ft 

+ R Fic. 1. Balancing arms of the bridge. 
¢ 

og WP 


‘m “m 
R c 


Ji 


RESULTS AND DISCUSSION 


According to Grahame’s analysis of the theory of the faradaic admittance,’ the 
magnitude of the pseudo-capacity peak, C,,, at a certain frequency in one medium may be 
taken as a qualitative measure of the intrinsic speed of the electrodic reaction leading to it 
in that particular medium. C,, in this respect is far more sensitive than the corresponding 
Rw, the over-all polarisation resistance, which generally decreases with increase of reaction 
rate. The traces for the pseudo-capacity at 1000 cycles/sec. as a function of polarisation 
as obtained during the reduction of tervalent bismuth in the various media used are shown 
in Figs. 2—5. In n-perchloric acid (Fig. 2a) the pseudo-capacities appear as humps 
preceding that characteristic of the pure electrolyte, and which itself shifts towards more 
cathodic potentials with increase of [Bi*+]. The maxima of the pseudo-capacity humps 
lie at about —150 mv, far remoted cathodically from the half-wave potentials * (not 
indicated on the figures) at about —60 and —90 mv for the low and the high values of 
[Bi**] respectively. This accords with a prediction of Grahame’s analysis which does 
not seem to have been verified before. In the other media, however, the pseudo-capacities 
were much better defined, and the peaks in almost all cases were in better coincidence 
with the half-wave potentials. The catalytic effect of chloride ions is well represented 
by the pseudo-capacity traces obtained for two values of [Bi**] in n-perchloric acid which 
was made 1 x 10-°n with respect to hydrogen chloride (Fig. 2b); the composition of the 
mixtures used with respect to Bi®* and Cl- ions was such as to avoid apparent hydrolysis 
(see p. 2156). As is obvious, chloride ions at the above concentration stimulate the 
appearance of well-defined peaks. In n-hydrochloric acid (Fig. 3) a pronounced capacity 


* In our experiments, these could be fairly accurately defined in the absence of a maximum sup- 
pressor. 
5 Moussa, Sammour, and Ghaly, J., 1958, 1269. 
® Randles, Discuss. Faraday Soc., 1947, 1, 11. 
? Grahame, J. Electrochem. Soc., 1952, 99, No. 12, 371c. 
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could be traced in [Bi®*] concentrations as low as 5-0 x 10° g.-ion/l. The 
catalytic effect of the nitrate ions is well illustrated by the capacity traces (Fig. 46) 
obtained in three different mixtures of nitric and perchloric acid of constant ionic strength 
and containing the same amount of Bi’*, namely, 2-0 x 10% g.-ion/l. The peak value, as 


























Fic. 2b. Catalytic effect of chloride ion: pseudo- 
capacity traces in N-HCl1O, made 1 x 10°N 
with respect to HCl. 
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is obvious, becomes greater with the increase of nitric acid in the mixture. In Nn-sulphuric 
acid, with [Bi?*+] = 1-9 x 10° g-ion/l., limited by the solubility of the basic carbonate, 
the pseudo-capacity (Fig. 5) was still better defined than that observed in n-perchloric acid, 


but was far less in magnitude than that traced in N-nitric acid (Fig. 4a) for nearly equal 
values of [Bi3*]. 
4a 
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Calculation of the specific rate constant from the results of the above measurements 
was mainly founded on Randles’s relations,® viz., 
R. = i 2 \ RT mn i 1 
t= FAC \aD) *wmRAC'K «°° * OW) 


1 __RT /2\) j 
oC, n?F2AC oD . . . . . . . . . (2) 


, a 
-  @&, 
Fic. 4a. Pseudo-capacity traces in N-HNO,. 


Fic. 4b. Catalytic effect of the nitrate ion: 
pseudo-capacity traces in HClO,-HNO, 
mixtures for [Bi8+] = 2-0 x 10-n. 
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(1) (Bi**] =3 x 10-8. (2) [Bi**] =2 x 10-N. 
(3) [Bi#+] = 1 x 10-N. 
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Fic. 5. Pseudo-capacity trace in N-H,SO, for 
Si [Bis+] = 1-9 x 10-°N (curve 1) and pure 
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where is the specific rate constant in cm. sec.~1, C the concentration in g.-ion/cm.®, A the 
area in cm.2, and » the number of electrons involved in the reduction; R, and C, are 
respectively the resistive and capacitative components of the faradaic admittance, # = 
2 xf where f is the frequency, and R, T, and F have their usual significance. As inferred 
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by Randles, and worked out by Grahame’ and Delahay,‘ with the technique we have been 
employing, the above relations are strictly applicable for sufficiently fast reactions 
(@ —» zero), in which case the peak capacity C,, should coincide exactly with the half- 
wave potential. As an approximation, however, we assumed that equation (3) was 
applicable under all conditions, and deduced the & values on the basis of the experi- 
mentally determined R, and 1/wC, values. The results so obtained, together with the 
various quantities involved in the calculations, are given in the Table. Col. 1 shows the 


(1) (2) (3) (4) (5) (6) (1) (2) (3) (4) (5) (6) 


(A) x-HCIO,: 
C= 5-0 x 10°; A = 0-0275; R, = 27; Ca = 0-63. C = 3-0 x 10°; A, R,, and Cq as on left. 
1000 «0-727««110~—Ss«687 48 0:37 1000 0-680 83 1060 101 0-38 


3000 0-644 34 1700 770 0-38 


n-HCIO, made 10-*n with respect to HCl: 
C=1-0 x 10°; A = 0-0275; R, = 30; Ca = 0-68. C= 3-0 x 10%; A = 0-0275; R, = 30; Ca =0-65. 


1000 «(«0:850 «117s 480i 1000 1-62 137 187 37 24 
3000 (0-710 «54 4100s 83-0 3000 0-778 58 224 147 24 
(B) N-HCI: 


C = 50 x 10°; A = 0-0279; R, = 27; Ca = 1-74. 
1000 2-40 47 130 124 3600 3000 2-09 33 7 


to 


53 1200 


(C) x-HNO,: 0-8n-HCIO, + 0-2n-HNO,: 

C= 1-0 x 10%; A = 0-0275; R, = 27; Cy = 0-70. C= 2-0 x 10-9; A = 0-0279; R, = 28; Ca = 0-65. 
1000 «1-03 s«123—S 330 16 3-5 1000 0-761 «#4100 «=6648)— 114i: 
3000 0-735 43 420 32 28 3000 0682 39 635 252 1: 


C= 20 x 10°; A = 0-0275; R, = 27; Ca = 0-69. 9°6N-HCIO, + 0-4n-HNO,: 


1000 1-93 130 167 15 3-6 C = 2-0 x 10°; A = 0-0275; R, = 27; Cy = 0-67. 
3000 0-840 56 169 24 «38 1000 1-00 129 346 37 1:8 
4000 0-778 45 194 44 3-7 3000 ~=—s-: 0-708 45 390 68 1:7 


C=3-0 x 10°; A = 0-0275; R, = 27; Ca = 0-68. 9-4N-HCIO, + 0-6N-HNO,: 
1000 §=6.3-197—S «110 106 122 39 , C=20x 10°; A = 0-0269; R, = 29; Cy = 0-64. 
3000 =: 1-07 62 103 15 42 1000 =—s-:1-23 142 250 neg.* 22 
4000 =: 0-91 50 )—s«112 25 42 3000 =: 0-728 53 =. 200 % 2-8 
(D) x-H,SO,: 
C= 19 x 10°; A = 0-0283; R, = 30; Ca = 0-83. 
1000 = «1-18 107s 3315 1 18 4000 0-846 37 = 330 s. w 
3000 =: 0-866 43 300 7 19 


* T.e., negligible. 


working frequency (cycles/sec.), col. 2 the peak capacity C,, (uF/electrode), col. 3 the over- 
all polarisation resistance R,, (ohms), col. 4 the resistive component of the faradaic 
admittance R, (ohms), col. 5 the calculated impedance of the capacitative component of 
the faradaic admittance 1/aC, (ohms), and col. 6 the calculated & values (x 10%) (cm. 
sec.t); C is the concentration (g.-ion/l.), A the electrode area (cm.?), R, the solution 
resistance (ohms), and C4 the double layer capacity (uF/electrode). 

Consideration of the results in the following table shows that the agreement between the 
k values obtained in one particular medium for one or more concentrations and at different 
frequencies are highly satisfactory. With only few exceptions, the deviation from the 
average value in any set of measurements scarcely exceeds 5—6%. Use of equation (3) 
seems, therefore, justifiable. The experimentally determined values of 1/aC, (col. 5), 
however, differed in most cases in both magnitude and direction of change with frequency 
from those computed theoretically on the basis of equation (2) with a diffusion coefficient 
value D = 5 x 10% cm.* sec.1. Difficulties in choosing the appropriate values of D may, 
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at least in part, be responsible for the discrepancies. It is also possible that with the 
technique used, the a.c. behaviour of the capacitative component C, and that part of the 
resistive component which is also independent of & (first term of the right-hand side of 
equation 1), is rather more complicated than denoted by the model chosen.®® 

The values of k obtained in n-perchloric and Nn-hydrochloric acid (sections A and B) 
agree excellently with those reported by Randles and Somerton? from measurements 
with amalgam electrodes at equilibrium potentials, namely, 3 x 10 and 1 cm. sec.7, 
respectively. In N-nitric and Nn-sulphuric acid (sections C and D) the average constants, 
for which no values had been published, were respectively 3-7 x 10° and 1-8 x 10° cm. 
sec.1, The order of reactivity for the various anions towards electron transfer in the 
reaction studied may then be given as: Cl- > NO,- > SO,2- > Cl0O,-. Obviously, 
for the last three anions, which do not become specifically adsorbed, the reactivites vary 
widely too. Apparently, this order cannot be simply explained on the basis of Frumkin’s 
correction 1 of the theory of retarded discharge, in which account was taken of the effect 
of anionic adsorption, general and specific, on the ¥, potential, 7.¢., potential at the point 
of surface where the centre of the reacting particle is located. In solutions of the same 
anionic strength, at approximately equal ¢ potentials," viz., potentials with respect 
to the zero charge of mercury, Emax, specific adsorption of chloride ions, leading to highly 
negative y%, potentials would account for the high reactivity of these anions. For the 
nitrate and perchlorate ions, however, which are adsorbed almost to the same extent as 
judged by the quantity Imax at Emax,!*™ the difference in reactivity would only be 
expected if it is assumed that the former anions approach the surface more closely. The 
gradual increase in reactivity with the increase of nitric acid concentration in the mixtures 
investigated (Fig. 4b, section C) could similarly be explained. It is still difficult, how- 
ever, to reconcile the order of reactivity for the two structurally identical SO,?- and ClO," 
anions with the theory, since, as inferred from the results of electrocapillary measure- 
ments,!* [ax for the former anion is almost negligible; further, this ion does not seem 
to be completely desolvated at the surface. A supplementary but not necessarily com- 
pletely independent alternative is Heyrovsky’s theory of ion-pair formation.* The 
order of reactivity as given is in fact comparable with that reported by Rabinowitch and 
Stockmayer © from spectrophotometric measurements for the tendency of anions to 
associate into complexes with multivalent cations (Fe**). In hydrochloric acid solutions 
co-ordination of tervalent bismuth with chloride ions is well known. In non-complex- 
forming media containing relatively low [Cl-], co-ordination seems also to be possible, a 
fact which limited the number of our experiments in testing the catalytic effect of chloride 
ions. As pointed out before, the mixtures used for this purpose did not show obvious 
hydrolysis. In mixtures of N-perchloric acid made 10N with respect to Cl- and 1 x 10°, 
8 x 10%, 5 x 10°, or 3 x 10%N with respect to Bi**, immediate hydrolysis leading to 
separation of crystalline bismuth oxychloride occurred in each case. With [Bi**] = 
1 x 10°N, the rate of hydrolysis was slow and the precipitate became visible only after 
about 6 hr. With [Bi**] = 1 x 10-*n and [Cl-] = 10°n, no visible precipitate could be 
detected after 72 hr. Possible ionic interactions which may account for these observ- 
ations are 

Bis*+ + xCl- —» BiC1,°-* . 


followed by BiC1,4-9+* + H,O —» BiO* + (x — 2)Cl- + 2HCI. 


8 Ref. 4, p. 173. 
Grahame, Ann. Rev. Phys. Chem., 1955, 6, 346. 
10 Frumkin, Z. phys. Chem., 1933, A, 164, 121. 
11 Antropov, J. Indian Chem. Soc., 1958, 35, No. 5, 309. 
12 Grahame, Chem. Rev., 1947, 41, 441. 
18 Ammar and Hassanein, J. Phys. Chem., 1958, 62, 805. 
14 Heyrovsky, “ Polarographie,’’ Springer, Vienna, 1941, p. 74. 
18 Rabinowitch and Stockmayer, J. Amer. Chem. Soc., 1942, 64, 335. 
16 Noyes, Hall, and Beattie, J. Amer. Chem. Soc., 1917, 39, 2526. 
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This hydrolysis scheme is not identical with that of Sillén,!’ yet it does indicate that the 
appearance of bismuth oxychloride will be determined largely by the rate of reaction (2) 
for which the existence of the species denoted by (1) is a prerequisite. Association of the 
$0,2- and NO,~ anions with metal cations into complexes and ion pairs has been indicated 
from different sources.1*1® The NO,~ ion, however, is known to be less addicted to acting 
as ligand than SO,*~, yet the rate constant in nitric was found to be higher than in sulphuric 
acid. This may be accounted for by the fact that in 1N-sulphuric acid the principal anion 
is HSO,- rather than SO,?-. 

In the light of the above discussion it is concluded that if anionic and cationic bridges 
are considered necessary during the elementary act of electron transfer in cation and 
anion reduction, respectively,®° their formation within the double layer could be a 
manifestation of ionic association in the bulk of solution. 


The authors record their gratitude to the late Prof. David C. Grahame, of Amherst College, 
Massachusetts, U.S.A. 


FacuLty OF SCIENCE, CAIRO UNIvERsiITy, U.A.R. [Received, September 21st, 1959.} 


7 Sillén, Quart. Rev., 1959, 18, 146. 

18 Smithson and Williams, J., 1958, 457; Hurst, ‘‘ The Kinetics and Mechanism of Inorganic 
Reactions in Solution,’? Chem. Soc. Special Publication No. 1, 1954, p. 55; Ephraim, “ Inorganic 
Chemistry,’’ Gurney and Jackson, London, 5th edn., 1949, p. 711. 

1” Sutton, Nature, 1952, 169, 71; Whiteker and Davidson, J. Amer. Chem. Soc., 1953, 75, 3081. 

2 Frumkin, Trans. Faraday Soc., 1959, 55, 156. 

*1 Moussa, Sammour, and Ghaly, J. Phys. Chem., 1958, 62, 1017. 


435. The Synthesis of Some Cyclic Hydroxamic Acids from 
o-Aminocarboxylic Acids. 


By D. Harrison and A. C. B. SmIru. 


Cyclic hydroxamic acids of the quinazoline and 1,3,5- and 1,3,8-triaza- 
naphthalene series have been synthesized by two routes from esters of 
anthranilic acid, 2-aminonicotinic acid, and 3-aminopicolinic acid respectively. 
Typical compounds have been reduced by means of sodium dithionite to 
the cyclic amides. Two acyclic hydroxamic acids with o-amino-substituents 
have been converted into cyclic hydroxamic acids by nitrous acid. 


THE synthesis of substituted 4-quinazolones (4-hydroxyquinazolines) by the route 
(I) —» (II) —» (III), with or without isolation of the intermediate (II), has been 
extensively studied. Recent examples have been described for X = H,! and Heller’s 
work? is concerned with compounds where X = NH,. The present paper deals with 
the synthesis of cyclic hydroxamic acids (X = OH) by this route. 


Ny 
NH-COR NH-COR ‘CR 
CcO,R’ CO:NHX ooNx 
(I) (1) (Il) © 


Treatment of esters of o-acylaminobenzoic acids with alkaline aqueous-methanolic 
hydroxylamine under the mild conditions used previously * afforded in all cases studied 
the cyclic hydroxamic acid (III; X = OH), not the acyclic product (II). The cyclic 


1 Stephen and Wadge, /j., 1956, 4420. 
* Heller, Goring, Kloss, and Kohler, J. prakt. Chem., 1925, 111, 36. 
* Harrison and Smith, J., 1959, 3157. 
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hydroxamic acid structure was supported by (a) the dark-red colours given with aqueous- 
alcoholic ferric chloride, and (6) reduction of typical members to the corresponding 
4-hydroxyquinazoline ([V) by means of sodium dithionite (hydrosulphite): an acyclic 
hydroxamic acid (II) would be expected to give a “‘ permanganate ’”’ colour with ferric 
chloride. The reduction (b) probably involves the tautomeric N-oxide form (V) of the 
cyclic hydroxamic acid. Since we have no information at present as to which form 
predominates in the solid state, these compounds are here named as 3-oxides for brevity 
only. Similar routes from the esters of 2-aminonicotinic and 3-aminopicolinic acid lead 
to cyclic hydroxamic acids of the 1,3,8- and 1,3,5-triazanaphthalene series respectively, 
the structures of which were deduced in similar ways. 


Ny Ny 
s CX i 
| 
ZN ao o —/NOH UN-OH 
C N° “Cc 
OH 


(IV) (V) (VI) (VII) 


The reactions of the esters with hydroxylamine were normally allowed to proceed at 
room temperature for 7 days. However, in the case of methyl o-benzamidobenzoate 
(which is insoluble in aqueous methanol) dissolution occurred within a short time of 
mixing with the hydroxylamine solution, but after 8 hr. the reaction mixture was a 
paste; the solid is probably the sodium salt of the acyclic hydroxamic acid. A similar 
precipitate is formed even more rapidly in the case of ethyl 3-acetamidopicolinate. 

An alternative, and in some cases more convenient, route to the cyclic hydroxamic 
acids is to heat the o-amino-hydroxamic acid with the corresponding acid anhydride 
(R-CO),O, or with the acid itself when R= H. The action of acetic anhydride at room 
temperature on o-aminobenzhydroxamic acid yints a rather unstable solid, probably 
o-acetamidobenzhydroxamic acid. 

The action of nitrous acid on écibidiidstepilidlldnil acids gives products which are 
believed to be cyclic hydroxamic acids of the triazine series, 7.e., (VI) and (VII) (cf. Heller 
and Siller *). These give the expected red colours with ferric chloride and the compound 
(VI) is degraded by concentrated sodium hydroxide solution (it is stable to dilute alkali) to 
o-azidobenzoic acid. A similar degradation has been observed with other 4-hydroxy- 
benzo-1,2,3-triazines.2, No cyclic hydroxamic acid was isolated after treatment of 2-amino- 
nicotinhydroxamic acid with nitrous acid, presumably owing to the unreactive nature 
of the 2-amino-group. 

Lott and Shaw ® obtained small yields of cyclic hydroxamic acids by the action of 
perbenzoic acid on 2-hydroxy-pyridine or -quinoline. Attempts to perform the parallel 
conversion (IV) —» (V) (R = Me) by using monoperphthalic acid in ether—chloroform 
or 100-vol. hydrogen peroxide in acetic acid were unsuccessful; some reaction occurred, 
possibly at the nitrogen atom remote from the hydroxy] group, but the products appear to be 
unstable. Under more drastic conditions, the only product isolated was o-nitrobenzamide, 
formed by breakdown of the pyrimidine ring. Unexpectedly, the 3-oxides (V; R=H 
or Me) also gave o-nitrobenzamide under these conditions, the peracid appearing to bring 
about loss of an oxygen atom from Nj) since this atom appears in an amino-group in the 
product. 

In view of the antibacterial action of some cyclic hydroxamic acids, a few of the simpler 
compounds were subjected to biological screening by Messrs. Boots Pure Drug Co. Results 
were negative except that the cyclic hydroxamic acids (Vv; R =H, Me, and Ph) had 
slight schistasomacidal activity im vitro. The compounds were inactive in vivo. The 
compound (V; R = Me) has previously been tested.® 

* Heller and Siller, J. prakt. Chem., 1927, 116, 9. 


5 Lott and Shaw, J. Amer. Chem. Soc., 1949 ,71, 70 
® Newbold and Spring, J., 1948, 1864. 
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EXPERIMENTAL 


The hydroxylamine solution used was prepared as previously described. Where a com- 
pound was prepared by two different routes, identities of products were confirmed by mixed 
m. p.s. Percentage yields and m. p. of cyclic hydroxamic acids are given in the Table. 

Ethyl 3-Acetamidopicolinate.—Ethyl 3-aminopicolinate (1-1 g.) was heated with acetic 
anhydride (4 ml.) at 100° for 45 min. Evaporation gave the ester (0-72 g.) (needles from 
methanol), m. p. 140—142° (Found: C, 58-2; H, 5-6; N, 13-2. C,)H,,N,O, requires C, 57-7; 
H, 58; N, 13-4%). 

Cyclization of 0o-Aminohydroxamic Acids (Method A).—(a) By acetic anhydride. o-Amino- 
benzhydroxamic acid (1 g.) was heated under reflux with acetic anhydride (6 ml.) for 20 min., 
excess of water and charcoal were added, and boiling was continued for a further 5 min. From 
the filtrate, on cooling, the crude 4-hydvoxy-2-methylquinazoline 3-oxide (see Table) (0-78 g.) 

Yield (% 
by method , Required (% 
3-Oxides M. p. A B ‘ Formula GS @: 3 
4-Hydroxyquinazoline 242—244°* 94 24 ‘7 38 ‘1 CsHgN,O, 59:3 3-7 17:3 
4-Hydroxy-2-methylquin- 214—215¢ 67 76 61:3 45 15:8 C,H,N,O, 61-3 4:5 15-9 
azoline (lit.,? 214°) 
4-Hydroxy-2-phenylquin- 176—177* 52 55 ‘6 41 11-8 CyHyN,O, 706 42 11-8 
zoline 
4-Hydroxy-2-methyl-1,3,5- 254-256 25 45 -4 3-6 23-8 C,H,;N,O, 542 40 23-7 
triazanaphthalene 
4-Hydroxy-2-methyl-1,3,8- 245-247 50 36 53-9 39 23-2 C,H,N,O, 542 4 
triazanaphthalene 
4-Hydroxybenzo-1,2,3-tri- 180—181¢ 86 2 3-2 “6 C,H;N,O, 51:5 3: 
azine (decomp.) 
4-Hydroxy-1,2,3,5-tetra-aza- 1954 32 ‘8 27 33-9 C,H,N,O, 43:9 25 341 
naphthalene (explodes) 


23-7 
25-7 


* From ethanol. *® From water. 


separated. 2-Aminonicotinhydroxamic acid was converted similarly into a cyclic product, 
but 3-aminopicolinhydroxamic acid afforded a crude product which was a mixture. By gentle 
warming with a little water the latter was separated into a less-soluble fraction, m. p. 216—218° 
(probably 3-acetamidopicolinic acid, but not further investigated), and the required cyclic 
hydroxamic acid, which was difficult to purify. 

When o-aminobenzhydroxamic acid (2-17 g.) was stirred at room temperature with acetic 
anhydride (4-5 ml.), heat was evolved and a pasty solid formed. After cooling for 30 min., 
ether was added, and the solid collected, washed with ether, and dried at room temperature 
in vacuo. The product was too unstable for purification, but is probably o-acetamidobenz- 
hydroxamic acid (2-57 g., 93%), m. p. 127—130° (incomplete) (Found: C, 56-3; H, 5-3; N, 
13-7. C gH, )N,O, requires C, 55-7; H, 5-2; N, 14:4%); it gave an intense “‘ permanganate ”’ 
colour with aqueous ferric chloride (all the cyclic hydroxamic acids prepared gave red colours 
with this reagent) and was converted into 4-hydroxy-2-methylquinazoline 3-oxide by (a) 
boiling it with water for 10 min., or (b) dissolving it in cold dilute hydrochloric acid and 
neutralizing after 4 hr. 

(b) By formic acid. o-Aminobenzhydroxamic acid (1-47 g.) and 98% formic acid (3 ml.) 
were heated under reflux for 15 min. Addition of water (10 ml.), further boiling, and cooling 
gave crude 4-hydroxyquinazoline 3-oxide (1-44 g.). 

(c) By benzoic anhydride. o-Aminobenzhydroxamic acid (0-60 g.) and benzoic anhydride 
(1:30 g.) were heated together at 130—140° for 3 hr. The residue was extracted with ether, 
and the insoluble material crystallized from ethanol to give 4-hydroxy-2-phenylquinazoline 
3-oxide (0-49 g.). 

Formation of Cyclic Hydroxamic Acids from o-Formamido-, 0-Acetamido-, and 0-Benzamido- 
carboxylic Esters (Method B).—Methyl o-acetamidobenzoate (5-8 g.), methanol (25 ml.), and 
hydroxylamine solution (30 ml.) (see above) were mixed at room temperature and left for 7 
days. The methanol and most of the water were removed (reduced pressure) and the residue 
dissolved in water (25 ml.). Addition of 4n-hydrochloric acid (15 ml.) gave the crude 4-hydroxy- 
2-methylquinazoline 3-oxide (6-13 g.). The cyclic product was obtained similarly from methyl 
2-acetamidonicotinate and from methyl o-formamidobenzoate, methanol being replaced by 

* Anschutz, Schmidt, and Greiffenberg, Ber., 1902, 35, 3480. 
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water in the latter case. For methyl o-benzamidobenzoate initial dissolution was followed 
within about 4 hr. by formation of a paste. The solid was filtered off after 24 hr., dissolved 
in water, and then treated as above. A similar preparation left for 7 days gave the required 
product even if acidified with acetic acid, though after shorter reaction times mineral acid 
was necessary. Ethyl 3-acetamidopicolinate also formed a paste (ca. 3 min.) in this reaction, 
the cyclic product being isolated after 2 days by using hydrochloric acid. 

Reduction of Cyclic Hydroxamic Acids.—Sodium dithionite (16 g.) was added in small portions 
during 3 hr. to a refluxing mixture of 4-hydroxy-2-methylquinazoline 3-oxide (1-35 g.), water 
(32 ml.), and ethanol (16 ml.). The solution was then adjusted to pH 6—7 by 4n-sodium 
hydroxide and evaporated under reduced pressure. Extraction of the dried residue with 
boiling ethanol (2 x 50 ml.), filtration, and concentration of the extract gave 4-hydroxy-2- 
methylquinazoline (0-5 g.), m. p. 237—238° (lit.,* 238—239°) not depressed by a sample prepared 
from acetamide and anthranilic acid.® 

4-Hydroxy-2-phenylquinazoline 3-oxide was reduced similarly, except that addition of 
excess of aqueous sodium hydroxide was desirable. The product (47%) had m. p. 237—238° 
(lit.,1 236°) not depressed by a sample from o-benzamidobenzamide.! 

Reduction of 4-hydroxy-2-methyl-1,3,8-triazanaphthalene (0-55 g.) yielded the required 
product (0-03 g.), m. p. 260—262°, only after repeated fractional crystallisation to remove 
inorganic matter. Since there is only one previous reference to the preparation of this com- 
pound,® and other work in the same paper has been disputed,!° we prepared a sample of the 
reduction product for comparison as follows: 2-Aminonicotinic acid (2-03 g.) was mixed with 
acetamide (8-43 g.) and heated at 200—220° for 10 hr. The residue was extracted with hot 
ethanol (charcoal) and furnished a crude product (0-52 g.) which after crystallisation from 
ethanol had m. p. 260—262° (lit.,° 258°) (Found: C, 60-0; H, 4:1; N, 26-1. Calc. for 
C,H,N,O: C, 59-6; H, 4:4; N, 261%). 

Oxidation of 4-Hydroxyquinazolines and their 3-Oxides.—A solution of 4-hydroxy-2-methyl- 
quinazoline (4-28 g.) in acetic acid (25 ml.) and 100-vol. hydrogen peroxide (20 ml.) was kept 
at 70—80° for 40 hr. Partial evaporation (reduced pressure), addition of more water, and 
further evaporation left a yellow-brown gum. This dissolved in hot water (10 ml.) and, on 
cooling, the solution deposited a red solid which became yellow on addition of 20°% aqueous 
sodium hydroxide (4 ml.). The crude product (1-38 g.) was collected and crystallized from 
water, giving o-nitrobenzamide as pale green needles, m. p. 174—176° (lit.,14 176°) not depressed 
on admixture with a sample prepared from o-nitrobenzoyl chloride and ammonia. 

Similar treatment of 4-hydroxy- and 4-hydroxy-2-methyl-quinazoline 3-oxide gave o-nitro- 
benzamide (23% and 28%). 

Action of Nitrous Acid on 0-Amino-hydroxamic Acids.—(a) 0-Aminobenzhydroxamic acid. 
To a solution of the hydroxamic acid (2-3 g.) in water (70 ml.) and concentrated hydrochloric 
acid (4 ml.) was added 1-5m-sodium nitrite (1-1 equiv.), 4-hydvoxybenzo-1,2,3-triazine 3-oxide 
(2-12 g.) separating at once. 

(b) 3-Aminopicolinhydroxamic acid. The hydroxamic acid (0-5 g.), dissolved in water 
(5 ml.) and concentrated hydrochloric acid (0-6 ml.) by stirring at 0° for 5 min., was treated with 
2-5m-sodium nitrite (1-5 equiv.). After 1-5 hr. the solid was collected, washed with small 
volumes of cold water, and dried at room temperature in vacuo, affording 4-hydroxy-1,2,3,5- 
tetva-azanaphthalene 3-oxide (0-21 g.) as a yellow powder. 

Alkaline Degradation of 4-Hydroxybenzo-1,2,3-triazine 3-Oxide.—The oxide (0-4 g.) in water 
(5 ml.) and 20% aqueous sodium hydroxide (5 ml.) was refluxed for lhr. Cooling and addition 
of 2-5n-hydrochloric acid (12 ml.) afforded a flesh-coloured precipitate (0-33 g.), m. p. 142—143° 
(decomp.) (lit.,22 144-5—146°), which did not depress the m. p. of a sample of o-azidobenzoic 
acid prepared from anthranilic acid. A similar solution, left for 24 hr. at room temperature, 
also furnished 0-azidobenzoic acid (0-29 g.), but a solution in 0-1nN-sodium hydroxide gave 80% 
recovery of starting material. 


ScrENCE DEPARTMENT, 
NoTrTrinGHAM & District TECHNICAL COLLEGE. [Received, December 9th, 1959.) 


8 Bogert and Gotthelf, J. Amer. Chem. Soc., 1900, 22, 522. 

® Klisiecki and Sucharda, Roczniki Chem., 1923, 3, 251. 

10 Robbins and Hitchings, J. Amer. Chem. Soc., 1955, 77, 2256. 
1 Bischoff and Siebert, Annalen, 1887, 239, 92. 
12 Bamberger and Demuth, Ber., 1901, 34, 1309. 
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436. Molecular Polarisability. The Conformations of Various 
N-Substituted Anilines, Piperidines, and Piperazines. 
By M. Aroney and R. J. W. LE Févre. 


The following conclusions regarding solute species in benzene are reached 
by the application of polarity, polarisability, and steric considerations to 
the measurements reported in Tables 1—3: aniline has a pyramidal conform- 
ation in which the H-H line is parallel to the C,H, plane; NN-dimethyl- 
aniline conforms to the aniline model, as also do the Ar-N(CH,"), portions of 
NN-diethylaniline, 1-phenylpiperidine, and the 1,4-diarylpiperazines; 1- 
phenylpiperidine is a “chair” structure with the C,H, group attached 
equatorially; with piperazine and its disubstituted derivatives both ‘‘ boat ”’ 
and “‘chair”’ forms occur, the N-H and N-Me bonds being sometimes 
equatorial and sometimes axial, and the N—Ar bonds always equatorial. 


THE primary objective of the present work is to examine the conformations of 1-phenyl- 
piperidine and of certain 1,4-disubstituted piperazines by using polarisability information 
recently established +? for the various linkages involved. Measurements of the dipole 


TABLE 1. Depolarisation factors for light scattered by solutions of (a) aniline and 
(b) dimethylaniline in n-hexane. 


(a) Solute: Aniline (b) Solute: Dimethylaniline 
10f,* 1854 2137 2478 2736 105f,* 1020 1866 3393 5171 6147 
Ais 0-013 0-015 0-016 0-019 AAjs 0-005 0-010 0-020 0-030 0-035 
whence AA,, = 0-726f, — 1-80f,* a — — 0-68293 0-68810 0-69040 
10°f, * 984 1292 1447 1786 whence AAj. = 0- 5765f2 J 0- 188 /a A  BAd/ Zhe 
d%* 067553 0-67625 0-67660 0-67738 = 0-283, and ..8,* = 


whence } Ad/>f, = 0-230, and .,8,? = 0-054 
* For f, = 0, A, = 0-0973, 225 = 0-67327 (f, = molar fraction of solute, cf. ref. 3). 


TABLE 2. Incremental Kerr effects, refractive indexes, dielectric constants, and densities 
for solutions in benzene * at 25°. 
Solute: 1-Phenylpiperidine 


SEE abenewivasiness 539 623 949 1045 1205 1462 1834 
ED dsletoreotivesicut 0-044 0-049 0-081 0-092 0-106 0-132 0-170 
whence 10’AB = 7-71,w, + 87-6w,? 
BED Sdcnecssdictesa 1893 3547 4442 5614 7520 8522 
BK scssnnisennsveazen 0-0011 00-0020 00-0024  0-0032 0-0042  0-0046 
whence }An/S\w, = 0-056 

ewer 1459 1893 3547 4019 8552 10,328 14,069 
| Serra 23076 2-3175 2-3542 2-3667 2-4602 2-4994 2-5777 
Snobs ccaghigeievess — 0-87589 0-87790 0-87849 0-88768 0-88588 0-89037 


whence }Ac/Sw, = 2:29; LAd/dw, = 0-116 
Solute: 1-p-Nitrophenylpiperidine 


SM” bhuwvietssdanses 115 193 224 352 430 569 833 
Se 0-37 0-63 0-68 1-18 1-46 1-79 2-60 
whence 107AB = 338w, — 3027w,? 
SEE. stgansncaseesen 1866 2763 3197 3735 
SN Cieconelenadigienaponte 6-0028 0-0043 0-0049 0-0057 
whence  An/>\w, = 0°154 

SCT ae 224 430 569 833 1382 2351 3622 
ME 2-3304 2-3818 2-4141 2-4779 2-6173 2-8581 3-1757 
ED idducasagedscieus 0-87427 0-87486 —_— 0-87578 0-87731 0-87975 0-88298 


whence,» Ae/Sw, = 25:1, SAd/Sw, = 0-246 


a Aroney and Le Févre, Proc. Chem. Soc., 1958, 82; J., 1958, 3002. 
* Le Févre and Le Févre, Rev. Pure Appl. Chem., 1955, 5, 261; J., 1954, 1577; Chem. and Ind., 
1955, 506, 1121; 1956, 54; J., 1956, 3549. 
3 Le Févre and Purnachandra Rao, J., 1957, 3644; 1958, 1465; 1960, 119. 
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TABLE 2. (Continued.) 
Solute: Piperazine 
619 697 817 870 968 1159 1350 1365 
—0004 -—0-005 -—0-005 —0-006 -—0-005 -—0-007 -—0-009 —0-009 
whence 107AB = —0-605w, — 2-87w,? 
446 533 697 
00001 0-0002 0-0002 
whence }An/Sw, = 0-026 
534 606 703 845 916 1159 
2-2880 2-2892 2-2917 2-2971 2-2989 2-3055 
whence }) Ac/>iw, = 2-85 
307 446 534 697 703 769 
0-87411 0-87428 0-87435 0-87450 0-87441 0-87458 
whence YAd/Sw, = 0-104 
Solute: 1,4-Dinitrosopiperazine 
187 219 339 415 488 
—0006 —0007 -—0-013 -—0015 —0-018 
a+ _- — -~ 0-0001 
whence 10°AB = —3-1l5w, — 121w,?, An/w, = 0-02 
187 219 292 339 415 488 
2:2790 2-2800 2-2825 2-2838  2-2863 2-2889 
0-87435 0-87447 0-87470 0-87487 0-87520 0-87536 
whence Y Ac/Sw, = 3°39, DAd/Sw, = 0-321 
Solute: 1,4-Dimethylpiperazine 
1730 3275 5874 6498 7463 
—0-:006 —0-009 -—0-012 —0014 —0-018 
-~ — —0-0029 —0-0032 —0-0039 
whence 10°AB = —0-284w, + 0-851w,?, An/Xw, = —0-050 
1730 3275 5874 6498 7463 
2:2742 2:2752 2:2770 2-2784' 2-2784 
0-87338 0-87301 0-87240 0-87229 0-87205 
whence }) Ac/S}w, = 0-085, S Ad/¥w, = —0-0233 
Solute: 1,4-Diphenylpiperazine 
267 343 462 605 617 708 938 
0-005 0-008 0-011 0-014 0-015 0-017 0-020 
whence 10°AB = 2-5lw, — 32-5w,? 
576 605 617 963 
00005 0-0006 0-0007 0-0010 
whence } An/Sw, = 0-101 
55 603 605 617 637 670 
22755 22756 2-2756 2:2757 2-2759 2-2761 
0-87481 0-87489 0-87488 0-87491 0-87497 0-87505 
whence } Ae/Sw, = 0-526, SAd/Sw, = 0-185 
Solute: 1,4-Di-p-tolylpiperazine 
193 219 377 559 752 974 1063 1150 
0-004 0-006 0-011 0-015 0-019 0-024 0-028 0-030 
whence 10°7AB = 2-64w, — 6-04w,* 
711 752 848 974 1150 
0-0007. =0-:0007. Ss «00008 )=—s«0-0010—Ss«O0-0011 
whence }An/Sw, = 0-097 
558 é 711 752 848 974 
2-2753 -§ 2-2761 2-2761 2-2766 2-2769 
whence })Ac/Sw, = 0-486 
382 494 558 652 711 848 974 1150 
0-87436 0-87456 0-87463 0-87479 0-87490 0-87514 0-87532 0-87555 
whence } Ad/Sw, = 0-156 
Solute: NN’-Di-p-nitrophenylpiperazine 
104 134 
2 2:2737 2-2740 
0-87381 0-87381 0-87382 
whence })Ae/Sw, = 11-6; YAd/Sw, = 0-298 


* For w, = 0,e% = 2-2725, d,*> = 0-87378, n, = 1-4973, B, = 0-410 x 10”. 
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moments and molar Kerr constants in benzene have therefore been made, as listed in 
Tables 2 and 3; to assist their interpretation, knowledge of the molecular anisotropies of 
aniline and dimethylaniline as solutes became necessary, and these—determined * in 
n-hexane—are given in Table 1. 


EXPERIMENTAL 


Apparatus and Procedures.—These have been as described in refs. 1—3; ref. 3 deals 
particularly with the observation of depolarisation factors for scattered light. Computational 
methods and symbols here used are as explained in a review;? a full list of symbols 
with definitions also appears in ref. 4. 

Materials.—Solutes were obtained or purified as follow: 1-phenylpiperidine, b. p. 255— 
260°, from bromobenzene, piperidine, and sodamide;* 1-p-nitrophenylpiperidine, m. p. 102— 
103° (from alcohol), from p-chloronitrobenzene and piperidine; * piperazine, b. p. 142°, from the 
hydrate by twice distilling it over solid sodium hydroxide followed by once over sodium metal 
with exclusion of moist air; dinitrosopiperazine, m. p. 156° (from hot water), from the base; 7 
1,4-dimethylpiperazine, b. p. 130—131°, from piperazine, formic acid, and formaldehyde; * 
1,4-diphenylpiperazine, m. p. 164° (from benzene), from ethylene dibromide and aniline; ® 
1,4-di-p-tolylpiperazine, m. p. 189° (from benzene), from p-toluidine as in ref. 9; 1,4-di-p-nitro- 
phenylpiperazine, m. p. 261° (decomp.) after three crystallisations from nitrobenzene, extraction 
with boiling alcohol, and drying at 100° (Found: C, 58-5; H, 5-0. Calc. for C,gH,,0O,N,: C, 
58-5; H, 4:9%), from -chloronitrobenzene and piperazine hexahydrate at 150° for 3 hr. 
(ef. Schmidt and Withmann,’° who gave m. p. 248° (decomp.)]. 


DISCUSSION 


Previous Work Relevant to Table 3.—Each of the seven molar Kerr constants is here 
reported for the first time; that for 1-p-nitrophenylpiperidine is remarkable as the largest 
so far recorded, considerably exceeding the ..(mK,) values for nitrobenzene™ (ca. 
1100 x 107) or 4-nitrodiphenyl ™ (ca. 3260 x 107%). 

Of the dipole moments listed in Table 3, the literature contains information only for 
piperazine and its 1,4-dimethyl and -dipheny] derivatives. The following points may 
be noted: The moment of 1-phenylpiperidine (1-7, D) is close to that (1-7, D) obtained for 
NN-diethylaniline when the data of Barclay, Le Févre, and Smythe © are recalculated on 
the basis that pP = 1-05Rp; the high polarity of 1-p-nitrophenylpiperidine recalls 
Marsden and Sutton’s value * for #-nitrodimethylaniline (6-8, Dp). Our estimate for 
piperazine is identical with that (1-4, D) given by Martin, but for the 1,4-diphenyl deriv- 
ative, our moment is 0-2, D lower. For 1,4-dimethylpiperazine we obtain the same value 
for ,,.P, as George and Wright,!* but use of pP = 37-8 c.c. leads to the smaller moment of 
0-4, D. 

Conformations of Aniline, Dimethylaniline, and Diethylaniline.—Consideration of these 
three molecules must precede discussion of others named in Table 3. Aroney and 


4 Le Févre, Le Févre, and Oh, Austral. J. Chem., 1957, 10, 218. 

5 Brotherton and Bunnett, Chem. and Ind., 1957, 80. 

® Le Févre and Turner, J., 1927, 1113. 

7 Ladenburg, Ber., 1891, 24, 2400. 

§ Eschweiler and Clarke, ‘‘ Organic Reactions,’’ Wiley, New York, Vol. 5, p. 323. 

* Pratt and Young, J. Amer. Chem. Soc., 1918, 40, 1429. 

10 Schmidt and Withmann, Ber., 1891, 24, 3240. 

11 Le Févre and Le Févre, J., 1953, 4041. 

12 Chau, Le Févre, and Le Févre, J., 1959, 2666. 

#8 Martin, Thesis, London, 1936, pp. 134, 180 (quoted by Partington, ‘‘ An Advanced Treatise on 
Physical Chemistry,” Vol. 5, Longmans, Green & Co., London, 1954, p. 538). 

™ George and Wright, Canad. J]. Res., 1958, 36, 189. 

% Barclay, Le Févre, and Smythe, Trans. Faraday Soc., 1951, 47, 357. 

16 Marsden and Sutton, J., 1936, 599. 
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TABLE 3. Polarisations, dipole moments, and molar Kerr constants deduced from 
benzene solutions at 25°. 
oP Rp 
ae, B Y ) (c.c.) — (c.c.) D co (mA) x 1012 

1-Phenylpiperidine 2-29 0-133 ©0-:037 1881 117-1 52-0 
1-p-Nitrophenylpiperidine 25-1 0-282 0-103 824 1024 67-7 
Piperazine 2-85 0-119 0-017 —1-47, 72:0 26-7 
1,4-Dinitrosopiperazine ... 3-39 0-367 0-013 —7-68 1230 32-2 
1,4-Dimethylpiperazine ... 0-085 —0-027 —0-033 —0-693 41-8 36-0 
1,4-Diphenylpiperazine ... 0-526 0-212 0-067 612, 876 76-7 4 
1,4-Di-p-tolylpiperazine ... 0-486 0-179 0-065 643, 98-9 88-1 0-56 
1,4-Di-p-nitrophenylpiper- 

0-341 —_ — 790 108-4 ca. 6 


* Calculated by assuming the distortion polarisation to be 1-05Rp. 


Le Févre !” have recorded the following values for 10 ,.(mK,): Aniline, 22-4; dimethyl- 
aniline, 134-2; diethylaniline, 190-6. 

For aniline, presuitant = 1-50 p18 R,, = 29-1 c.c. (calc. from refractions by Vogel *), 
and ,,8,? = 0-054 (present work). If now, following Marsden and Sutton,” presuttant iS taken 
as acting at 43° to the C-N bond and in the plane defined by the C-N longitudinal axis and 
the bisector of the HNH angle, we have, since b, + b, + b, = 3-460 x 10°%, 


0, = 3-49 x 10° and 6, = 1-83 x 10°% 


which lead to alternative solutions: 


10%), = 1-49 0-87 
10%, = 1-14 ¢ or 4:1-08 
10°), = 0-83 151 


(It is assumed that 0}, lies along the C-N axis, and that }, is at 90° to the C—-N bond and in 
the plane just mentioned.) By tensor addition (using the anisotropic C-N and N-H 
polarisabilities of ref. 1 together with related data * for the phenyl group) semi-axes and 
molar Kerr constants are calculable for the two extreme models: (a) in which the line 
joining the amino-hydrogen atoms is parallel to the plane of the C,H, ring, or (b) in which 
it is perpendicular. (The CNH and HNH inter-bond angles are taken as tetrahedral; 
cf. refs. 20 and 21.) Results appear as follows: 


Conformation (a) | Conformation (b) 
1-27 1-27 
1-24 0-86 
0-89 1-27 


Evidently, therefore, of the two experimental sets of semi-axes, that in which }, = 
1-49 x 10° is the more appropriate. No account has so far been taken of resonance 
interaction; this (cf. second ref. under 3) should cause a positive exaltation of polarisability 
along the 0, direction; in fact, comparison of the semi-axes predicted above for (a) with 
those from experiment shows that exaltations of Ab, = +0-22, An, = —0-10, and Ad, = 
—0-06 (all x 10°% c.c.) will satisfactorily explain the present measurements. 

In passing, it is relevant to the conclusions of ref. 17 that if, in the analysis of our 
observations, b, were taken along the direction of presuitant, 50, would emerge as 
1-17 x 10°—a figure smaller than any of the predicted values. Moreover, were aniline 

Aroney and Le Févre, J., 1956, 2775. 

Le Févre, Roberts, and Smythe, J., 1949, 902. 

Vogel, J., 1948, 1825. 

Brockway and Jenkins, J]. Amer. Chem. Soc., 1936, 58, 2036. 

Herzberg, ‘‘ Infrared and Raman Spectra of Polyatomic Molecules,” Van Nostrand, New York, 
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to be a completely flat structure, b,, b,, and b, would be (exaltations being neglected) 
respectively 1-26, 1:24, and 0-90 (x 10° c.c.), corresponding to a molar Kerr constant of 
+52 x 10°, against the mKobs. of 22-4 x 10°; the mK cate. would be increased if exaitations 
were considered. Aniline as a solute in benzene is thus clearly non-planar; for it, 
conformation (a) above is suggested as most reasonably meeting the requirements of 
available evidence. 

For dimethylaniline we have 6, + 6, + 6b, = 4-608 x 10° c.c. (from ref. 19) and 

= 0-043 (Table 1); 6, is therefore 5-15 x 10%. From Table 3, 0,+ 6 is 

31-9 x 10°, whence 0, = 26-76 x 10°, Extraction of the molecular semi-axes of 
polarisability requires knowledge of the disposition Of presuitant (1°61 D, cf. ref. 15) in 
relation to the directions of 6,, b,, and b,. In the absence of other information we make 
two assumptions: (a) following Wepster,* that the Me ~*~ Me line lies parallel to the 
plane of the C,H, ring, and (6) following Marsden and Sutton,’ that presuttant acts at 38° to 
the C4--N bond and in the plane perpendicular to the Ar ring. Without modification 
these do not permit the mathematical solution desired, probably because of small errors in 
our observational equations. Accordingly, rather than altering either (a) or (b), we prefer 
to reduce the unknown semi-axes to two by estimating that }; which is certain to be the 
least, namely 6,. This may be done by using the bond and group semi-axes 3 for N-C, 
C,H;-, and C-H, in a model in which the three angles at the nitrogen atom are tetrahedral, 
and by correcting the value so obtained by adding the exaltation already noted for aniline; 
alternatively, the b, quoted above for aniline may be changed by withdrawal of data for the 
N-H links and substitution of those for two N-CH, units. By the first route 105, emerges 
as 1-25 — 0-06 = 1:19; by the second, directly as 1:19. Insertion of b, = 1-19 x 10° 
into the expressions for the total polarisability and for 8, now yields 10%), and 105), as 
2-16 and 1-26, respectively. From these, by subtractions corresponding to two C-H links, 
may be drawn the semi-axes (2-03, 1-13, and 1-06) appropriate for that fragment, namely 
C,H,*N(CH,")s, which is basic to several of the molecules to be discussed later. 

As a test the new data are applied to diethylaniline, for which ® prpesuitant (= 1-81 D) is 


taken as acting as in dimethylaniline.“6 Three conformations are depicted in Fig. 1 (a), 


4, 


- “en Me 
ae 


(a) 


Calc. b = b, = 2-62 x 10-8 
by = 1-57 
bs = 1-50 
Calc. mK = 218 x 10-1 Calc. mK = 166 x 107" 


(6), and (c); the calculated semi-axes, and the expected ,,K’s being given below. In- 
spection of models shows 1(a) to be less stable than (0) or (c) in which the methyl groups 
are more separated. The molar Kerr constant by experiment is 191 x 107%, in good 
agreement with that forecast for (c), a conformation intermediate between (a) and (d). 
Conformation of N-Phenylpiperidine.—By analogy with the stereochemistry of cyclo- 
hexane and from the evidence put forward by us recently,! N-phenylpiperidine should 
contain the piperidino-ring as a “‘ chair” to which a phenyl group, being large, would be 
attached by an “equatorial” bond (see Fig. 2). The observed ..(mK,) of 226 x 10°" 
agrees with this: if b, is along the C-N direction and }, is perpendicular to }, and in the 
plane of C-N and the bisector of the angle CH,*N-CHg, the semi-axes (x 10%) predicted 
are b, = 2-70, b, = 1-70, and 6, = 1-60, from which (With Uresuitant = 1°74 D, cf. Table 3) 


%2 Wepster, Rec. Trav. chim., 1957, 76, 335, 357. 
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an »K of 202 x 107 is calculable if presuitant is at 38° to b,; were the angle only 3° less, i 
mK cate. is 229 x 10°; the correct angle thus appears to be ca. 36°. The corresponding pipe 
mK’s computed for the conformation in which the phenyl group is attached axially are 1:2 
179 x 1071? if the angle between 6, and presuitant is 35° or 157 x 10°! if it is 38°. The with 
measured ,,K (226 x 10712) is thus in agreement with expectations noted at the beginning 7 
of this paragraph. 7 
Conformations of Piperazine and its 1,4-Disubstituted Derivatives.—For the base itself we bear 
have considered nine conformations produced by taking NCC and CCC angles as tetra- met! 
hedral, and the HNC angle as already quoted; these possibilities are indicated.as 4a—4j rath 
Fic. 3. 
i 
ch 0th » ‘veal, ‘a 
Lk Nn, 
4 
(4a) (as) | 3 . 
Fic. H \ 
x» 4 
Mi anes H—=N — ~~ 6 
Ph 
“RA — er 
3 
(4d) (4e) (4#) 
WW WY 
f (49) (44) [ @) 
H 
TABLE 4. Polarisability semi-axes (x 108), molar Kerr constants (x 10"), and resultant 
dipole moments (D) expected for nine possible conformations of piperazine. 
Conformation Dispositions Semi-axes 
(see Fig. 3) of N-H bonds (calc.) ft mi (calc.) res, (calc.) 
4a eq, eq 1-062, 0-974, 1-007 +0-3 0 . 
4b ax, ax 1-120,, 0-974, 0-949 +1-2 0 
4c eq, ax 1-091, 0-974, 0-978 +1-7 2-1 
4d yeq, veq 1-075, 0-974, 0-994 —9-0 1-7 ; 
4e wax, pax 1-134, 0-974, 0-935 —11-5 1-0 
4f yeq, yax 1-105, 0-974, 0-964 +53 1-9 
4g pax, pax 0-987, 1-084, 0-972 —20 1-7 
4h peq, peq 0-987, 1-040, 1-016 +1-2 2-0 
4i weq, pax 0-987, 1-062, 0-994 +9-1 1-1 
* Indicated as equatorial or axial in “‘ chair’’ forms, or as psevdo-equatorial or pseudo-axial in 
“ boat ’’ forms. 
+ Reported in descending order as b,, b,, and by. 
. ; , rep 
in Table 4 and Fig. 3. Bond polarisability data give expected semi-axes as shown below was 
the formulz; in these calculations }, is computed in a left-to-right direction for each diagram diq 
while 6, is in, and 6, perpendicular to, the plane of the paper. The molar Kerr constants BF (wh 
and resultant moments corresponding to structures 4a to 44 are also included in Table 4. pre: 
The observed ,K and p are respectively —12-7 x 10! and 1-4, p. No single conform- 5h, 
ation fits both these properties simultaneously. Since the volume requirement of the gro 
nitrogen lone-pair orbital exceeds that of an N-H bond,! the arguments used in cyclohexane 5d- 


stereochemistry suggest that the three “‘ boat ” conformations 4d, 4e, and 4f are unlikely 
to be present in significant amounts, and that 40 is more probable than 4a or 4c. Since the 
molar Kerr constant as measured is negative, form 4b must be admixed with a form whose 
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»K is itself negative: this criterion is satisfied only by 4g. Accordingly, we suggest that 
piperazine in benzene solution contains the conformations 4b and 4g in roughly the ratio 
1:2; for such a mixture 10",,K and tresuitant Would be —13 and 1-4 D, in good agreement 
with the values found. 

Table 5 summarises an attempt to analyse our observations with 1,4-dimethylpiperazine. 

The situation is less clear than with the parent base but, after examining models and 
bearing in mind our earlier findings+ with 1-methylpiperidine, we suggest that 1,4-di- 
methylpiperazine in solution contains the species 5a, 5b, 5c, 5g, 5h, and 57, with the last in 
rather greater proportion than the other five. 
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Fic. 4. 
Me 
\ Ao”. 
N Me 
Me™ oS Nah 
AE 6s) | (50) \ 
(5a) Me Me 
Me Me Me 
MeN. N——Me { \ M N——Me 
er AES 7, ay 
(64) (Ge) a 
Ke - whe, [|S 
de he 
4 


3 


TABLE 5. Predictions for nine possible conformations of 1,4-dimethylpiperazine. 


Conformation Dispositions Semi-axes 
(see Fig. 4) of N—Me bonds (calc.) mK (calc.) Pres. (calc.) 
5a eq, eq 1-453, 1-326, 1-365 +0-6 0 
5b ax, ax 1-473, 1-326, 1-344, +0-9 0 
5c eq, ax 1-463, 1-326, 1-355 +3°5 1:3 
5d eq, weq 1-471, 1-326, 1-346, — 16-4 1-7 
5e wax, pax 1-491, 1-326, 1-326 +1:3 0 
of weq, wax 1-481, 1-326, 1-336 +21-4 1-5 
5g ax, pax 1-345, 1-436, 1-363 —2:0 0-8, 
5h weq, weq 1-345, 1-421, 1-378 —1-4 1-7 
5i weq, ~ax 1-345, 1-429, 1-370, +4-4 0-87 


Such a conclusion is harmonious with proton magnetic resonance determinations 
reported by George and Wright ' (which indicated that a “ chair” conformation alone 
was inadequate, and that flexible structures should be postulated) and also with details of 
diquaternary salt formation with alkylene dibromides published by Mann and Senior * 
(which can be readily understood if ‘“‘ boat” forms participate in the equilibrium; 
presumably, for reasons originally given by Wightman, “ boat ” structures such as 5g, 
5h, and 5i should be readily interconvertible; steric hindrances involving the methyl 
gtoups and/or the lone-pair orbitals are likely to depress the generation of structures 
5d—5f). ‘ 

George and Wright ' give the dipole moment of 1,4-dichloropiperazine in benzene as 


*3 Mann and Senior, J., 1954, 4476. 
* Wightman, /J., 1925, 127, 1421. 
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0-71 p. Since the van der Waals radius of chlorine (1-8 A) is not far short of that (2-0 A) 
of methyl,™ considerations just outlined for dimethylpiperazine should apply to the 
dichloro-analogue. For conformations corresponding to 5a—5i, but with chlorine replac- 
ing methyl, moments are calculable (uy—q being taken as 0-3D) respectively as follows: 
0,0, 0-49, 1-61, 2-16, 1-93, 1-31, 0-50, 0-9,. The molecule therefore cannot be merely a 
mixture of “‘ chair ”’ forms because pp,. is too great; if instead, as a solute, it is a mixture of 
the first three and the last three forms, the apparent moment by measurement can be 
explained. 


Fic. 5. 


“7 N—Ar 


Ara 
gett ' / 
Ar 


b, (6a) b, 6 7 
Ay Ar A 5, é ‘ 
N 
Ww] Vel 
“4, ~~ b, 
| ” AY Ge) 


TABLE 6. Predictions for five possible conformations of N,N'-diphenyl- and 
-di-p-tolyl-piperazines. 


res, calc. Semi-axes (calc.) for = » 

Conformation Dispositions for both diphenyl- : ditolyl- for diphenyl- for. ditolyl- 
(see Fig. 5) N-Ar bonds substances piperazine piperazine piperazine piperazine 

6a eq, eq 0 4-27, 2-32, 2-18 - 4-72, 2-62, 2-48 195 225 

6b weq, yeq 2-0 4-27, 2-32, 2-18 4-72, 2-62, 2-48 — 290 — 392 

6c wax, pax 2-4 4-08, 2-45, 2-22 4-52, 2-77, 2-53 1260 1360 

6d weq, eq 0-4 3-75, 2-66, 2-34 4-17, 3-01, 2-65 73 85 

6e weq, pax 1-6 3°37, 2-99, 2-40 3-76, 3-35, 2-71 182 200 


The axis of maximum polarisability is denoted by b,, and of the least by 8, in each case. 


The situation with 1,4-diphenyl- and 1,4-di-p-tolyl-piperazine is partly summarised in 
Table 6, where calculations for five conformations are listed. We retain the assumption 
that the Ar-N(CH,:), units are as in NN-dimethylaniline. Inspection of Leybold models 
shows that other possibilities can be rejected on steric grounds. That the diequatorial 
chair form does not exist alone is clear from dielectric polarisation evidence: neither the 
diphenyl nor the ditolyl compound is non-polar, although the moments are small and there- 
fore difficult to assess with accuracy. Moreover, both the ,,K’s from experiment are much 
below those calculated for 6a. Any considerable participation of 6b, 6c, or 6¢ is also 
counter-indicated on polarity and/or polarisability grounds. 

Accordingly, we suggest that these diarylpiperazines are present in solution as mixtures 
of types 6a and 6d, with the latter predominating; a small amount of 6e could also occur 
without invalidating our numerical results. The fact (Table 3) that di-f-nitrophenyl- 
piperazine has a high moment (around 6 D, sparing solubility prevents this being more 
than an estimate) is reconcilable with this conclusion, since the values of pat. for the 
five structures 6a—e are 0, ca. 2, ca. 13, ca. 6, and ca. 6-5 D, respectively. 


Assistance from Dr. B. Purnachandra Rao with the measurements recorded in Table 1 is 
gratefully acknowledged. 
UNIVERSITY OF SYDNEY, N.S.W., AUSTRALIA. (Received, June 1st, 1959.] 
25 Pauling, “‘ The Nature of the Chemical Bond,” Cornell Univ. Press, 2nd edn., 1945, p. 189. 
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437. Studies in Mycological Chemistry. Part VII.*  Sterigmato- 
cystin, a Metabolite of Aspergillus versicolor (Vuillemin) ‘Tira- 
bosch. 

By J. E. Davies, D. KrrKALpy, and Joun C. RoBErts. 


Isolation of, and degradative studies on, the metabolite, sterigmatocystin, 
are described. The structure (VII) is suggested for it. 


Moutps of the Aspergillus versicolor group are of ubiquitous distribution and have been 
found on a wide variety of decaying animal and vegetable products. Some strains of 
A. versicolor (Vuill.) Tiraboschi produce a crystalline metabolite named sterigmato- 
cystin.™ 

. Three independent isolations of this metabolite have been recorded.** It soon 
became evident *® that the structure (I) proposed by Japanese workers % was untenable 
and, through the courtesy of Professor Birkinshaw of the London School of Hygiene and 
Tropical Medicine, it was mutually agreed that we should continue the structural investig- 
ations in Nottingham. This paper records the progress.’ 

Pure sterigmatocystin may be isolated from the dried and powdered mycelium, in a 
yield of ca. 13%, by successive solvent extraction, chromatography, crystallisation, and 
sublimation. It forms pale yellow needles of m. p. 246° but, after crystallisation from 
ethanol or acetone, its m. p. is always lower (ca. 242°). The molecular weight was found ® 
(by the Rast method, by quantitative hydrogenation, and by X-ray crystallography) to 
be 321+ 9. Analysis of the sublimed material established the molecular formula, 
CigH,0, (M, 324),f rendering formula (I), Cj;H,,0;, unacceptable. 

Sterigmatocystin is strongly levorotatory. Hot ethanolic potassium hydroxide 
slowly converts it into an optically inactive isomer, isosterigmatocystin. Sterigmato- 
cystin yields a green ferric reaction in ethanol and gives a deep-yellow colour with, but 
is insoluble in, aqueous sodium hydroxide. The molecule contains one methoxyl group 
(Zeisel) and one free hydroxyl group (O-monomethyl and O-monobenzoyl derivative). It 
does not contain a methylenedioxy-group or a C-methyl group (Kuhn-Roth). Its 
behaviour on acetylation is anomalous (see below). 

Some of these properties indicated that sterigmatocystin might be a derivative of 
1-hydroxyxanthone, and this view was confirmed by a number of lines of evidence: (i) the 
ultraviolet light absorption (Fig. 1) agrees with those recorded for many hydroxylated 
and/or methoxylated xanthones; ® (ii) the infrared absorption spectrum has a strong band 
at 1650 cm. which is assigned to the stretching vibration of a xanthone hydrogen-bonded 
carbonyl group (cf. 1-hydroxyxanthone, which has the corresponding band at 1652 cm.~); 
(iii) O-methylsterigmatocystin, when reduced with lithium aluminium hydride,” yielded a 

* Part VI, J., 1960, 785. 


+ Compare ref. 6 which records the formula, C,,H,,0,, as deduced from analyses on a crystallised 


sample. Strong retention of traces of solvents appears to be characteristic of certain xanthones (cf. 
draconol §), 


, 1 Thom and Raper, ‘‘ A Manual of the Aspergilli,”” Williams and Wilkins Coy., Baltimore, 1945, p. 
83. 

* (a) Hatsuda and Kuyama, J. Agric. Chem. Soc. Japan, 1954, 28,989; (b) Hatsuda, Kuyama, and 
Terashima, ibid., pp. 992, 998; (c) Chem. Abs., 1956, 50, 15,522. 

* Abou-Zeid, Ph.D. Thesis, London, 1953. 

* Birkinshaw and Hammady, Biochem. J., 1957, 65, 162. 

§ Davies, Ph.D. Thesis, Nottingham, 1956. 

* Davies, Roberts, and Wallwork, Chem. and Ind., 1956, 178. 

* Cf. Roberts, Davies, and Kirkaldy, Communication Abs., 4th Internat. Congr. Biochemistry, 
Vienna, 1958, p. 9. 
F Ma (a) Brockmann, Haase, and Fréiensehner, Ber., 1944, 77, 279; (b) Robertson, Whalley, and Yates, 

-- 1950, 3117. 

® Yates and Stout, J. Amer. Chem. Soc., 1958, 80, 1691. 

© Mustafa and Hilmy, J., 1952, 1343; Shah, Kulkarni, and Joshi, J. Sci. Ind. Res., India, 1954, 
13, B, 186; Chem. Abs., 1955, 49, 6929. 
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compound which, from its analysis and ultraviolet absorption spectrum (Fig. 2), was 
considered to be a xanthen derivative; (iv) degradation of sterigmatocystin with alumin- 
ium chloride in chlorobenzene yielded (as had been shown by Hatsuda e¢ al.™) 1,3,8-tr- 
hydroxyxanthone; (v) the ultraviolet absorption spectrum of O-methylsterigmatocystin 
was very similar to that of 1,3,8-trimethoxyxanthone (Fig. 3). There was therefore little 
doubt that sterigmatocystin was a 3,8-substituted 1-hydroxyxanthone. 


Fie. 1. Fic. 2. 
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Fics. 1—4. Ultraviolet absorption spectra of: A, sterigmatocystin (VII); B, dihydrosterigmatocystin; 
C, xanthen derivative of O-methylsterigmatocystin; D, xanthen; E, O-methylsterigmatocystin; F, 
1,3,8-trimethoxyxanthone; G, oxidation product (VIII) of 5-hydroxydihydrosterigmatocystin; H, 
O-dimethylphloroglucinol. 


Oxidation of O-methylsterigmatocystin, with potassium permanganate, gave, among 
other products, 2-hydroxy-6-methoxybenzoic acid which was identified by paper chrom- 
atography. Similar oxidation of sterigmatocystin gave y-resorcylic acid, proving the 
unprotected hydroxyl group in this compound to be in position 8. With a smaller 
proportion of oxidant, sterigmatocystin gave a result in agreement with that previously 
obtained by Hatsuda ef al.;* in this case, the product was a crystalline acid, C,;H0,, 
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which, when pyrolysed and sublimed, gave 3,8-dihydroxy-1-methoxyxanthone (C,,H,,0;), 
jdentical with a specimen synthesised by the Tanase method *" from y-resorcylaldehyde 
and O-monomethylphloroglucinol. The methoxyl group in sterigmatocystin therefore 
occupies position 1 and we may now formulate the metabolite as (II) and the acidic oxid- 
ation product mentioned above as (IIIa or b). 


R 
a OH “ o- ms “SOH 
4 \ C,H,0 | ’ 
3 ZR 
OMe HO S& OMe HO & OMe 
0. .0 fe) fe) 
CH, (I) 


a: R=H, R’=COH 
(II) (IIT) . ' 
b: R=COH, R'=H 

Quantitative hydrogenation of sterigmatocystin, under mild conditions, established the 
presence of one ethylenic bond in the molecule. Infrared absorption bands for sterigmato- 
cystin [3099(w), 1610(s), 1067, and 722 cm.1, which were absent from the spectrum of 
dihydrosterigmatocystin] indicated the presence of a vinyl ether grouping and the bands 
corresponded closely with those recorded for 2,3-dihydrofuran. The presence of a vinyl 
ether group was confirmed by ozonolysis of O-methylsterigmatocystin, hydrolysis of the 
product, and isolation of formic acid (0-85 mol.). 

Sterigmatocystin, with pyridine and acetic anhydride at 90° (1—2 hr.), gave 
crystalline but heterogeneous. material. Birkinshaw e¢ al.* (using more rigorous 
conditions) reported the preparation of a “ diacetate ” C,,H,,0, which they formulated as 
CigHgO,(CO°CH3),,H,O. We have prepared this “ diacetate,” m. p. 228—229°, and 
found that it cannot be hydrogenated. We conclude that a molecule of acetic acid has 
added to the vinyl ether grouping, to give acetoxymono-O-acetyldihydrosterigmatocystin 
(IV). The infrared absorption spectrum of the compound had no bands at 710 and 
1610 cm. (absence of an isolated double bond) but possessed an unsymmetrical band 
at 1767 cm. with a shoulder at about 1750 cm.1, corresponding to the carbonyl absorption 
of phenyl acetate 1% (1766 cm.*) and an alkyl acetate  (1735—1750 cm.). Addition of 
a molecule of acetic acid to a vinyl ether grouping has been noted previously.5 Dihydro- 
sterigmatocystin behaves normally on acetylation, yielding a mono-O-acetyl derivative. 

Structure (II) for sterigmatocystin may now be extended to partial structure (V). 
Since the ultraviolet absorption spectrum of dihydrosterigmatocystin is essentially similar 


1°) ™ 
(be a ee 
No-CH OAc . + OH +) Cy 
OMe °) 


HO ¢ 
(IV) 


(V) 


to that of sterigmatocystin (Fig. 1), the ethylenic link of the vinyl ether system cannot be 
in conjugation with the main chromophore. Valency analysis of dihydrosterigmatocystin 
indicates the presence of two rings in addition to those in the xanthone nucleus. Three 
further facts are pertinent: sterigmatocystin is optically active; dihydrosterigmatocystin 
is stable towards moderately concentrated mineral acid (absence of an acetal group); and 
one carbon atom must be attached to position 2 or 4 in the xanthone nucleus [cf. (III) 


" Tanase, J. Pharm. Soc. Japan, 1941, 61, 341. 

#2 (a) Meakins, J., 1953, 4170; (6) Barr and Rose, J., 1954, 3766. 
8 Hartwell, Richards, and Thompson, J., 1948, 1436. 

% Thompson and Torkington, J., 1945, 640. 

® Normant, Compt. rend., 1949, 228, 102. 
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above]. Hence sterigmatocystin has structure (VI) or (VII): a decision between them 
was arrived at in the following way. 
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It has been shown that some I(or 8)-hydroxyxanthones, having a free 4(or 5)-position, 
can be hydroxylated and oxidised to give a salicylic acid.® By this method dihydro- 
sterigmatocystin yielded dihydro-5-hydroxysterigmatocystin but oxidation of this with 
alkaline hydrogen peroxide gave, by spontaneous decarboxylation, a phenol, C,,H,O,°OMe, 
whose ultraviolet absorption spectrum resembles that of O-dimethylphloroglucinol 
(Fig. 4); the bathochromic shift (59 my), due to nuclear substitution and ring fusion, is, 
however, unexpectedly large (cf. the bathochromic shift of 13 my in the spectra” of 
anisole and of 2,3-dihydrobenzofuran). The infrared absorption spectrum of this com- 
pound showed bands at 908 and 1078 cm.-\(s) which are attributed to C-O-C stretching in 
the fully reduced furan ring.’ The position para to the phenolic group is free (Gibbs 
test 18) and we therefore formulate this product as (VIII) and the carboxylic acid, produced 
by oxidation of sterigmatocystin with potassium permanganate, as (IIIb). Attempts to 
synthesise this acid have so far been abortive. 

We therefore suggest structure (VII) for sterigmatocystin. Discussion of the structure 
of isosterigmatocystin is reserved until we have obtained more information. 

One further observation requires comment. Birkinshaw e¢ al. found that sterigmato- 
cystin, when fused with potassium hydroxide, gave resorcinol and acetic acid (ca. 0-7 mol.). 
The production of acetic acid, which is remarkable since sterigmatocystin contains no 
C-methyl group, may be rationalised as in the annexed scheme. 


HO 
. CH-OH CHO 
| l => 41 | 
OH HO 2 OH HO 


? 


CO,H 
CH;CO,H ~<— | on 


‘e) 


Sterigmatocystin has no significant tuberculostatic or ameebicidal activity. We 
thank Dr. D. A. Peak of Boots Pure Drug Co. Ltd. for this information. 


EXPERIMENTAL 


Infrared absorption spectra were measured, unless otherwise stated, on compounds in potass- 
ium bromide discs. Ultraviolet absorption spectra were determined on compounds in ethanolic 
solution. 

Isolation of Sterigmatocystin.—A spergillus versicolor (Vuillemin) Tiraboschi (Commonwealth 
Mycological Institute, No. 49,124) was kept in sub-culture on Czapek—Dox agar slopes. For 
production of sterigmatocystin, the mould was grown in surface culture on a solution of sucrose 


16 Roberts, J., 1960, 785. 


17 Burawoy and Chamberlain, J., 1952, 2310; Entel, Ruof, and Howard, J. Amer. Chem. Soc., 1951, 
78, 4152. 


18 King, King, and Manning, J., 1957, 563. 
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(3%) and inorganic salts (Czapek—Dox formula‘) in de-ionised water. Flat, round culture 
flasks,}* each containing 500 ml. of the medium, were sterilised and, after having been inoculated 
with a heavy aqueous spore suspension, were kept at 30° + 1° in the dark for 21 days. The 
mycelium was collected, washed, and dried in vacuo at 45°. The finely ground mycelium 
(ca. 380 g. from 100 flasks) was extracted (Soxhlet) with acetone for 48 hr. The extract (1 1. 
from 100 g. of mycelium) was kept at 0° overnight, filtered, concentrated to ca. 40 ml., and 
chilled. The crude sterigmatocystin (m. p. 220—225°) which was deposted was collected and 
dissolved in chloroform. The filtered chloroform solution was poured on to a column 
(30 x 5 cm.) of magnesium oxide (Hopkin and Williams Ltd., heavy quality; previously 
heated to 250° for 2 hr.). Development of the column with chloroform produced (in order 
from the top) purple-brown, orange-brown, and yellow bands. Continued percolation of 
chloroform through the column eluted the yellow band. The yellow eluate was evaporated to 
dryness, and the residue was crystallised from acetone to give sterigmatocystin, m. p. 241— 
242° (decomp.) (ca. 13% calc. on the dry mycelium). Sublimation of this material at 
180°/0-5 mm. gave pure sterigmatocystin, m. p. 246° (decomp.). 

Subsequent extraction of the acetone-extracted mycelium with ethanol yielded mannitol, 
identified as its hexa-acetate which formed needles, m. p. and mixed m. p. 123—124°. 

Sterigmatocystin was also isolated in a yield of ca. 1-2% from another strain of 
A. versicoloy (L.S.H.T.M. Cat. No. Ac. 59) which had been kindly supplied by 
Professor Birkinshaw. Attempts to obtain the metabolite from A. versicolor (C.M.I. 16,139) 
were abortive. 

General Properties of Sterigmatocystin—The sublimed material forms pale-yellow needles, 
m. p. 246° (decomp.), [aJ,,2°* —387° (c 0-424 in CHCI,) (Found: C, 66-9; H, 3-7; OMe, 9-5; 
C-Me, 0. Calc. for C,,H,O,-OMe: C, 66-7; H, 3-7; OMe, 9°6%), Amax. 205, 233, 246, and 
325 my (log ¢ 4-40, 4-49, 4-53, and 4-21 respectively), vn.x 3450w, 3099w, 2995w, 2975w, 2920w, 
1650s, 1627s, 1610s, 1590s, 1496, 1482s, 1447, 1415, 1400, 1362s, 1347, 1322, 1300, 1272s, 1239s, 
1197, 1179, 1122, 1098, 1067, 1044, 1019w, 993, 978, 952, 932w, 904w, 895w, 846, 823, 774, 756, 
735, 722, 702w, and 668w cm.+. Sterigmatocystin is insoluble in water, aqueous sodium 
carbonate, and aqueous sodium hydroxide but gives a deep-yellow colour with the last- 
mentioned reagent. It is sparingly soluble in most organic solvents but quite readily soluble 
in chloroform and pyridine. With concentrated sulphuric acid it gives a dark, green-brown 
colour. It gives a green colour with ethanolic ferric chloride and a yellow-brown colour with 
aqueous ferric chloride. It gives a positive Gibbs reaction.4* Sterigmatocystin (0-1 g.) was 
recovered unchanged after having been shaken with ethanol (50 ml.) and concentrated hydro- 
chloric acid (10 ml.) for 7 days. When a similar mixture was kept, with continuous stirring, at 
40—50° for three days a product was obtained which separated from ethanol in yellow needles, 
m. p. 225—227° (decomp.) (Found: C, 64-1; H, 5-7%). This compound has not been identified. 

Since sterigmatocystin, when treated with concentrated sulphuric acid, produces a deep 
colour, the normal methods * of testing for a methylenedioxy-group are vitiated. The follow- 
ing method was devised.24_ About 2 mg. of the substance were heated in a sealed glass tube 
with 1 ml. of 90% phosphoric acid at 80—90° for 20 min. The tube was cooled thoroughly and 
crushed under 5 ml. of iced water. The solution was distilled, the first 0-6 ml. of distillate being 
collected. 0-3 Ml. of distillate was used in a chromotropic acid test for formaldehyde.** 
Sterigmatocystin yielded a negative test (cf. Hatsuda et al.®). 

1-Hydroxyxanthone.—This compound, m. p. 146—147°, was prepared by Michael’s method.** 
Infrared absorption bands were at 1652s, 1616s, 1580, 1555, 1483s, 1468s, 1382, 1355w, 1337w, 
1290s, 1240s, 1221, 1183w, 1166, 1121w, 1067, 1029w, 938w, 868w, 821, 780, 730, and 677 cm.*}. 

Dihydrosterigmatocystin.—Sterigmatocystin (31-1 mg.), glacial acetic acid (10 ml.), and 5% 
palladised charcoal (30 mg.) were shaken in hydrogen. Up-take (2-08 ml., 0-97 mol.) ceased 
after 40 min. The catalyst was filtered off and the solvent removed in vacuo. The residue 
(30 mg.) was crystallised twice from ethanol to yield dihydrosterigmatocystin as yellow plates, 
m. p. 229—-230° [Found (on a sublimed specimen): C, 66-7; H, 4-4. C,,H,,O, requires C, 66-3; 

1 See Biochem. J., 1944, 88, 456. 

oe “* Methoden der ,Organischen Chemie,” 4th edn., Thieme, Stuttgart, 1953, Vol. II, 
“ * Cf. (a) Feigl, ‘“‘ Spot Tests in Organic Analysis,” 5th English edn., Elsevier, Amsterdam, 1956, 
p. 190; (b) Pavolini and Malatesta, Ann. Chim. appl., 1947, 87, 495; Chem. Abs., 1951, 45, 8407. 

® Feigl, op. cit., p. 331. 

* Michael, Amer. Chem. J., 1883—1884, 5, 81. 
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H, 4:3%], Amax, 208, 232, 247, and 325 my (log ¢ 4:31, 4-42, 4-49, and 4-21, respectively), v,.. 
3450w, 2995w, 2975w, 2920w, 1648s, 1622s, 1582s, 1495, 1482, 1450, 1415, 1398, 1346w, 1312, 
1297w, 1275, 1238, 1202, 118lw, 1127, 1093, 1054, 1028w, 988w, 958, 926w, 912w, 893, 777, 
75lw, 735w, 705w, and 667 cm.7}. 

Dihydrosterigmatocystin was recovered unchanged after it had been heated under reflux 
with constant-boiling hydrochloric acid for 24 hr. 

Isosterigmatocystin.—Sterigmatocystin (0-3 g.) was heated under reflux for 9 hr. with 15% 
ethanolic potassium hydroxide (100 ml.). The ethanol was removed by evaporation in vacuo, 
and the brown residue was mixed with water (100 ml.). The mixture was filtered, the filtrate 
was acidified (concentrated hydrochloric acid) and the mixture warmed to coagulate the 
precipitate, which was collected and crystallised from ethanol to yield isosterigmatocystin as 
light-brown rods (0-12 g.), m. p. 233—234° (Found: C, 66-6; H, 3-8; OMe, 12-7; active H, 0-54. 
Calc. for C,,H,O,-OMe: C, 66-7; H, 3-7; OMe, 9-6, two active H, 0-62%), Amax, 252 and 336 my 
(log « 4:54 and 4-15, respectively), vay, 3484w, 3226, 2990w, 2922w, 2849w, 2748w, 1652s, 
1601s, 1571s, 1514, 1483s, 1464, 1446, 1408s, 1348, 1325, 1297s, 1269, 1228s, 1192w, 1171, 1161, 
1120, 1100, 1065w, 1041, 1016, 980w, 916w, 874, 817s, 799w, 787w, 774, 758, 727, 722, 683w, and 
654 cm... The compound was optically inactive (in chloroform solution) and could not be 
hydrogenated under mild conditions. It was soluble in aqueous 2N-sodium hydroxide and 
2n-sodium carbonate but was insoluble in sodium hydrogen carbonate solution. It gavea 
green colour with ethanolic ferric chloride and a purple colour with aqueous ferric chloride. 

O-Methylsterigmatocystin.—Sterigmatocystin (0-35 g.), methyl sulphate (4 ml.), anhydrous 
potassium carbonate (4 g.), and dry acetone (100 ml.) were heated under reflux for 
12 hr. Removal of the solids and evaporation of the filtrate yielded an oil which, when treated 
with a solution of ammonia (d 0-880; 2 ml.) and then with water (100 ml.), yielded a flocculent, 
white precipitate which was collected, washed and dried (0-32 g.). Crystallisation of this 
material from methanol gave O-methylsterigmatocystin as faintly yellow, slender rods, m. p. 
265—267° [Found (on a sublimed sample): C, 67-4; H, 4-4; OMe, 18-6. Calc. for Cj,H,O,(OMe,): 
C, 67-5; H, 4:2; OMe, 183%], Amax 236, 309 my (log e, 4-61 and 4-23 respectively), Vmax. (in 
CHBr,): 3124w, 1662s, 1643s, 1603s, 1473s, 1438, 1418, 1382w, 1347, 1267s, 1250, 1229, 1204, 
1075, 1040w, 1016, 970, 890w, 840w, $11, 770, and 752w cm.!. This compound gave no ferric 
reaction. In concentrated hydrochloric acid solution it yielded a yellow-orange precipitate of 
a ferrichloride on the addition of a solution of ferric chloride in concentrated hydrochloric acid. 

O-Methylsterigmatocystin was also obtained by using methyl iodide (3-5 ml.), in place of 
methyl sulphate, in the method described above. Sterigmatocystin was recovered unchanged 
after treatment with diazomethane in ether—methanol. 

Dihydro-O-methylsterigmatocystin.—(i) Dihydrosterigmatocystin (0-15 g.) with methyl 
iodide (2 ml.), anhydrous potassium carbonate (1 g.), and acetone (50 ml.) gave a product 
(0-13 g.), which, repeatedly crystallised from methanol, formed colourless rods, m. p. 282—283° 
[Found: C, 67-0; H, 4:7; OMe, 19-4. C,,H,)0,(OMe), requires C, 67-1; H, 4:8; OMe, 18-2%], 
Amax, 203, 237, and 311 my (log ¢ 4-42, 4-59, and 4-24, respectively). 

(ii) O-Methylsterigmatocystin (0-25 g.), dissolved in ethyl acetate (125 ml.), was 
hydrogenated in the presence of 5% palladised charcoal (0-25 g.). The product was isolated 
in the usual way and crystallised from methanol as rods, m. p. 280°, unaltered on admixture 
with a sample prepared by method (i). Dihydro-O-methylsterigmatocystin (0-1 g.) was 
recovered unchanged after it had been vigorously shaken for 3 days with ethanol (20 ml.) and 
concentrated hydrochloric acid (5 ml.). 

O-Benzoylsterigmatocystin.—To a solution of sterigmatocystin (0-25 g.) in pyridine (6 ml) 
was added gradually benzoyl chloride (3 ml.). After the solution had been left overnight 
at room temperature, more benzoyl chloride (1 ml.) was added. The solution was heated under 
reflux for 15 min., poured into ice-water (50 g.), and left overnight. Extraction with chloroform 
(2 x 50 ml.), washing the extract with 2N-hydrochloric acid (2 x 50 ml.) and then with water 
(50 ml.), and evaporation of the chloroform yielded a brown oil which, on the addition of ethanol 
(5 ml.), gave a crude product (0-25 g.). Two crystallisations from ethanol yielded O-benzoyl- 
sterigmatocystin as colourless needles, m. p. 258—260° (Found: C, 69-6; H, 4:1. Cy5H 4,9; 
requires C, 70-1; H, 3-8%). 

O-Benzoyldihydrosterigmatocystin.—(i) By the foregoing procedure dihydrosterigmatocystin 
yielded the required derivative which crystallised from ethanol as colourless needles, m. p. 256— 
258° (Found: C, 69-8; H, 4:3. C,,;H,,O, requires C, 69-8; H, 4-2%). 
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(ii) Hydrogenation of O-benzoylsterigmatocystin, in glacial acetic acid and in the presence 
of 5% palladised charcoal, yielded an identical product (m. p. and mixed m. p.). 

Acetoxymono-O-acetyldihydrosterigmatocystin.—Sterigmatocystin (0-3 g.), anhydrous sodium 
acetate (0-6 g.), and acetic anhydride (3 ml.) were heated under reflux for 6 hr. The product, 
isolated in the usual way, was crystallised twice from methanol to give colourless rods (50 mg.), 
m. p. 227—228° (Found: C, 62-1; H, 4:1; Ac, 22-5. C,,H,,0,(CO-CH;), requires C, 62-0; H, 
4:3; Ac, 20°-2%], Vmax, 1767s, 1662s, 1641s, 1601s, 1490, 1470s, 1421w, 1370, 1350w, 1315w, 1288, 
1239s, 1211s, 1136, 1108, 1087, 1062, 1013, 973, 926, 900w, 816w, and 791wcm.+. No hydrogen 
was absorbed (during 50 min.) under the conditions described above for the hydrogenation of 
sterigmatocystin; the starting material was recovered unchanged. 

O-Acetyldihydrosterigmatocystin.—By the foregoing acetylation technique, dihydrosterig- 
matocystin yielded O-acetyldihydrosterigmatocystin, needles (from methanol), m. p. 215—216° 
(Found: C, 65-0; H, 4-7; Ac, 11-8. C,,H,,;0,*CO-CH, requires C, 65:2; H, 4-4; Ac, 117%). 

Reduction of O-Methylsterigmatocystin by Lithium Aluminium Hydride.—Lithium aluminium 
hydride (1-75 g.), O-methylsterigmatocystin (0-325 g.), and dry ether (175 ml.) were heated 
under reflux for 18 hr. After the mixture had been cooled, the excess of hydride was 
decomposed by the cautious addition of 2N-sulphuric acid. The organic layer was separated, 
washed with water, and dried (Na,SO,)._ Evaporation of the solvent yielded a residue (0-3 g.) 
which was repeatedly crystallised from methanol to give the xanthen derivative as small, colour- 
less rods, m. p. 220—222° (Found: C, 70-1; H, 5-3. C,gH,,0,; requires C, 70-4; H, 5-0%), 
hmax, 221, 275 my (log ¢ 4-62 and 3-62 respectively). Hydrogenation of this material in ethyl 
acetate in the presence of 5% palladised charcoal led to the dihydro-derivative which, after three 
crystallisations from ethanol, formed colourless needles, m. p. 233—236° (Found: C, 70-4; H, 
58. C,9H,,0,; requires C, 69-9; H, 5-6%). 

Degradation of Sterigmatocystin with Aluminium Chloride.—A solution of sterigmatocystin 
(0:5 g.) in chlorobenzene (50 ml.) was heated under reflux with powdered aluminium chloride 
(3 g.) for 3hr. The solvent was removed in vacuo at 100° and the residue, after addition of ice 
and 2n-hydrochloric acid, was kept overnight. The mixture was exhaustively extracted with 
ether, and the combined extracts were shaken with successive quantities of 10% aqueous 
potassium hydroxide until the aqueous layer was no longer coloured. The combined aqueous 
layers were acidified with concentrated hydrochloric acid, and the product was extracted into 
ether. The deep-red, fluorescent, ethereal solution was washed with water, dried (Na,SQ,), 
and evaporated. The residue (0-4 g.) was sublimed at 140°/0-1 mm. to give yellow needles 
(0-3 g.), m. p. ca. 253°. Repeated crystallisation of this material from benzene (or from benzene 
containing a trace of ethyl acetate) gave 1,3,8-trihydroxyxanthone as pale-yellow needles, m. p. 
and mixed m. p. 258—259° (Found: C, 64:1; H, 3-2. Calc. for C,,H,O,: C, 63-9; H, 3-3%). 
The acetylated degradation product crystallised from methanol as colourless rods, m. p. and 
mixed m. p. 192—193°. 

1,3,8-Trihydroxyxanthone.—This compound had previously been prepared by Hatsuda 
et al. using a Tanase-type™ synthesis. We found the following synthesis ** to be more 
convenient. 

A mixture of 2,6-dihydroxybenzoic acid * (2 g.), dry phloroglucinol (2 g.), freshly fused zinc 
chloride (& ¢g.), and phosphorus oxychloride (24 ml.) was heated at 80° for 14 hr. The cooled 
mixture was stirred into iced water (300 g.), and the resulting mixture was neutralised with 
sodium hydrogen carbonate solution. The solid product was collected, washed, dried, and 
exhaustively extracted (Soxhlet) with acetone. Evaporation of the acetone gave a deep-red 
residue which sublimed at 140—150°/0-05 mm. to give a yellow product (ca. 0-5 g.). This 
material was crystallised from aqueous methanol and then sublimed to give pure 1,3,8-tri- 
hydroxyxanthone, m. p. 259° (Found: C, 64-0; H, 3-2%) (Hatsuda et al.” record m. p. 265°), 
max, 208, 228, 247, and 329 my (log « 4:31, 4:39, 4-46, and 4-28, respectively), giving a green- 
brown colour with aqueous-ethanolic ferric chloride. 

The acetyl derivative, prepared by pyridine-acetic anhydride, separated from ethanol 
in colourless rods, m. p. 193—194° [Found: C, 61-6; H, 41; Ac, 342. Calc. for 
C,sH,0,(CO-CH,),: C, 61-6; H, 3-8; Ac, 34-8%]. 

The tri-O-methyl derivative ‘was prepared by methyl sulphate, anhydrous potassium 
carbonate, and acetone and isolated in the usual way. The crude material was sublimed 


* Cf, Grover, Shah, and Shah, J., 1955, 3982. 
we Cartwright, Jones, and Marmion, J., 1952, 3499. 
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and the sublimate crystallised from aqueous acetone. The product was sublimed at 
170°/0-1 mm., to give 1,3,8-trimethoxyxanthone as colourless rods, m. p. 188—190° (Found: 
C, 66-7; H, 4-8. Calc. for C,,H,,O,: C, 67-1; H, 4-9%), Amax, 204, 242, and 303 my (log e 4-46, 
4-56, and 4-26 respectively). 

Oxidations involving a Large Proportion of Oxidant.—(i) Sterigmatocystin. Powdered potass- 
ium permanganate (0-51 g.) was added during 3 hr. to sterigmatocystin (67 mg.) in refluxing 
acetone (23 ml.). Water (75 ml.) was added and the mixture warmed (50°) and then filtered. 
The filtrate was adjusted to pH 10 with aqueous sodium hydroxide and reduced by evaporation 
in vacuo to 30 ml. Acidification with 2n-hydrochloric acid gave a yellow precipitate which was 
filtered off and washed with ether (20 ml.). The filtrate was extracted with ether (20 ml.), and 
the combined ethereal solutions were extracted with saturated sodium hydrogen carbonate 
solution (7 ml.). The aqueous layer was acidified and the liberated acids were extracted with 
ether. The acids were investigated by chromatography ** on Whatman No. 1 paper, with 
(as descending solvent) the upper layer formed by equilibrating butan-1-ol (40 ml.), acetic acid 
(10 ml.), and water (50 ml.). The chromatograms were allowed to run for ca. 16 hr. and, after 
having been dried, were sprayed with a 1% solution of ferric chloride. Under these conditions, 
the residue was found to contain a substance (Ry, 0-62, blue colour with ferric chloride) which 
was indistinguishable from y-resorcylic acid. None of the other substances present was 
identifiable. 

(ii) O-Methylsterigmatocystin. This substance, when degraded as described above, yielded 
a residue which on chromatography, with three solvent systems and a ferric chloride spray, 
gave a purple “ spot ” with R, values as follows: (i) solvent as above, 0-83; (ii) solvent com- 
posed of ethanol (80 ml.), pyridine (12 ml.), and water (8 ml.), 0-45; (iii) solvent composed 
of the lower layer from m-cresol (50 ml.), acetic acid (2 ml.), and water (48 ml.), 0-90. Under 
the same conditions, 2-hydroxy-6-methoxybenzoic acid gave identical results. 

Oxidations involving a Smaller Proportion of Oxidant.—(i) Sterigmatocystin. Powdered 
potassium permanganate (3 g.) was added in 2 hr. to sterigmatocystin (1 g.) in refluxing acetone 
(250 ml.). Water (400 ml.) was added, the mixturé was warmed (50°) and filtered, and the 
residue washed with warm water (200 ml.). The combined filtrate and washings were adjusted 
to pH 10 with n-sodium hydroxide and concentrated, by distillation in vacuo, to 500 ml. After 
acidification with 2N-hydrochloric acid the solution was extracted with ether (3 x 500+ 
200 ml.). The combined ethereal solutions were shaken with saturated sodium hydrogen 
carbonate solution (2 x 100 ml.). The aqueous layers were acidified and the precipitate, 
separated by centrifugation, was washed and dried (0-45 g.)._ This material, after two crystallis- 
ations from glacial acetic acid, followed by crystallisation from ethanol (charcoal), yielded 
3,8-dihydroxy-1-methoxyxanthone-4-carboxylic acid as yellow needles, decomp. 190—210° (Found: 
C, 59-3; H, 3-2; OMe, 11-6. C,,H,O,-OMe requires C, 59-6; H, 3-3; OMe, 10-3%), Amax, 231, 
250 (infl.), 260, 310, and 350 (infl.) my (log ¢ 4-44, 4-50, 4-56, 4-01, and 3-73, respectively), giving 
a brown colour with ethanolic ferric chloride. Fractional sublimation of this acid yielded a 
main fraction which was resublimed at 290°/0-5 mm. to give 3,8-dihydroxy-1-methoxyxanthone 
as yellow needles, m. p. and mixed m. p. 331—332° (decomp.) (Found: C, 64-8; H, 4-0; OMe, 
12-0. Calc. for C,,H,0,°OMe: C, 65-1; H, 3-9; OMe, 12-0%), Amax, 206, 232, 247, and 319 mu 
(log ¢ 4-36, 4-43, 4-50, and 4-23, respectively). 

(ii) O-Methylsterigmatocystin. Oxidation of O-methylsterigmatocystin by the foregoing 
method yielded an acid (0-5 g.). This could not be crystallised, but gave after treatment 
(12 hr.) with an excess of diazomethane in ether, a substance which crystallised from methanol 
in pale-yellow prisms, m. p. 201—203°, and gave analytical figures corresponding to a hydrated 
form of methyl 1,3,8-trimethoxyxanthone-4-carboxylaie [Found: C, 61-3; H, 4:5; OMe, 35:7. 
C,,H,O,(OMe),,4H,O requires C, 61-2; H, 4-9; OMe, 35-1%], Amax, 204, 236, and 306 my (lege 
4-28, 4-50, and 4-19 respectively). 

3,8-Dihydroxy-1-methoxyxanthone.—The following synthesis is a modification of that 
described by Hatsuda et al.” A solution of y-resorcylaldehyde *’ (1 g.) and O-methylphloro- 
glucinol ** (1 g.) in acetic acid (7-5 ml.) and concentrated hydrochloric acid (3 ml.) was heated 
under reflux for 20 min. and then left overnight. The dark red crystalline 3,8-dihydroxy-l- 
methoxyxanthylium chloride was collected, washed with glacial acetic acid (2 ml.), and dried 


26 Bate-Smith and Westall, Biochim. Biophys. Acta, 1950, 4, 427. 
27 Shah and Laiwalla, J., 1938, 1828. 
28 Weidel and Pollak, Monatsh., 1900, 21, 15. 
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(0-57g.). A suspension of this salt in ethanol (30 ml.) was hydrogenated at atmospheric pressure 
by using Adams catalyst (10 mg.). Absorption of hydrogen (44 ml.) was complete in 50 min. 
The mixture was filtered and the ethanol evaporated in vacuo, to give crude 3,8-dihydroxy-1- 
methoxyxanthen as a red resin. A solution of this substance in acetic anhydride (25 ml.) was 
heated under reflux for } hr. and poured into iced water (100 g.). The mixture was extracted 
with ether (3 x 30 ml.), and the ethereal solution, after having been extracted with a solution 
of sodium hydrogen carbonate (2 x 50 ml.) and washed with water (50 ml.), was dried (MgSO,). 
Removal of the ether and crystallisation of the residue from ethanol gave 3,8-diacetoxy-1l- 
methoxyxanthen (0-3 g.) as colourless rods, m. p. 145—146°. To a warm (45—50°) solution of 
this material (100 mg.) in acetic anhydride (2 ml.) and acetic acid (1 ml.), was added during 3 hr. 
a solution of chromium trioxide (100 mg.) in water (0-1 ml.) and glacial acetic acid (2 ml.), 
diphenylamine being used as external indicator. The solution was mixed with water (45 ml.), 
and the product extracted into ether (2 x 100 ml.). The ethereal solution was washed with 
sodium hydrogen carbonate solution (2 x 50 ml.) and then with water (25 ml.). Removal of 
the ether gave 3,8-diacetoxy-l-methoxyxanthone (60 mg.), m. p. 152°. A solution of this 
product in ethanol (10 ml.) and concentrated hydrochloric acid (1 ml.) was heated under reflux 
for 2hr. and then cooled. The precipitated material was collected, washed, dried (48 mg.), and 
sublimed at 250—260°/0-05 mm. to give 3,8-dihydroxy-l-methoxyxanthone, m. p. 331—334° 
(decomp.) (Found: C, 65-0; H, 4-4; OMe, 116%). Its ultraviolet absorption spectrum was 
identical with that of the specimen which had been obtained in the degradation described above. 

Ozonolysis of O-Methylsterigmatocystin.—A stream of ozonised oxygen was bubbled through 
a solution of O-methylsterigmatocystin (0-325 g.) in chloroform (120 ml.) which was cooled in 
acetone and solid carbon dioxide. When absorption was complete the solution was allowed to 
regain room temperature and the chloroform was removed in vacuo. The residue was treated 
with water (50 ml.) and left overnight. The mixture was heated on a steam-bath for 1 hr. and 
then filtered (to give a residue A; see below). The filtrate was distilled to minimum volume. 
Water (20 ml.) was added to the residue and distillation was again carried out. This operation 
was repeated several times. The combined distillates required 15-9 ml. of 0-5N-sodium 
hydroxide (= 0-85 mol. of a monobasic acid) for neutralisation to phenolphthalein (external 
indicator). The volume of the neutralised solution was reduced by distillation to 10 ml. and 
this concentrate was shaken with “ Zeocarb-225 ” and then filtered. The filtrate gave positive 
tests for formic acid (i) with Tollens’s reagent, (ii) with mercuric chloride (in neutral solution), 
and (iii) in the chromotropic acid reaction [ref. 21(a), p. 340]. No acid, other than formic acid, 
could be detected in the filtrate by paper chromatography.*® 

The residue, A (ca. 0-25 g.), was a green-yellow, acidic substance which could not be obtained 
crystalline. 

Elbs Persulphate Oxidation of Dihydrosterigmatocystin.—Dihydrosterigmatocystin (2 g.) was 
shaken with 25% w/v aqueous tetraethylammonium hydroxide (50 ml.) for 1 hr. To the 
resulting solution was added, during 8 hr. and with continuous shaking, a solution of potassium 
persulphate (1-8 g.) in water (50 ml.). The mixture, which had become gelatinous, was shaken 
for a further 12 hr. and was then acidified to Congo Red with 2n-hydrochloric acid. The 
precipitate was removed. Concentrated hydrochloric acid (20 ml.) was added to the filtrate 
and the mixture was heated on the steam-bath for 1 hr. and then kept at room temperature 
overnight. The brown precipitate was collected, washed, dried (0-8 g.), and crystallised first 
from ethanol (charcoal) and then from ethanol—benzene to give dihydro-5-hydroxysterigmato- 
cystin (0-2 g.) as yellow rods, m. p. 260—262° (decomp.) (Found: C, 61-5, 61-4; H, 4-3, 4-5; 
OMe, 10-2, 9-0. C,,H,,0O,-OMe,}H,0 requires C, 61-7; H, 4-3; OMe, 88%), Amax. 248, 280, and 
329 mu (log ¢ 4-41, 4-03, and 4-01 respectively). Two sublimations of this compound at 
200°/0-02 mm. gave the anhydrous compound, m. p. 264—265° (Found: C, 63-0; H, 4:1. 
C,sH,,0, requires C, 63-2; H, 4-1%). 

Oxidation of Dihydro-5-hydroxysterigmatocystin.—To a solution of the hydrated form of this 
substance (0-8 g.) in 1% aqueous sodium hydroxide (200 ml.) was added 3% hydrogen peroxide 
solution (160 ml.). The solution was kept at room temperature for 24 days and then filtered 
from a small amount of deposited solid. The filtrate was acidified with 2N-hydrochloric acid 
and extracted with ether (3 x 156 ml.). The combined ethereal extracts were washed with a 
saturated solution of sodium hydrogen carbonate and then with water until the pH of the wash- 
ings did not exceed 7. Evaporation of the wet ether left a mixture of water and an oil which 

* Reid and Lederer, Biochem. J., 1951, 50, 60. 
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subsequently crystallised. The crystals were collected, washed with ether (3 ml.), and dried at 
60° in vacuo. The product (21 mg.) appeared as clusters of colourless rods, m. p. 152—154° 
(decomp.) (Found: C, 63-6; H, 5-9; OMe, 15-0. C,9H,O,"OMe requires C, 63-5; H, 5-8; OMe, 
149%), Amax, 326 my (log ¢ 2-81), Vmax, 3350, 3008w, 2983w, 2960w, 2890w, 2855w, 1635s, 1570w, 
1518s, 1477, 1451s, 1380, 1348, 1326, 1300w, 1254s, 1215, 1200s, 1150s, 1078s, 1062s, 1040, 
969s, 932s, 908, 864, 834, 823, 789, 73lw, and 699w cm... This material was almost insoluble 
in water but dissolved readily in 2N-sodium hydroxide and 2N-sodium carbonate. Its ethanolic 
solution gave no colour with aqueous ferric chloride but gave a brown colour with ethanolic 
ferric chloride. It gave a strong, positive Gibbs test,!* the blue solution having maximum light 
absorption at 635—640 mu. 
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438. The Preparation and Properties of Co-ordination Compounds 

of Boron Trichloride and Nitriles. 
By W. GERRARD, M. F. LAppEerT, and J. W. WALLIs. 
The preparation of twelve 1: 1 complexes of nitriles with boron trichloride 
is reported; their hydrolysis, alcoholysis, base exchange, and pyrolysis are 
consistent with their formulation as co-ordination compounds. Comparisons 
are made with corresponding complexes of amines, ethers, sulphides, and 
nitro-compounds. 


NITRILES have powerful donor properties and a large number of co-ordination compounds, 
particularly with Group II—IV halides are known.’ Thus the beryllium chloride (2: 1), 
magnesium bromide (3:1 and 4:1),? boron trihalide (1: 1),/*™ and aluminium (1:1, 
2:1, 3:2, and 1: 2),!* gallium(1) (1: 1),?5 titanium(tv) (1:1 and 2: 1),6*! and tin(tv) 
(2 : 1) & 84 chloride complexes have been prepared (molar ratios in parentheses refer to 
ligand : halide). Physical studies have been concerned with vapour-pressure *! and 
density,> heats of formation® and dissociation,®! cryscopic determinations,®® dipole- 
moment,®7.8 X-ray diffraction, and infrared spectroscopic measurements.*! On the 
other hand, chemical studies have been few and, apart from the pyrolysis of certain boron 
tribromide complexes (which were stated to give hydrogen bromide and alkyl bromide),’ 
have solely referred to their hydrolytic instability. 

The range of 1:1 boron trichloride—nitrile complexes shown in the Table has been 
prepared in order: (1) to show that complex formation is general; (2) to study the structure 
of the complexes (it is shown ™ that they are co-ordination compounds, with nitrogen as 
the donor atom, and not products of addition across the multiple bond 16) which are 

1 Fricke and Ruschhaupt, Z. anorg. Chem., 1925, 146, 103; Fricke and Rode, ibid., 1926, 152, 347. 

2? Menschutkin, Z. anorg. Chem., 1909, 61, 111. 


3 Gautier, Compt. rend., 1866, 68, 923; Patein, ibid., 1891, 118, 85; Bowlus and Nieuwland, J. 
Amer. Chem. Soc., 1931, 58, 3835. 


4 Geller and Salmon, Acta Cryst., 1951, 4, 379; Hoard, Owen, Buzzell, and Salmon, ibid., 1950, 8, 


130. 

5 Laubengayer and Sears, J. Amer. Chem. Soc., 1945, 67, 164. 

® Coerver and Curran, J. Amer. Chem. Soc., 1958, 80, 3522. 

7 Nespital, Z. phys. Chem., 1932, 16, B, 153. 

® Ulich, Hertel, and Nespital, Z. phys. Chem., 1932, 17, B, 21. 

® Johnson, J. Phys. Chem., 1912, 16, 1. 

10 Brown and Johannesen, J. Amer. Chem. Soc., 1950, 72, 2934. 

11 Gerrard, Lappert, Pyszora, and Wallis, following paper. 

12 Perrier, Compt. rend., 1895, 120, 1423; Meerwein, Battenberg, Gold, Pfeil, and Willfang, J. prakt. 
Chem., 1939, 154, 83; Kablukow and Sachanow, J. Russ. Phys. Chem. Soc., 1909, 41, 1762. 

13 Heyne, Diss., Restock, 1955, pp. 10, 15, 22, 25. 


14 Henke, Annalen, 1858, 106, 280; Pushin, Ristic, Parchomenko, and Ubovic, ibid., 1942, 558, 278. 


18 Arnold, U.S.P. 2,402,589/1946. 
1° Frazer, Gerrard, and Lappert, J., 1957, 739. 
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shown to be unimolecular and undissociated in benzene; and (3) to investigate the influence 
of the hydrocarbon radical on the frequency and intensity of the CN infrared stretching 
vibration (see ref. 11). 

It is noteworthy that /-methoxy- and #-nitro-benzonitriles formed complexes (with 
the nitrile group as donor"), because both ethers and nitro-compounds ?” are themselves 
highly reactive towards the trichloride; evidently the nitrile group is a better donor than 
either the ether or the nitro-group. On the other hand, the nitriles appear to be weaker 
donors than amines, because all the nitrile complexes are easily hydrolysed by cold water, 
unlike 17 amine adducts. This was confirmed by showing that acetonitrile was displaced 
from its boron trichloride complex by pyridine, and supports earlier conclusions * reached 


CH,°CN,BCl, + L===CH,CN+L,BCl . . . . . (i) 


from measurements of B-F bond lengths in boron trifluoride complexes of acetonitrile and 
methylamine. The replacement reaction (1) was also demonstrated with other bases 
(L = tetrahydrofuran or di-n-butyl sulphide; but no reaction with L = diethyl or bis-2- 
chloroethyl ether), whereas the reverse reaction was effected with the boron trichloride 
complex of bis-2-chloroethyl ether (but not with complexes of pyridine, tetrahydrofuran, 
or di-n-butyl sulphide). The overall conclusion (see also refs. 18—20) from displacement 
reactions appears to be that, with respect to boron trichloride as the reference Lewis acid, 
basic strengths fall off in the series: pyridine > tetrahydrofuran and di-n-butyl sulphide 
> acetonitrile > acyclic ethers. 

Reaction of the acetonitrile complex with 2 or 3 mol. of n-butyl alcohol was straight- 
forward and afforded di-n-butyl chloroboronate and tri-n-butyl borate, respectively, 
hydrogen chloride and acetonitrile being the other products. The reaction with 1 mol. 
of n-butyl alcohol, however, was more complicated and t-butyl alcohol (3 mol.) gave t- 
butyl chloride, boric acid, and acetonitrile. Equimolar interaction of the complex and 
n-butyl alcohol had been expected to yield n-butyl dichloroborinate and indeed this may 
have been formed as an intermediate because it disproportionated when treated with 
acetonitrile. Moreover, with o-nitrophenol, the complex did afford the dichloroborinate, 
which was unreactive towards the nitrile, presumably because of its chelate structure.” 

Thus, of the series (in decreasing acceptor strength) BCl, > RO-BCl, > (RO),BCl > 
(RO),B, only the first forms adducts with nitriles. This may be compared with: (1) 
ethers,2* which form unstable complexes (1:2) also with dichloroborinates (R = Et); 
(2) amines, which form complexes (2: 1) also with chloroboronates (R = Bu"), and even 
with borates (1:1) (if R = Me* or Aryl **); and (3) sulphides,!® which form complexes 
only with the trichloride, but react with both dichloroborinate and chioreboronate (R = 
Bu*). 

The complexes were very stable, but at high temperature slowly dissociated (evolution 
of boron trichloride) and decomposed (evolution of hydrogen chloride). 


EXPERIMENTAL 


General Procedures.—All the nitriles, except valero-*’ [b. p. 139°, »,%* 1-3960 (Found: 
N, 16-7. Calc. for C;H,N: N, 16-85%)], p-methylbenzo- ** [m. p. 29° (Found: N, 11-8. Cale. 


” Gerrard and Lappert, Chem. Rev., 1958, 58, 1081. 

18 Lappert, J., 1953, 2784. 

1 Edwards, Gerrard, and Lappert, J., 1957, 348. 

*” Edwards, Gerrard, and Lappert, /., 1957, 377. 

*1 Gerrard and Lappert, J., 1951, 1020; Chem. and Ind., 1952, 53. 
* Colclough, Gerrard, and Lappert, J., 1956, 3006. 

* Wiberg and Siitterlin, Z. anorg. Chem., 1931, 202, 1. 

“ Lappert, J., 1953, 667. , 

* Urs and Gould, J. Amer. Chem. Soc., 1952, 74, 2948. 

* Colclough, Gerrard, and Lappert, J., 1955, 907. 

* Williamson, J. prakt. Chem., 1854, 61, 60. 

** Clarke and Read, “‘ Organic Syntheses,”” Wiley, New York, 1949, Coll. Vol. I, p. 514. 
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for C,H,N: N, 12-0%)], p-methoxybenzo- ** [m. p. 59° (Found: N, 10-0. Calc. for C,H,ON: 
N, 10-2%)], p-chlorobenzo- * [m. p. 92—93° (Found: N, 10-4. Calc. for C,H,NCl: N, 10-5%)), 
and p-nitrobenzo-nitrile ** [m. p. 149—150° (Found: N, 18-7. Calc. for C,H,O,N,: N, 18-9%)), 
the boron trichloride and the solvents were commercial samples, dried and purified by standard 
methods. Complexes were analysed acidimetrically for chlorine and boron and nitrogen was 
estimated by the Kjeldahl procedure. M. p.s were taken in sealed capillary tubes, and mole. 
cular weights were determined cryoscopically in benzene. 

Preparation of the Complexes.—These were obtained by dropwise addition of the nitrile 
(1 mol.) in an inert solvent to the cooled (0° to —78°) boron trichloride (1 mol.) in an inert solvent, 
The reactions were exothermal, and the solid complexes were isolated by filtration, washed 
with solvent, and dried at 20°/1 mm. The butyro-, valero-, and hexano-nitrile complexes 
were purified by distillation. The complexes were white, microcrystalline solids, or liquids 
(Table). The results are summarised in the Table. 


R in Yield Found (%) Required (%) 
R-CN,BCl, M. p.* Solvent Cl B N Cl B 


Z 


66-0 
61-2 
57-0 
52-7 
48:3 
62-8 
45-4 
48-2 
45-0 
41-0/ 
41-5 42-5 
39-3 40-1 


* These data are given only for new compounds. Addition at 0°. * Found: M, 208. Calc. for 
C,;H,NCI,B: M, 200. ¢ Found: M, 221. Calc. for:C,H,NCI,B: M, 220. * Precipitation com- 
pleted by addition of n-pentane. / Easily-hydrolysed chlorine. % B. p. 52—-55°/0-5 mm.; np™ 
1-4795. * B. p. 61°/12 mm. : 
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61-8 
57-1 
53-1 
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34—38°* 
’ 49-6 
62-5 
45-4 
48-3 
45-4 
41-8/ 


135—141 
131—134 
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136—142 
127—133 
107—113 
121—127 
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Pyrolysis of Complexes.—(a) Hexanonitrile. The complex (4-08 g.) was heated under reflux 
at 200° for 10 hr. Boron trichloride (0-78 g.) and hydrogen chloride (0-43 g.) were trapped 
by alkali. A residual black, viscous liquid, which solidified at 20° (2-79 g.) (Found: N, 109; 
B, 24%) and was involatile at 250°/0-1 mm., was obtained. 

(b) «-Toluonitrile. This complex (4-22 g.), after 6 hr. at 150°, similarly afforded the tr- 
chloride (0-67 g.), hydrogen chloride (0-32 g.), and a solid (3-07 g.) (Found: N, 8-4; B, 2-6%). 

Hydrolysis of Complexes.—All the complexes were easily hydrolysed to the nitrile, hydrogen 
chloride, and boric acid. For example, water (1-38 g., 3 mol.), suspended in methylene chloride 
(40 ml.), was added to the acetonitrile complex (4-04 g., 1 mol.) suspended in methylene chloride 
(5 ml.) at 20°. Boric acid (1-60 g., 100%) was immediately precipitated and filtered off. The 
filtrate was heated under reflux (0-5 hr.) to remove residual hydrogen chloride, and acetonitrile 
was determined as the complex (3-66 g., 91%) (Found: N, 8-6; Cl, 65-5; B, 7-0%) by addition 
of boron trichloride (3-3 g., 1-1 mol.). In a complementary experiment, hydrogen chloride 
(2-19 g., 95%) was evolved from the complex (3-34 g.) and water (1-15 g.). 

Base Replacement.—Pyridine (3-04 g.) in methylene chloride (10 ml.) was added to the 
acetonitrile complex (6-08 g.) suspended in methylene chloride (10 ml.) at 20°, affording a residue 
of pyridine—boron trichloride *4 (7-54 g., 100%) (Found: Cl, 54-2; B, 5-6; C;H;N, 40-7. Calc. 
for C;H,;NC1,B: Cl, 54-2; B, 5-5; C,H,N, 40-3%) and a material volatile at 20°/15 mm. and 
condensed at —78°. This contained acetonitrile, isolated as the boron trichloride complex 
(5-80 g., 96%) (Found: N, 8-7; Cl, 67-0; B, 6-9%) by addition of boron trichloride. 

Similarly, tetrahydrofuran (2-77 g.) and the complex afforded acetonitrile [isolated as its 
boron trichloride complex (5-63 g., 93%) (Found: N, 8-7; Cl, 66-4; B, 7-0%)] and the tetra- 
hydrofuran—boron trichloride adduct # (7-25 g., 100%) (Found: Cl, 55-0; B, 5-8. Cale. for 
C,H,OCI1,B: Cl, 56-2; B, 5-7%). 

Likewise, di-n-butyl sulphide (5-55 g.) and the complex afforded di-n-butyl sulphide—boron 
trichloride 1* (9-88 g., 99%), b. p. 85°/0-5 mm., m,*° 1-4951 (Found: Cl, 39-9; B, 4-1. Cale. 


* Miller, ‘‘ Organic Syntheses,” Wiley, New York, 1955, Coll. Vol. III, p. 646. 
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for CsH,,SCI,;B: Cl, 40-4; B, 4-1%), and acetonitrile, isolated as the complex (5-50 g., 92%) 
(Found: N, 8-7; Cl, 66-2; B, 6-9%). 

Under similar conditions, bis-2-chloroethyl ether and the acetonitrile complex were quanti- 
tatively separated after being mixed and left for 1 hr. On the other hand, acetonitrile (1-24 g.) 
in methylene chloride (6 ml.) and the bis-2-chloroethyl ether-boron trichloride complex * 
(7-88 g.) in methylene chloride (10 ml.), under similar conditions at 20°, gave the acetonitrile 
complex (4-58 g., 95%) (Found: N, 8-64; Cl, 65-5; B, 6-9%) and bis-2-chloroethyl ether (4-38 
g., 100%), b. p. 91—92°/40 mm., ,*° 1-4573. 

Diethyl ether did not react with the acetonitrile complex in methylene chloride during 1 hr., 
and the reverse order of replacement could not be tested owing to the instability of the diethyl 
ether-boron trichloride complex.*® Under similar conditions, acetonitrile did not react with 
the boron trichloride complexes of tetrahydrofuran, pyridine, or di-n-butyl sulphide, as shown 
by quantitative analytical procedures described above. 

Interaction of Butyl Alcohols and the Acetonitrile Complex.—n-Buty] alcohol (3-83 g., 1 mol.) 
was added to the complex (8-18 g., 1 mol.) suspended in methylene chloride (20 ml.) at 20°. 
There was a vigorous reaction. After 12 hr. the volatile matter, removed at 20°/15 mm. and 
collected at — 80°, afforded acetonitrile, isolated as its complex (2-58 g., 94%) (Found: Cl, 66-0; 
B, 6-9%) on addition of boron trichloride. The residue was extracted with methylene chloride, 
affording a final residue of the acetonitrile complex (3-69 g., 90%) (Found: Cl, 66-4; B, 6-85%) 
and a filtrate which contained di-n-butyl chloroboronate (4-54 g., 91%), b. p. 45°/0-3 mm., 
n,* 1-4131 (Found: Cl, 18-7; B, 5-7. Calc. for CsH,,0,CIB: Cl, 18-4; B,5-6%). Inacomple- 
mentary experiment, the complex (4-74 g.) gave hydrogen chloride (1-08 g., 98%). 

Similarly, n-butyl alcohol (3-79 g., 2 mol.) in methylene chloride (10 ml.) and the complex 
(4-50 g., 1 mol.) in methylene chloride (5 ml.) gave hydrogen chloride (1-65 g., 88%), aceto- 
nitrile [isolated as the complex (3-48 g., 86%) (Found: N, 8-7; Cl, 66-8; B, 7-0%)], and di-n- 
butyl chloroboronate (4-05 g., 82%), b. p. 39—40°/0-3 mm., ,”° 1-4125 (Found: Cl, 18-4; 
B, 5-7%); whilst n-butyl alcohol (5-32 g., 3 mol.) and the complex (3-79 g., 1 mol.) gave hydrogen 
chloride (2-43 g., 93%), acetonitrile [converted into the complex (3-79 g.)], and tri-n-butyl 
borate (5-06 g., 92%), b. p. 108—109°/10 mm., 7,” 1-4101 (Found: B, 4-7. Calc. for 
C,,H,,0,B: B, 47%). 

s-Butyl alcohol (6-12 g., 3 mol.) and the complex (4-36 g., 1 mol.) gave hydrogen chloride 
(2-66 g., 89%), acetonitrile [as complex (3-86 g., 89%)], and tri-s-butyl borate (4-96 g., 78%), 
b. p. 78—79°/10 mm., n,?° 1-3965 (Found: B, 4-6%). 

In the absence of solvent (which confused analysis), t-butyl alcohol (5-90 g., 3 mol.) and 
the complex (4-00 g., 1 mol.) at 20° afforded material (7-30 g.) removed at 20°/15 mm. and 
collected at —78°, leaving boric acid (1-60 g. Calc.: 1-56 g.). The volatile matter showed 
two peaks on the vapour-phase chromatogram, corresponding to a synthetic mixture of aceto- 
nitrile (1 mol.) and t-butyl chloride (1 mol.). Determination of nitrogen and chlorine showed 
the presence of acetonitrile (0-95 g., 91%) and t-butyl chloride (5-65 g., 80%). 

Interaction of n-Butyl Dichloroborinate and Acetonitrile-——The borinate (7-99 g., 1 mol.) in 
n-pentane (50 ml.) was added to the nitrile (2-12 g., 1 mol.) at 20°. Acetonitrile—boron tri- 
chloride (3-84 g., 94%) (Found: N, 8-8; Cl, 66-7; B, 6-9%) was precipitated and, after removal 
of solvent from the filtrate at 20°/15 mm., di-n-butyl chloroboronate (4-46 g., 90%), b. p. 
39—40°/0-25 mm., ,° 1-4129 (Found: Cl, 18-3; B, 5-7%), was isolated. 

Interaction of o-Nitrophenol with the Acetonitrile Complex.—The phenol (7-27 g., 1 mol.) in 
methylene chloride (10 ml.) was added to the complex (8-28 g., 1 mol.) suspended in methylene 
chloride (10 ml.). After 12 hr. the volatile matter, removed at 20°/15 mm. and condensed at 
—18°, afforded the acetonitrile complex (7-60 g., 92%) (Found: Cl, 66-0; B, 7-0%) when treated 
with boron trichloride, and from the residue o-nitrophenyl dichloroborinate (11-11 g., 97%) 
(Found: Cl, 31-8. Calc. for C,H,O,NCI,B: Cl, 323%) was obtained. In a complementary 
experiment, the complex (4-62 g.) gave hydrogen chloride (0-97 g., 92%). 


One of us (J. W. W.) is grateful for the maintenance grant given by Messrs. Albright and 
Wilson, Ltd. 
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439. Infrared Spectra of Nitriles and Their Complexes with 
Boron Trichloride. 


By W. GERRARD, M. F. LApPEerT, H. Pyszora, and J. W. WALLIs. 


The infrared spectra of a number of aliphatic and aromatic nitriles and 
their boron trichloride complexes have been measured in various solvents. 
The CN stretching frequencies are 80 + 9 cm." greater in the complexes than 
in the free nitriles. The intensities of the CN stretching absorptions are 
virtually independent of solvent in the complexes (and are substantially 
greater than in the free nitriles), but are profoundly influenced by solvent in 
the free nitriles. The structural implications of the results are discussed. 


SPECTROSCOPIC examination of organic nitriles has previously revealed that the C=N 
stretching vibration is responsible for absorption in the 2250 cm.+ region, and that 
electron-releasing groups attached to the carbon atom of the nitrile group cause an 
increase in frequency. The intensity of the CN absorption band, as measured by the 
integrated areas, showed large variations both with substituent (e.g., aryl > alkyl) ? and 
solvent,®-4 and the effect of solvent was interpreted in terms of solvent-nitrile association, 
The CN stretching frequencies in a number of complexes (with boron trifluoride and 
trichloride, titanium tetrachloride, and stannic chloride) of nitriles were recently reported 
and it was shown that these were higher than in the parent nitriles.5 

In a previous paper ® we described the preparation and reactions of a number of 1:1 
complexes between nitriles and boron trichloride and we now report their infrared spectra, 
with variation of the solvent and hydrocarbon radical of the nitrile. 


(I) R-C=N‘8Cl, Re-CCI=N-BCI, (II) 


Comparison of Nitrile Frequencies in Free Nitriles and Their Complexes.—The results of 
measurements in methylene chloride solution are shown in Table 1. It has previously 
been demonstrated that neither solvent nor concentration significantly influences the 
position of the CN stretching frequency in free nitriles, and the same applies also to their 
complexes with boron trichloride. Thus when benzene or chloroform was used as solvent, 
the position of the band was the same, within experimental error, as that recorded in 
Table 1 for R = Bu, Ph, or f-substituted Ph, but occurred at 2299 cm. for R = CH,:CH 
in benzene. Values of the CN stretching frequency in paraffin mulls of RCN,BCI, were: 
Bu®, 2315; CH,:CH, 2304; Ph, 2294; #-Cl-C,H,, 2304; and p-MeO-C,H,, 2278 cm.+. In 
the complexes, the band at ~2300 cm." is the strongest in the spectrum (excluding the 
700 cm. region). 

The important conclusions seem to be: (i) that the complexes still possess a nitrile 
group and therefore have structure (I) and not (II) (which represents them as products 
of addition across the triple bond); and (ii) that complex formation with boron trichloride 
invariably causes the nitrile band to shift to higher frequency (80 + 9 cm.*). 

It appears that co-ordination of nitriles with acceptors other than boron trichloride also 
increases the nitrile stretching frequency [e.g., acetonitrile complexes with boron tribromide 
(vox at 2320 cm."), trichloride (at 2325 cm.-), and trifluoride (2359 cm.*),5 titanium 
tetrachloride (1:2 MeCN) (voy at 2304 cm.*), and stannic chloride (1:2 MeCN) (at 
2303 cm.“); and nitrile oxides”) and this is surprising because it might have been 
expected that co-ordination would cause lowering of bond order and hence lengthening of 


1 Kitson and Griffith, Analyt. Chem., 1952, 24, 334. 

* Skinner and Thompson, /., 1955, 487. 

% Mander and Thompson, Trans. Faraday Soc., 1957, 58, 1402. 

* Thompson and Steel, Trans. Faraday Soc., 1956, 52, 1451. 

5 Coerver and Curran, J. Amer. Chem. Soc., 1958, 80, 3522. 

* Gerrard, Lappert, and Wallis, preceding paper. 

? Califano, Moccia, Scarpati, and Speroni, J. Chem. Phys., 1957, 26, 1777. 
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the CN bond, with consequent decrease in the nitrile stretching frequency. This argu- 
ment is supported by analogy with carboxylic esters,§ amides,® and ketones,” where the 
donors are the carbonyl groups and a substantial decrease in the carbonyl frequency on 
co-ordination is noted (e.g., CH,*CO,Et has vo-o at 1740 cm.+, but CH,°CO,Et,BCl, at 
1563 cm.*).8 

A number of explanations may be offered. First, that the band at ~2300 cm. does 
not arise solely from the CN stretching frequency, but represents a coupling of CN and BN 
(or TiN, SnN, or ON) modes as was assumed ™ to account for the higher C=C frequency 
observed for disubstituted acetylenes R°CiC-R’ than for their monosubstituted analogues 
R:C:CH. However, we consider this proposal unlikely because of the wide separation in 


TABLE 1. The CN stretching frequencies of free nitriles and their complexes in 


methylene chloride. 
Rin RCN or N itrile frequencies (cm.~) Rin RCN or Nitrile frequencies (cm.“) 

RCN,BCI, RCN RCN,BCl, Av RCN,BCI, RCN RCN,BCI, Av 
icissccscoste 2247 2328 81 | eee 2229 2304 75 
(a 2248 2328 80 p-NO,’CyH, ... 2237 2313 76 
SEE chaiveesecoe 2246 2335 89 p-Cl-C,H, ...... 2235 2310 75 
N-C,Hyy ....0000- 2256 2328 72 p-Me'C,H, ... 2230 2305 75 
CHOCH O«..... 2230 2313 83 p-MeO-C,H, ... 2227 2302 75 
PRE, .«.:...... 2255 2344 89 


frequencies of CN and BN (and even more so, of TiN and SnN) stretching modes. 
Secondly, owing to a mass effect, the nitrile frequency would be expected to rise as between 
free nitrile and a complex, but this would produce only a very small increase and nothing 
of the order of 80 cm.1.12 We therefore suggest that in the complexes the CN bond order 
is in fact higher than in the free nitriles. This is based on the following hypothesis: in 
the free nitriles, the CN bond is approximately intermediate between a double and a triple 
bond [see scheme (1)]; 7% on the other hand, such mesomerism [?.e., involving (III) and 
(IV)] is not possible in the complex because of the very different geometry of (IIT) and (IV). 
Thus, in simplified terms, in (III) and (IV) the nitrogen atoms are regarded as sp (linear) 
and sp? hybridised (7 CNB, 120°) and of the two structures, (III) is taken as substantially 
representing the structure of the complexes. In support, there is available the complete 
structural analysis (X-ray) of the acetonitrile—boron trifluoride complex.4* This shows 
ZCCN = 180°, ZCNB = 180°, and ZNBF = 103°. Further, the CN bond distances in 
acetonitrile (1-16 A) and the boron trifluoride complex (1-13 A) indicate that co-ordination 


- (4) 2.) 
R-C=N =—w R-C=N . . ww we ew ee ee MY 
(+4) (-) (+) .. 
(IIT) R-C=N-BCl, R-C=N\ (-) ~— (IV) 
sp sp* “BCI, 


shortens bond length and hence increases bond order (although the difference between the 
two lengths is only just outside the quoted mean deviations). The spectroscopic results on 
the three boron halide complexes of acetonitrile also appear to support our view: the 
nitrile frequencies in the complexes increase in the order BBr, < BCl, < BFs3, which is the 
same order as for the complexes CH,°CO,Et,BX,.8 


saat Lappert, Paper presented at the International Conference on Co-ordination Chemistry, London, 
* Gerrard, Lappert, Pyszora, and Wallis, J., 1960, 2144. 
% Chalandon and Susz, Helv. Chim. Acta, 1958, 41, 697; Terenin, Filimonow, and Bystrow, Z. 
Elektrochem., 1958, 62, 180. 
11 Sheppard and Simpson, Quart: Rev., 1952, 6, 12. 
* Herzberg, ‘‘ Infrared and Raman Spectra of Polyatomic Molecules,” Van Nostrand, New York, 
1945, p. 173; Whiffen, Chem. and Ind., 1957, 193. 
* Pauling, Springall, and Palmer, J. Amer. Chem. Soc., 1939, 61, 927. 
4 Hoard, Owen, Buzzell, and Salmon, Acta Cryst., 1950, 3, 130. 
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Intensities of the CN Stretching Absorption Bands in Free Nutriles and Their Complexes, 
The results shown in Table 2 are expressed in terms of apparent extinction coefficients 
(e,), extrapolated to zero concentration. The significant conclusions appear to be: (i) the 
intensities of the nitrile bands in the complexes are much greater (approximately 5- and 
7-fold increases in chloroform and benzene) than in the free nitriles; (ii) while the nitrile 
intensities in the free nitriles are much influenced by solvent (as has been noted before 3), 
this is not the case with the complexes. The increase in band intensity with increasing 
solvent polarity (e.g., in CHCl, greater than in CCl,) has been attributed * to solvent-nitrile 
association and this view is consistent with both (i) and (ii). Thus co-ordination of boron 
trichloride with nitriles causes increases in CN band intensities quite out of proportion to 
those produced by possible solvent association, and furthermore solvent association 
(particularly hydrogen-bonding) with complexes is likely to be much more restricted than 
with free nitriles. 

Although the solvents used in this investigation were carefully dried by conventional 
procedures (benzene over sodium, and chloroform by refluxing with phosphoric oxide), the 
solutions of the boron trichloride complexes nevertheless showed some slight hydrolysis, 
as indicated by the appearance of nitrile doublets in the spectra (a very strong band due to 
complex and a very weak band due to free nitrile), and this was more marked for the 
chloroform solutions than for those in benzene and was still more marked for solutions in 
methylene chloride. In view of this, the values for the apparent extinction coefficients in 
chloroform, shown in Table 2, should be regarded as minimal values and the factors 
e,cuci,/fao,", are probably nearer to unity than is evident. Because of the hydrolytic 
susceptibility of the complexes, accurate measurements of extinction coefficients in a 
wider range of solvents were not pursued. 


TABLE 2. Apparent extinction coefficients of CN stretching bands in free nitriles 





and their complexes. 
Apparent extinction coefficients of CN bands 
in RCN in RCN,BCI,~ 

7 oe ~ 
R in RCN or EaCHC!,/ €aCHC),/ €aRON.BCI, /EaRcN 

RCN,BCl, In CHCl, In C,H, ecw, %In CHCl, InC,H, com, In CHC], InC,H, 
Te  Secaveeceees 31-6 18-6 1-70 143 148 0-97 4-5 8-0 
OD sdecddendsccens 76-2 52-6 1-45 465 520 0-89 6-1 9- 
p-NO,’C,H, * 30-8 20-3 1-50 -- 145 -- _ 71 
p-Cl-C,H, ...... 89 62-8 1-42 376 363 1-03 4-2 58 
p-MeC,H, ... 126 87-9 1-44 524 601 0-87 4-2 6-8 
p-MeO-C,H, ... 173 115 1-50 822 872 0-94 4:7 7-6 

* The boron trichloride complex of p-nitrobenzonitrile was insufficiently soluble in chloroform to 


permit measurements of extinction coefficient in that solvent. 


TABLE 3. Apparent extinction coefficients of CN stretching bands of benzonitrile 
in various solvents. 
Solvent CCl, CHCl CH,Cl, CH,NO, C,H, PhCl Ph-NO, Ph-OMe 
Rs, chicmenks 48 76-2 85-6 81-2 52-6 59-5 64-9 57:8 


It was thought that if the increase in intensity of the nitrile band of a free 
nitrile through a range of solvents was attributable solely to dipole-dipole interaction this 
might provide a method of determining relative solvent polarities. Accordingly, the 
measurements of apparent extinction coefficients were extended (for benzonitrile), as shown 
in Table 3. It will be noted that the results do not agree even qualitatively with those 
obtained by other methods, although it is clear that the influence of substitution in the 
benzene ring is shown up for the aromatic solvents, with the order NO, > Cl > MeO > H, 
whilst for the aliphatic chlorinated solvents, the order CH,Cl, > CHCl, > CCl, is not 
unreasonable. These orders are not independent of structure of the nitrile; thus the 
values for apparent extinction coefficients of free nitriles do not invariably show these to 









tha 
nit 


to 1 
sho 


anc 
Tea 
cen 
on 

one 


frec 





ty 


n to 


free 
this 
the 
own 
nose 
the 
. H, 
not 
the 
e to 








[1960]  Nitriles and Their Complexes with Boron Trichloride. 2185 


be higher in methylene chloride than in chloroform [in methylene chloride, RCN (<,): R = 
Bu® (25-8); R = p-NO,°C,H, (31-6); R = p-Cl-C,H, (85-8); R = p-Me-C,H, (113); and 
R = p-MeO-C,H, (126)). “Other workers have also pointed out recently that a complete 
correlation between solvent polarity and solvent influence on CN stretching intensities is 
not possible.” 

Correlation between Structure and Intensity of CN Stretching Absorption Band in 
Complexes of Benzonitrile and its Derivatives.—The plots of apparent extinction coefficients 
(in benzene solution) of CN stretching bands against Hammett’s 1* o or H. C. Brown and 
Okamoto’s 1? o* functions for benzonitrile and four pare-substituted derivatives and their 
boron trichloride complexes are shown in the Figure. The o* plots give fair approximation 
to linearity, whereas the o plots show particularly pronounced deviations for the p-methoxy- 
compounds. Plots of intensities (the more accurate integrated areas being used rather 
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than extinction coefficients) against Hammett o functions for a series of substituted benzo- 
nitriles have previously been recorded,*-* but it was pointed out that the choice of these 
functions was inappropriate as the influence of substituents on the nitrile bond was akin 
to their influence in electrophilic aromatic substitution,1* for which likewise the o values 
show deviations, particularly noticeable for the p-methoxy-group. The o* functions have 
been derived from solvolysis kinetics on substituted 1-methyl-l-phenylethyl chlorides 
and have proved widely applicable over a range of electrophilic aromatic substitution 
reactions and for others involving resonance interaction between an electron-deficient 
centre and the substituents.!”7_ Accordingly, our results show that the influence of structure 
on CN stretching intensities in nitriles and their complexes can be correlated to at least 
one independently derived structural parameter. 

BCI Stretching Frequencies in Nitrile-Boron Trichloride Complexes.—The absorption 
frequencies of strong bands assigned to BCI stretching modes are listed in Table 4 and 


TABLE 4. BCI Stretching frequencies in RCN,BCl,. 


BOON SUIT a © Aovebenbsocnsssseqciutiseaesar Me Pre CH,:CH 
BCI stretching frequencies (cm.“) ...... 777, 734, 712 778, 732, 711 778, 741, 714 


samples were measured as paraffin mulls. The values for aryl derivatives are not recorded 
because of the strong aromatic,absorption in the relevant region. These figures compare 


18 Bayliss, Cole, and Little, Spectrochim. Acta, 1959, 12. 

%* Hammett, /. Amer. Chem. Soc., 1937, 59, 96. 

” H.C. Brown and Okamoto, J. Org. Chem., 1957, 22, 485; J. Amer. Chem. Soc., 1957, 79, 1913. 
* T. L. Brown, J. Amer. Chem. Soc., 1958, 80, 794. 
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well with those obtained on amide-boron trichloride complexes (¢.g., vaq in 
CH,°CO-NMe,,BCl, at 777, 753, and 713 cm.~).® 





Experimental.—The complexes were prepared and purified as described earlier.® 

Spectra were measured on a Grubb-Parsons S3A double-beam spectrometer, sodium chloride 
optics being used. Samples were taken as liquids, paraffin mulls, or in solution as stated. We 
estimate that the quoted frequencies are correct to +6 cm. and the apparent intensities to 
+10%. The extinction coefficients are not absolute because of the relatively high slit-width 
used and the low dispersion of sodium chloride. 

The intensities were measured in standard cells of path-length 0-05 cm. for the nitriles and 
0-0206 cm. for the complexes, with corresponding solvent-compensating cells. Extinction 
coefficients were determined by taking measurements at three concentrations, adjusted so as to 
give absorption of the nitrile band in the range 20—80%; the results were plotted and 
extrapolated to zero concentration. All the measurements were carried out at a mechanical 
slit-width of 0-08 mm., which was the lowest value at which the nitrile band showed no change 
in intensity with decreasing slit-width. 


We thank Drs. L. A. Duncanson and N. Singer and Mr. H. A. Willis for valuable discussions, 
and one of us (J. W. W.) gratefully acknowledges having received a maintenance grant from 
Messrs. Albright and Wilson, Ltd. 
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440. Sedimentation Potentials. Part II.1 The Determination of the 
Zeta Potentials of Some Solid Surfaces in Aqueous Media, by Use of 
Sedimentation Potential Measurements. 


By J. B. Peace and G. A. H. Exton. 


Measurements have been made of the sedimentation potentials set up by 
five different solids (Pyrex glass, fused silica, silicon, fused alumina, and 
carborundum) in potassium chloride and barium chloride solutions over the 
concentration range 1—7 x 105n. The results obtained have been used to 
calculate the values of the zeta potentials of the surfaces by using a modified 
form of the Smoluchowski electrokinetic equation. Except in the case of 
carborundum, fair agreement has been found between zeta potentials 
calculated from sedimentation potential data, and figures obtained by workers 
using streaming potential and other more familiar techniques. The dis- 
crepancies in the results obtained from carborundum are thought to be due 
to the presence of varying amounts of carbon impurity. 


Part 11 of this study of sedimentation potentials was concerned principally with the 
development of a suitable experimental technique and its subsequent application to 
confirm the validity of using a modified form of the familiar Smoluchowski electrokinetic 
equation ? to calculate values of zeta potentials from sedimentation potential data. The 
experimental work has now been extended to investigate the sedimentation potentials set 
up by a variety of solid surfaces in both potassium and barium chloride solutions. The 
present paper deals with the results of these investigations and includes a comparison 
between the values of zeta potentials calculated from sedimentation data and figures 
obtained on similar surfaces by other workers. Improvements in experimental technique 
have resulted in an increase in the accuracy of the calculated zeta potentials, and in the 
light of these improvements revised figures are given for the soft glass and Pyrex glass 
surfaces used in Part I. 


1 Part I, Elton and Peace, J., 1956, 22. 
2 “‘ Handbuch der Elektrizitat und des Magnetismus,” Graetz, Liepzig, 1921, Vol. II, p. 385. 
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EXPERIMENTAL 


Materials.—Solid materials were ground and sieved to a close size range to ensure as far as 

ible uniform particle radius. The dry sieved solid was washed with successive changes of 
benzene followed by a similar treatment with sulphuric acid. This was followed by rinsing 
with tap water, distilled water, and finally equilibrium conductivity water, in which the material 
was left immersed overnight before being dried at 110°. The mean Martin’s radius? was 
determined microscopically for each sample. 

(a) Fused silica. This was supplied by the Thermal Syndicate Ltd. in large fragments 
which were ground and sieved to a mean Martin’s radius of 278 u. 

(b) Silicon. Spectroscopically pure silicon, supplied privately, was sieved to a mean 
Martin’s radius of 106 pu. 

(c) Pyrex glass. This was ground and sieved to a mean Martin’s radius of 297 yp. 

(d) Carborundum. The Morgan Crucible Co. kindly supplied a specimen of pure carborun- 
dum. This was sieved to obtain a sample having a mean Martin’s radius of 123 yp. 

(e) Fused alumina. A sample of pure fused alumina having a mean Martin’s radius of 114 p 
was obtained by sieving powder supplied by the Thermal Syndicate Ltd. 

The water used throughout was equilibrium conductivity water of specific conductivity 
0-:8—1:0 x 10° ohm“, prepared by an ion-exchange process. 

The two electrolytes, potassium chloride and barium chloride, were prepared by recrystal- 
lising the ‘‘ AnalaR ”’ salt several times from equilibrium conductivity water, heating it to 
dryness in a platinum dish, and storing it in a vacuum desiccator. 

Apparatus and Technique.—The sedimentation cell was similar to that designed by Quist 
and Washburn; * silver-silver chloride electrodes were used. A specially constructed valve 
millivoltmeter was used to measure the potentials developed, an overall sensitivity of 0-02 mv 
being obtained. Conductivities were determined on a conventional A.C. Wheatstone bridge, 
all experiments being carried out at room temperature, namely, 21° + 5°. Further details 
are given by Peace. 


RESULTs and DISCUSSION 


It was shown in Part I that equation (1), obtained by modification of Smoluchowski’s 
electrokinetic equation, normally applied to streaming potential measurements, can be 
used to obtain values of zeta potential from sedimentation data: 


E= MHg (pp — ete (1) 

~ 4renxp, 1000 Popes ed hd As tds 
where E = sedimentation potential (v), M = total weight of solid per unit volume of 
suspension between the electrodes (g.), « = specific conductivity of the solution (ohm*), 
H = distance between the electrodes (cm.), ¢ = zeta potential (mv), 4 = viscosity of 
solution (poise), p2 = density of solid, p, = density of liquid, e = dielectric constant of 
liquid. 

This equation has been used to calculate the zeta potentials of the various solid surfaces 
discussed below from the corresponding sedimentation potential figures, the method used 
being similar to that employed in Part I for soft glass and Pyrex glass, i.e., using a graph 
of E/M against 1/«n (see below). When Part I was written it did not appear that the 
sedimentation potential was sufficiently temperature-dependent to warrant any form of 
correction for the variation in room temperature between successive experiments. 
However, with subsequent improvements in apparatus and technique it has been found 
possible to increase significantly the accuracy of the calculated zeta potential figures by 
careful correction of the temperature-dependent variables contained in equation (1), 
lend x,M,and ». The témperature dependence of M arises from the fact that it is 


* Cadle, ‘‘ Particle Size Determination,”’ Interscience, London, 1955, p. 135. 
* Quist and Washburn, J. Amer. Chem. Soc., 1940, 62, 3169. 
* Peace, Ph.D. Thesis, London, 1956. 
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related to the velocity of fall of the particles, which is in turn dependent on the temperature 
of the aqueous medium. However, since the sedimentation velocities of the particles used 
were outside the range of Stokes’s law it was not possible to apply the normal temperature 
correction, and consequently use was made of two flow equations ® designed to cover the 
range of velocities encountered in these experiments. 

A more accurate figure of —76-5 mv, based on the above temperature corrections, for 
the zeta potential at 25° of the soft glass spheres in 10°Nn-potassium chloride solution is in 
fair agreement with the results of Eversole and Boardman,’ who obtained a figure of 
—87-3 mv from streaming potential measurements on soft glass capillaries in similar 
solutions. 

It was noted in the earlier work on soft glass that the graphs obtained by plotting 
E/M against 1/«y were linear over the concentration range studied, namely, 1—7 x 10%y- 
potassium chloride, indicating a constant zeta potential in this range. This linear relation 
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has been found to hold within the same concentration limits for all the solids so far 
investigated, in both potassium chloride and barium chloride solutions. A typical set of 
results, given by fused silica, is shown in the Figure. 

This effect is almost certainly due to the use of silver-silver chloride electrodes for 
recording the sedimentation potentials, since it has been shown by Dulin and Elton ® that 
at low concentrations of potassium chloride the effect of the silver chloride is to raise the 
numerical value of the surface charge and lower that of the zeta potential of fused silica. 
Thus the change in zeta potential over the experimental concentration range might well 
be within the total error of the method as a whole, estimated at not more than +5%. 

It is unfortunately not possible to extend the concentration range outside the limits 
given above, since in extremely dilute solutions, 7.e., less than 1 x 10° n, difficulties arise 
owing to the high internal resistance of the cell and to electrode instability, whereas above 
7 x 10n, the potentials become too small to measure accurately. 

Fused Silica.—The variation in E/M with 1/«y for fused silica in both potassium 
chloride and barium chloride solutions is illustrated in the Figure. Tables 1 and 2 showa 
comparison between the values of zeta potential calculated from the above data using 
equation (1) and values obtained by other workers using streaming potential and sediment- 
ation velocity methods. 

® Davies, Proc. Phys. Soc., 1945, 57, 259. 


7 Eversole and Boardman, J. Phys. Chem., 1942, 46, 914. 
* Dulin and Elton, J., 1952, 286. 
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TABLE 1. Fused silica in potassium chloride solutions.* 


Concn. of KCI (x) a ce qt ti ts 


i x. 3 _ —129 —129 —134 —73-5 
5 x 10° —109 — 136 — 135 _ _ 
iL x. 2 —109 — 156 — 146 —142 —86 


* Here and throughout values of { are in mv. 


{,, Values from the present work. ¢,, Values from sedimentation velocity measurements by 
Dulin and Elton.* {,, Values from a system similar to that of {, but saturated with respect to silver 
chloride. {,, Values from streaming potential measurements with vitreous silica capillaries by Jones 
and Wood ® using silver-silver chloride electrodes. (,, Values from streaming potential measurements 
on quartz capillaries by Eversole and Boardman.’ 


The change in €, and %, over the range 5 x 10° to 1 x 10° n is less than +5%, and 
hence might well pass unnoticed in sedimentation potential measurements. 
Results from similar systems in dilute barium chloride solutions are shown in Table 2. 


TABLE 2. Fused silica in barium chloride solutions. 


Concn. of BaCl, (N) a t. qs 
1 x 10 — — 59-5 —73 
5 x 10° — 50 —6l —_— 
1 x 105 —50 —74 —93 


{,, Values from the present work. {,, Values from sedimentation velocity measurements by Dulin 
and Elton.4® {,, Values from streaming potential measurements with vitreous silica capillaries by 
Wood and Robinson." 


Silicon.—A study of the zeta potentials of spectroscopically pure silicon calculated 
from sedimentation potential data shows a close similarity with the figures obtained for 
fused silica. Table 3 shows a comparison of the experimental results for the two materials. 

These results indicate that both materials form similar surface layers when in contact 
with electrolyte solutions, and suggest that the silicon atom may possibly be the important 


TABLE 3. Comparison of results for fused silica and silicon. 


Concn. range Zeta potential (mv) Concn. range Zeta potential (mv) 
Electrolyte (x) Si SiO, . Electrolyte Si SiO, 
1— 5x 10° —99 —109 x —50 


factor in determining the magnitude of the surface charge and the associated zeta potential. 
This may be due either to reaction with water molecules to form a layer of silicic acid, 
which subsequently ionises,!” or to the fact that the major part of the adsorption occurs 
only on the sites of the silicon atoms. 

Pyrex Glass.—The data obtained for Pyrex glass (¢,) are shown in Table 4, together 


TABLE 4. Pyrex glass. 


Specific conductivity q 7 t ts 
(gemmhos) (KCl) (BaCl,) (KNO,) (KNO;,) 
1-10 _ — —132 —133 
1-77 — — —130 —130 
3-05 — 94-5 —8l —125 — 125-5 
6-90 —94-5 —81 —107 —119 
13-25 — _— —109 —1155 


with electrokinetic potentials (¢,) calculated by Ghosh, Choudhury, and De™ from the 
results of Wigja #* who used streaming potential methods on various Pyrex diaphragms 


* Jones and Wood, J. Chem. Physics, 1945, 18, 106. 

” Dulin and Elton, J., 1953, 1148. 

“Wood and Robinson, J. Chem. Physics, 1945, 14, 251. 

*® O’Connor and Buchanan, Trans. Faraday Soc., 1956, 52, 397. 

* Ghosh, Choudhury, and De, Trans. Faraday Soc., 1954, 50, 955. 
4 Wigja, Thesis, Utrecht, 1946. 
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of uniform particle radius in dilute potassium nitrate solutions. ¢, represents figures 
obtained by Wigja™ from Pyrex capillary tubes, again by streaming potential 
measurements. 

Carborundum.—The zeta potential (¢,) at the surface of a pure specimen of carborun. 
dum used in the present work is shown in Table 5 compared with values obtained by using 
sedimentation velocity methods on samples of the commercial material * (¢,). 


TABLE 5. Carborundum. 


Electrolyte Concn. (N) q. t. Electrolyte Concn. (N) qh 
1 x 10% -= —102 5 x 10°° — 20-5 
5 x 10° —21 —109 — 20-5 
1 x 10° —21 —122 


The marked difference between these two sets of values is not surprising in view of the 
high proportion of carbon impurity present in commercial carborundum, which in addition 
to modifying the surface may cause a considerable decrease in the specific resistance of 
the solid. 

Fused Alumina.—It has been shown ?* that the zeta potential of aluminium oxide, as 
determined by streaming potential measurements, can vary between +70 and —59 my 
depending on the initial pretreatment of the surface, 1.e., variation in the time and tem- 
perature of ignition, etc. Nevertheless, there is agreement between the value of the zeta 
potential of freshly ground aluminium oxide in water given by the above workers 
(approximately +40 mv) and the value of +-40 mv obtained with dilute potassium chloride 
solutions and fused alumina in the present studies. In barium chloride solutions, the 
sedimentation potential method indicated a zeta potential of +42 mv. 

As a result of the above comparisons between values of zeta potential obtained from 
sedimentation data and the figures given by other methods, it would appear that sediment- 
ation potential techniques can be applied successfully, within certain concentration 
limits, to the determination of the electrokinetic potentials of solid surfaces. It is very 
probable that such discrepancies as do exist between zeta potential values obtained by 
different workers are due, not so much to differences in the theoretical treatments applied 
to the various experimental methods, as to the fact that they arise from the difficulty in 
obtaining reproducible surfaces on which to carry out comparative measurements. This has 
been clearly shown by O’Connor and Buchanan, who measured streaming potentials across 
a bed of sieved quartz particles after initial treatment of the material with various 
electrolytes, followed by washing in conductivity water of specific conductivity 1 gemmho. 
The resulting values of ¢ in conductivity water were consistent for a given pretreatment, 
but varied between —100 and —56 mv with different methods of pretreatment. As 
mentioned earlier, the same workers obtained an even greater range of zeta potentials from 
measurements on aluminium oxide, and Jones and Wood ® have reported similar surface 
effects with streaming potential measurements in vitreous silica capillaries. 

These considerations indicate clearly the necessity for stating the methods of prepar- 
ation and cleaning of surfaces when reporting electrokinetic results. This would permit 
precise repetition of experimental determinations by future workers, and enable accurate 
comparisons to be made between the results of standard techniques, and the values from 
new methods for the determination of zeta potentials, by ensuring that similar solid 
surfaces are used in all cases. 


BATTERSEA COLLEGE OF TECHNOLOGY, LoNnpon, S.W.11. (Received, December 1st, 1959.] 


18 Elton and Mitchell, J., 1953, 3690. 
16 O’Connor, Johansen, and Buchanan, Trans. Faraday Soc., 1956, 52, 229. 
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441. Steroids derived from Hecogenin. Part I. 12-Methyl- 
steroids. 


By PETER BLapon and W. McMEEKIN. 


The preparation of several 12-methyl-steroids from hecogenin and A%10- 
dehydrohecogenin is described. 


THERE is considerable current interest in steroid-hormone analogues containing alkyl (and 
other) substituents in the steroid nucleus,} but hitherto 12-alkylated steroids have not 
been prepared. The 12-carbonyl groups of hecogenin and A%*))-dehydrohecogenin offered 
a route to such compounds by reaction with lithium alkyls and some exploratory work on 
this approach is described in this paper. 

The reaction between hecogenin acetate (I; R = Ac) and methyl-lithium gave only 
small yields of the desired 12-methyl-alcohol. Accordingly, attention was directed 
towards derivatives of hecogenin in which the hydroxyl group is adequately protected. 

The 38-(tetrahydro-2-pyranyl) ether (I; R = C;H,O) of hecogenin reacted smoothly 
with methyl-lithium, to furnish a good yield of the intermediate tetrahydropyranyl ether 
of the secondary-tertiary glycol (II; R= C,H,O). Hydrolysis of this by aqueous- 
ethanolic hydrogen chloride and acetylation of the intermediate glycol gave 38-acetoxy- 
12a-methyl-5«,25D-spirostan-128-ol (II; R= Ac), together with a small amount of 
12-methylenetigogenin acetate (III; R= Ac). This last compound on_ hydrolysis 
furnished the known ? 12-methylenetigogenin (III; R = H). 


~ (dy) , (III) 

It was originally thought that the 12-methylenetigogenin was derived from an epimeric 
tertiary alcohol (IV) by dehydration during the hydrolysis of the corresponding tetra- 
hydropyranyl ether by mineral acid. That this was not so, was shown by the failure to 
isolate either 12-methylenetigogenin (as acetate) or the epimeric tertiary alcohol when the 
hydrolysis was conducted in aqueous-ethanolic acetic acid. 

The main product formed by either method of hydrolysis was the tertiary alcohol 
(II; R = H), since extensive chromatography of the acetate (II; R = Ac) failed to reveal 
any substantial inhomogeneity. Further, a sample of this material, treated with hot 
aqueous ethanolic hydrochloric acid, developed low-intensity ultraviolet-light absorption 
with a maximum at 205 mu, presumably due to a small amount of 12-methylenetigogenin 
acetate. The olefinic substance was not isolated. The conclusion is drawn that the 
reaction of the 12-ketone group with methyl-lithium leads to a single product. 

The formulation of this product as the 128-hydroxy-12«-methyl compound (II) is 
based on the well-known propensity * of steroids to “‘ rear attack,’”’ particularly in the 
region of ring c. In this case the attacking group is the methyl anion. No direct proof of 
this formulation is adduced, but the reactions described below are consistent with it. In 
the case of the 11-carbonyl group, Fonken and Hogg ‘ and Ringold, Batres, and Zderic ® 


1 Fried and Borman, Vitamins and Hormones, 1958, 16, 303. 

* Sondheimer and Mechoulam, 7. Amer. Chem. Soc., 1957, 79, 5029. 

* Fieser, Experientia, 1950, 6, 312. 

* Fonken and Hogg, Tetrahedron, 1958, 2, 365; Fonken, J. Org. Chem., 1958, 28, 1075; Fonken, 
Hogg, and McIntosh, ibid., 1959, 24, 1600. 

* Ringold, Batres, and Zderic, Tetrahedron, 1958, 2, 164. 
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have shown recently that methyl-lithium gives a single product formulated as the 11g. 
hydroxy-1la-methyl compound. 

Prolonged treatment of the tertiary alcohol (III; R = Ac) with phosphorus penta- 
chloride gave 12«-chloro-126-methyltigogenin acetate (V). This reaction is assumed to 
involve an inversion characteristic of the reactions of phosphorus pentachloride with 
saturated alcohols. Treatment of the chloro-compound (V) with sodium methoxide in 
methanol yielded 12-methylenetigogenin (III; R = H). 

The reverse transformation of 12-methylenetigogenin into the tertiary alcohol (II) was 
achieved in two steps: first, epoxidation of the acetyl derivative (III; R = Ac) gave the 
epoxide (VI) together with unchanged starting material; then reduction with lithium 
aluminium hydride followed by re-acetylation gave the acetate (II; R = Ac). 


OH a? 
x | © o 


12) 





H 
(IV) (v) (VI) 


To account for the formation of the 128-hydroxyl group on reduction of the epoxide 
with lithium aluminium hydride, it is necessary to assume that the epoxide having the 
8-configuration is formed by attack on the front (8) side of the steroid nucleus by the 
OH* ion. Such an attack would be expected to centre on the exocyclic 12’-carbon atom 
(Markownikoff’s rule) which is relatively unhindered. The alternative supposition, in 
which the alcohol has the 12«-hydroxy-126-methyl configuration (front attack of Me’) 
and the epoxide necessarily has the «-configuration (rear attack of OH*), is considered 
unlikely. 

The 38-tetrahydropyranyl ether (VII; R = C;H,O) of 9(11)-dehydrohecogenin with 
methyl-lithium gave the tetrahydropyranyl ether (VIII; R = C,;H,O) of the tertiary 
allylic alcohol. Even under the mild conditions of hydrolysis (aqueous-ethanolic acetic 


(VIL) 


H H 
(Xx!) (XI) (XII) 


acid) necessary to effect removal of the protecting group, this compound was dehydrated, 

to yield (after acetylation) 38-acetoxy-5a,25D-spirosta-9(11),12(12’)-diene (IX; R = Ac). 

This had the expected light absorption with a maximum at 240 my. Hydrolysis by 
* Cf. Fieser and Fieser, “‘ Steroids,” Reinhold, New York, 1959, p. 322. 
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mineral acid caused a further partial rearrangement of the double bonds, to give a mixture 
of this diene and the isomeric 8(9),1l-diene (X). Attempts to isolate the latter diene 
by crystallisation and by chromatography of the free alcohols and the 36-acetates failed. 
The homoannular diene (X) in the mixture did not yield a crystalline product with maleic 
anhydride. Treatment of the diene mixture with hydrogen chloride in chloroform at low 
temperature (cf. ref. 7) caused inefficient conversion into the 9(11),12(12’)-diene (IX). 

On hydrogenation under neutral conditions with a platinum catalyst, the 9(11),12(12’)- 
diene (IX; R = Ac) took up one mol. of hydrogen, to yield 38-acetoxy-12-methyl-5«,25D- 
spirost-1l-ene (XI; R= Ac). The corresponding alcohol (IX; R = H) behaved in the 
same way, to afford an alcohol (XI; R = H), which was also produced by hydrolysis of 
the acetate (XI; R = Ac). 

This structure with the 11,12-double bond is favoured for these compounds for the 
following reasons. Under conditions comparable to those in which the diene was 
hydrogenated, 12-methylenetigogenin acetate (III; R = Ac) took up no hydrogen and was 
recovered unchanged, making hydrogenation of the methylene group in the diene (IX) 
unlikely. Hydrogenation of 9(11)-double bonds is known ® to occur under these conditions, 
but in this particular case it would lead to 12-methylenetigogenin (acetate), and the 
monounsaturated compounds are quite different from 12-methylenetigogenin and its 
acetate. The unlikely addition of hydrogen to the front of the 9(11)-double bond would 
give 96-12-methylenetigogenin derivatives (XII). Such a structure can be ruled out 
on chemical evidence (see below). There remains only the possibility of 1,4-addition of 
hydrogen at positions 9 and 12’, to give an 11,12-double bond. Subsequent migration 
of the double bond to the 9(11)-position (XIII) is improbable, since the isomerisation of 
T-enes to 8(14)-enes proceeds only slowly,® if at all, with a platinum catalyst under 
neutral conditions. 

Successive treatment of 38-acetoxy-12-methyl-5«,25D-spirost-ll-ene with osmium 
tetroxide and lithium aluminium hydride gave 126-methyl-5«,25D-spirostane-36,11«,12«- 
triol (XIV; R = R’ = H) (cf. ref. 11). 


H (XIV) 


Cleavage of the triol with lead tetra-acetate gave an amorphous compound (XV) hav- 
ing a peak in its infrared spectrum at 2878 cm. which indicates an aldehyde group. No 
formaldehyde was formed. These facts exclude structure (XII) for the olefin but do not 
distinguish between structures (XI) and (XIII). 

Acetylation of the triol with acetic anhydride and pyridine at 100° gave a mixture of 
the 38-monoacetate (XIV; R = Ac, R’ = H) and the 36,11a,12«-triacetate (XIV; R = 
R’ = Ac). 

Comparison of the molecular-rotation differences of the mono-olefin (XI) and its 
derivatives with the corresponding differences of the 9(11)- and 1l-unsaturated com- 
pounds lacking the 12-methyl group does not allow of an unequivocal proof of the structure 
(XI) (cf. refs. 12 and 11 respectively). 


? Cornforth, Gore, and Popjak, Biochem. J., 1957, 65, 94. 

* Ruyle, Chamberlin, Chemierda, Sita, Aliminosa, and Erickson, J. Amer. Chem. Soc., 1952, '74, 5929. 
® Nes and Mosettig, J. Org. Chem., 1953, 18, 276. 

© Barton, Cox, and Holness, J., 1949, 1771. 

"' Elks, Phillipps, Walker, and Wyman, J., 1956, 4330. 

™ Hirschmann, Snoddy, Hiskey, and Wendler, J. Amer. Chem. Soc., 1954, 76, 4013. 
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EXPERIMENTAL 


Unless otherwise stated, optical rotations were determined for chloroform solutions, ultra- 
violet spectra were obtained with ethanolic solutions, and infrared spectra with Nujol mulls, 
M. p.s were determined on a Kofler block. 

The alumina used for chromatography was neutralised and deactivated with 10% aqueous 
acetic acid (5 ml. per 100 g.). 

The hecogenin acetate which was the starting material for this work had ),,,, 236 my (¢ 363). 
This peak is attributed to the presence of about 3% of 9(11)-dehydrohecogenin acetate. 

Extracts were dried over anhydrous sodium sulphate before evaporation unless stated 
otherwise. 

38-(Tetrahydro-2-pyranyloxy)-5a,25D-spirostan-12-one (I; R = C,H,O).—Hecogenin (I; 
R = H) (48 g.), suspended in dry benzene (400 ml.), was treated with 2,3-dihydropyran (40 ml.) 
and phosphorus oxychloride (1-5 ml.). After 10 min. at room temperature brief warming gave 
a homogeneous mixture. This was set aside for 1 hr. Ether (1 1.) was added, and the mixture 
was washed with potassium hydrogen carbonate solution, dried, and evaporated under reduced 
pressure to give the tetrahydropyranyl ether (56 g., 99%) as needles (from methanol containing 
a little pyridine), m. p. 195—200°. Hirschmann eé al.!* record m. p. 209—213° and 51% 
yield. 

12a-Methyl-38-(tetrahydro-2-pyranyloxy)-5a,25D-spirostan-12B-ol (II; R = C,;H,O).—The 
foregoing tetrahydropyrany] ether (I; R = C;H,O) (50 g.) in benzene (400 ml.) was treated with 
ethereal methyl-lithium, prepared from lithium (15 g.), methyl iodide (60 ml.), and ether 
(500 ml.), and the mixture was refluxed for 1-5 hr. Excess of reagent was destroyed with 
methanol, dilute hydrochloric acid was added, and the organic layer separated. The aqueous 
layer was extracted with ether. The combined extracts were washed with water and aqueous 
potassium hydrogen carbonate, dried, and evaporated to yield a white solid (51-9 g.) which was 
used directly for the next step. A portion of similar material, recrystallised twice from 
methylene chloride—-methanol containing pyridine, gave the tetrahydropyranyl ether (II; R= 
C;H,O), m. p. 205—207°, [aj], —38-2° (c 0-872) (Found: C, 72-8; H, 10-4. C,,H,,0,,CH,-OH 
requires C, 72-6; H, 10-4%). 

Hydrolysis of the Tetrahydropyranyl Ether (Il; R = C;H,O).—(a) With mineral acid. The 
ether (51-2 g.) was refluxed with 6N-hydrochloric acid (140 ml.) in ethanol (1200 ml.) for 40 min. 
Water (2800 ml.) was added and the product isolated by ether-extraction. The extracts were 
washed with aqueous potassium hydrogen carbonate, dried, and evaporated, to yield a yellowish 
semi-solid residue (38-4 g.). This was treated with pyridine (300 ml.) and acetic anhydride 
(200 ml.), and left overnight. Working up in the usual way by ether-extraction afforded a 
semi-solid residue (42 g.). This was chromatographed in light petroleum—benzene (1:6; 
350 ml.) on alumina (2-8 Kg.). Benzene (3 1.) eluted material, m. p. 152—172° (8-1 g.). Several 
recrystallisations from methylene chloride—methanol afforded 12-methylene-5«,25D-spirostan- 
38-yl acetate (III; R = Ac) as plates, m. p. 182—184°, [a],, —28° (c 1-0) (Found: C, 76-8; H, 
9-6. CyoH,,O, requires C, 76-55; H, 9-85%), Amex, 200 my (ce 3000), vmax 1739 (OAc) 1653 
(>C=CH,), 1242 (OAc), and 978, 914, 897, 861 cm. (spirostan system). This material gavea 
light yellow colour with tetranitromethane in chloroform. 

Benzene-ether and ether eluted 38-acetoxy-12a-methyl-5a,25D-spirostan-128-ol (II; R = Ac) 
(34 g.), m. p. in the range 215—224°. A pure sample, recrystallised from chloroform—methanol, 
formed rods, m. p. 226—228°, [a],, —47° (c 1-0) (Found: C, 73-7; H, 9-7. Cg9H,.O, requires 
C, 73-7; H, 99%), Vmax. 1750 and 1230 cm.“1 (OAc), and the typical spirostan bands. 

(b) With aqueous acetic acid. The tetrahydropyranyl ether (II; R = C,H,O) (5-5 g.) was 
refluxed with ethanol (180 ml.), acetic acid (40 ml.), and water (20 ml.) for 45 min. Water 
(1-5 1.) was added, and the precipitated solid was filtered off, then washed with water, dried, 
and acetylated with acetic anhydride (10 ml.) in pyridine (20 ml.) for 1 hr. at 100°. The product 
(4-8 g.) was isolated by addition of water and extraction with ether in the usual way, and 
chromatographed on alumina (500 g.). Light petroleum (750 ml.) eluted material (430 mg.), 
m. p. 145—182°, which was rechromatographed (see below). Light petroleum—benzene and 
benzene eluted 38-acetoxy-12«-methyl-5a,25D-spirostan-128-ol (II; R = Ac) (3-8 g.), m. Pp. 
218—233°, [a],, —43°(c 1-0). The material in the light petroleum eluates was rechromatographed 
on alumina (40 g.). Light petroleum—benzene (7: 3) eluted tigogenin acetate (84 mg.), m. Pp. 
and mixed m. p. 204—-207° (no ultraviolet absorption). Light petroleum—benzene (1 : 1) eluted 
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material (85 mg.) which crystallised from methanol to give needles, m. p. 150—152°, Amax, 238 mu 
(¢ 12,000). These gave no m. p. depression with 12-methylene-9(11)-dehydrotigogenin acetate 
(IX; R= Ac see below). This material is derived from 9(11)-dehydrohecogenin acetate, 
which is present together with tigogenin acetate in the hecogenin acetate as an impurity. 

Action of Methyl-lithium on Hecogenin Acetate——Hecogenin acetate (I; R = Ac) (5 g.) in 
ether (100 ml.) and benzene (80 ml.) was treated with a solution of methyl-lithium [prepared 
from lithium (1-6 g.), methyl iodide (6 ml.) and ether (100 ml.)] and refluxed for 3 hr. The 
product, isolated by ether-extraction in the usual way (5-65 g.), was acetylated with acetic 
anhydride and pyridine at room temperature overnight. Chromatography on alumina (750 g.) 
allowed the isolation of hecogenin acetate (110 mg.), m. p. 243—247°, and 38-acetoxy-12«- 
methyl-5«,25D-spirostan-128-ol (II; R = Ac) (100 mg.), m. p. 220—222°, as the only crystalline 
products. The remaining products from the reaction failed to react with Girard’s reagent-T, 
showing that a carbonyl group was no longer present. 

Treatment of Tetrahydropyranyl Ether of Hecogenin with Methylenetriphenylphosphorane.— 
The preparation of 12-methylenetigogenin by Sondheimer and Mechoulam’s method ? failed. 
The following modification was therefore devised. A solution of the Wittig reagent was 
prepared by stirring together methyltriphenylphosphonium bromide (1 g.) and 0-45n-phenyl- 
lithium in ether (6-5 ml.) for 0-5 hr. Then the tetrahydropyranyl ether of hecogenin (I; R= 
C;H,O) (300 mg.) was added. Next morning the ether was distilled off while an equal volume 
of dry tetrahydrofuran was added. The solution was then refluxed for 6 hr. Working up in 
the usual way afforded crude tetrahydropyranyl ether of 12-methylenetigogenin (III; R = 
C,H,O), m. p. 170—172°. This was refluxed with ethanol (40 ml.) and 6N-hydrochloric acid 
(4ml.) for 50 min. Dilution with water and extraction with ether gave a solid, m. p. 215—240°, 
hmax. 202 mu (c 1000). This was acetylated with acetic anhydride (4 ml.) and pyridine (6 ml.) 
overnight at room temperature. ‘Working up in the usual way afforded a semi-solid product 
(430 mg.) which was chromatographed on alumina (25 g.). Light petroleum—benzene (5: 1) 
eluted 12-methylenetigogenin acetate (III; R = Ac) as platelets (from methylene chloride— 
methanol), m. p. 178—181°, Amax, 203 my (¢ 3000) (35 mg.). This material showed no depression 
in m. p. on admixture with the material obtained by the action of methyl-lithium on the tetra- 
hydropyranyl ether of hecogenin. Light petroleum—benzene (1:1) eluted hecogenin acetate, 
m. p. and mixed m. p. 244—247° (170 mg.). 

12-Methylene-5a,25D-spirostan-38-ol.—12-Methylenetigogenin acetate (III; R = Ac) ob- 
tained by the methyl-lithium method (200 mg.) was hydrolysed by potassium hydroxide (2 g.) 
in boiling methanol (25 ml.) and dioxan (25.ml.) for 30 min. Extraction with ether gave 
12-methylene-5«,25D-spirostan-38-ol (III; R =H) as needles (from methylene chloride— 
methanol), m. p. 231—233°, [a], +25° (c 1-6) (Found: C, 76-9; H, 10-2. Calc. for 
CygH,,05,0-5CH,-OH: C, 77-0; H, 10-4%), Amax, 202 my (e 1700) vngx 3250 (OH), 1640 cm.+ 
(>C=CH,). Sondheimer and Mechoulam record m. p. 233—235°, [a], +20°. Treatment of 
this material with benzoyl chloride in pyridine gave the benzoate (III; R = Bz) as prisms (from 
methanol), m. p. 214—216°, [a], —22-8° (c 0-78) (Found: C, 78-0; H, 9-1. C,,H,,0,,0-5H,O 
requires C, 77-6; H, 9-1%). 

Attempts to dehydrate 3-Acetoxy-12«-methyl-5a,25D-spirostan-12B-ol (II; R = Ac).— 
(a) The acetate (150 mg.) in pyridine (3 ml.) was treated with phosphorus oxychloride (0-3 ml.) 
and left for 24 hr. Addition of water and extraction with ether in the usual way gave starting 
material, m. p. and mixed m. p. 225—227° (120 mg.). 

(b) The acetate (510 mg.) in pyridine (20 ml.) was treated with purified thionyl chloride 
(2ml.). After 3 hr. the brown solution had deposited a solid. Addition of water and working 
up by ether-extraction in the usual way gave a light yellow resin (450 mg.). This was chromato- 
graphed on alumina (30 g.). Light petroleum eluted crystalline material (50 mg.) which on 
recrystallisation from methanol gave needles, m. p. 164—167°. This material contained 
chlorine and had no ultraviolet light absorption (Found: C, 75-95; H, 97%). 

(c) The acetate (50 mg.) in ethanol (15 ml.) containing 6N-hydrochloric acid (1-5 ml.) was 
refluxed for 40 min. Addition of water and filtration gave largely unchanged starting material 
which, however, had Amax 205 mu (e 700). 

Hydrolysis of 38-Acetoxy-12a-methyl-5a,25D-spirostan-128-ol.—The acetate (II; R = Ac) 
(700 mg.) in dioxan (25 ml.) and methanol (25 ml.) was treated with potassium hydroxide (2 g.), 
and the mixture refluxed for 2 hr. The product isolated by dilution with water and ether- 
extraction was a colourless syrup (675 mg.) which crystallised when triturated with pyridine. 
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Recrystallisation from ether containing a little pyridine afforded the pyridine solvate of 194. 
methyl-5«,25D-spirostan-38,126-diol (II; R = H) as needles, m. p. 210—213° with changes of 
crystalline form at 130° and 190° approx., [a], —37-1° (¢ 0-57) (Found, on material dried 
in vacuo at room temperature: C, 75-4; H, 10-2; loss in wt. at 130° in vacuo, 15-3, 
C.,H,,0,,C;H,N requires C, 75-4; H, 9-8; loss in wt., 15-2%. Found, on material dried at 130° 
in vacuo for 4hr.: C, 75:3; H, 10-2. CygH,4.O, requires C, 75-3; H, 10-4%), Amax, 252 (ce 2000), 
257 my (¢ 2180). Compare the light absorption of pyridine: Amax, 251 (¢ 2460), 257 (ec 2670) 
263 my (e 1800). 

Benzoylation of this material gave the 38-benzoate (II; R = Bz) as needles (from methylene 
chloride—methanol), m. p. 209—212°, {a],, —35-5° (c 0-743) (Found: C, 76-0; H,9-4. C,;H,,0, 
requires C, 76-3; H, 9-15%). 

12a-Chloro-128-methyl-5a,25D-spirostan-38-yl Acetate (V).—128-Hydroxy-12a-methyltigo- 
genin acetate (II; R = Ac) (5 g.) in dry ether (500 ml.) was treated with phosphorus penta- 
chloride (5-2 g.) with intermittent stirring for 48 hr. The solution was washed with 5% aqueous 
potassium hydroxide, dried, and evaporated. The residue (5 g.) was adsorbed on alumina 
(250 g.). Elution with light petroleum—benzene (5:1) gave 12«-chlovo-128-methyl-5a,25D- 
spirostan-38-yl acetate (V) (2 g.), as needles (from methanol), m. p. 202—204°, {a],, —40° (c 1-0) 
(Found: C, 70-9; H, 9-5; Cl, 5-8. Cg 9H,,ClO, requires C, 71-0; H, 9-3; Cl, 7-0%), vax 1739 
and 1242 cm.“ (OAc) (no hydroxyl band). 

Action of Sodium Methoxide on the Chloro-compound.—The chloro-compound (V) (500 mg.) 
was refluxed with sodium methoxide (1 g.) in methanol for 24hr. Addition of water and ether- 
extraction gave a white solid. Crystallisation of this from methanol gave 12-methylene- 
tigogenin (III; R = H) (200 mg.), m. p. and mixed m. p. 230—232°. Acetylation of several 
crops obtained from the mother-liquors gave 12-methylenetigogenin acetate (III; R = Ac) 
(20 mg.), m. p. and mixed m. p. 180—182°. 

128,12’-Epoxy-12«-methyl-5a,25D-spirostan-38-yl Acetate (VI).—12-Methylenetigogenin 
acetate (800 mg.) in dry benzene (45 ml.) was treated with perbenzoic acid (500 mg.) in benzene 
(8-3 ml.), and the solution was kept at room temperature for 46 hr. The solution was washed 
with aqueous sodium hydroxide and water, dried, and evaporated. The product was chromato- 
graphed on alumina (50 g.). Light petroleum—henzene ‘(7 : 3) eluted impure starting material 
(320 mg.), m. p. 166—170°, Amax, 202 my (ce 500). Light petroleum—benzene (1:1) eluted 
material (180 mg.), m. p. 185—206°, which was not examined further. Benzene and ether 
eluted 128,12’-epoxy-12a-methyl-5a,25D-spirostan-38-yl acetate (VI) (156 mg.), which crystallised 
as needles (from methanol), m. p. 240—242°, [a], —24° (c 1-2) (Found: C, 74-3; H, 9-75. 
Cy9H,,O; requires C, 74:0; H, 9-5%), vmax, 1739 and 1250 cm. (OAc). This compound showed 
no light absorption in the ultraviolet region. 

Reduction of the Epoxide (V1) with Lithium Aluminium Hydride.—The epoxide (VI) (50 mg.) 
in dry tetrahydrofuran (30 ml.) was refluxed with lithium aluminium hydride (100 mg.) for 
3-5 hr. Cautious addition of water, followed by hydrochloric acid, and extraction with ether 
gave a syrup which crystallised only on addition of a drop of pyridine. Crystallisation from 
methanol containing pyridine gave crystals of 12«-methyl-5«,25D-spirostan-38,128-diol (II; 
R = H) as the pyridine solvate, m. p. and mixed m. p. 210—212° (change of form at 130°). 
The infrared spectrum was identical with that of an authentic sample. A portion (20 mg.) 
was acetylated with acetic anhydride and pyridine at 100° for 1 hr. After working up in the 
usual way with ether there resulted 38-acetoxy-12«-methyl-5«,25D-spirostan-128-ol, m. p, and 
mixed m. p. 223—226°. 

38-(Tetrahydro-2-pyranyloxy)-5a,25D-spirost-9(11)-en-12-one (VII; R = C,;H,O).—9(1I)- 
Dehydrohecogenin acetate (VII; R = Ac) was prepared according to the method of Djerassi, 
Martinez, and Rosenkranz, and had m. p. 218—220°, Amax 238 my (ec 11,500). Hydrolysis gave 
the free alcohol, m. p. 223—225°. This material (4-5'g.) was suspended in benzene (30 ml.) and 
treated with 2,3-dihydropyran (3 ml.) and phosphorus oxychloride (0-5 ml.)._ After 1 hr. at 20°, 
the product was isolated by extraction with ether in the usual way. Crystallisation from 
ether-isopentane gave platelets of 38-(tetrahydro-2-pyranyloxy)-5a,25D-spirost-9(11)-en-12-one 
(VIL; R = C,H,O), m. p 174—178°, [a], —7° (c 1-01) (Found: C, 74-7; H, 9-7. CygH40, 
requires C, 75-0; H, 9-4%), Amax. 238 my (e 13,300). 

12au-Methyl-38-(tetrahydro-2-pyranyloxy)-5a,25D-spirost-9(11)-en-126-ol (VIII; R = C;H,0). 
—tThe foregoing tetrahydropyranyl ether (VII; R = C,H,O) (1-2 g.) in ether (50 ml.) was 

18 Djerassi, Martinez, and Rosenkranz, J. Org. Chem., 1951, 16, 303. 
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refluxed with 0-42N-ethereal methyl-lithium (32 ml.) for 6 hr. and then left overnight. Addition 
of methanol, water, and dilute acid, and extraction with ether in the normal way, afforded a 
yellowish syrup. Recrystallisation from methylene chloride—methanol gave 12a-methyl-36- 
(tetrahydro-2-pyranyloxy)-5a-25D-spirost-9(11)-en-128-ol (VIII; R = C,H,O) as prisms, m. p. 
182—186°, {«|,, —61° (c 1-43) (Found: C, 72-55; H, 9-75. C,,H,,0; requires C, 75-0; H, 9-9%) 
max. 204 my (¢ 4000). 

12-Methylene-5a,25D-spirost-9(11)-en-38-0l (IX; R = H).—The tetrahydropyranyl ether 
(VIII; R = C;H,O) (1-1 g.) was refluxed for 2 hr. with acetic acid (10 ml.) in ethanol (90 ml.). 
Addition of water and extraction in the usual way with ether gave 12-methylene-5a,25D-spirost- 
9(11)-en-38-ol (IX; R = H) (940 mg.) as needles (from methylene chloride—methanol), m. p. 
204—205°, [a),, +41° (c 1-33) (Found: C, 76-8; H, 10-1. C,,H,,0;,0-5CH,°OH requires C, 77-0; 
H, 10-4%), Amax, 240 my (¢ 20,000), Vmax. 3250 (OH), 1638 cm.-? (>C=C-C=CH,). This material 
gave a deep yellow colour with tetranitromethane in chloroform. 

The corresponding acetate (IX; R = Ac) obtained by acetylation with acetic anhydride and 
pyridine formed needles, m. p. 158—160°, [a],, +50° (c 1-46), from methylene chloride—methanol 
(Found: C, 77-0; H, 9-4. C9H,,O, requires C, 76-9; H, 9°5%), Amax. 238 my (e 19,700), vax. 
1736 (OAc), 1626 (>C=C-C=CH,), and 1250 cm.“ (OAc). 

The corresponding benzoate (IX; R = Bz) obtained with benzoyl chloride and pyridine 
formed long needles (from methylene chloride—methanol), m. p. 205—206°, [a],, +37° (c 1-35) 
(Found: C, 79-2; H, 9-0. C,,H,,O, requires C, 79-2; H, 8-7%), Amax. 238 my (¢ 29,000). 

Hydrolysis of 12a-Methyl-36-(tetrahydro-2-pyranyloxy)-5a,25D-spirost-9(11)-en-128-ol with 
Mineral Acid.—The ether (VIII; R = C;H,O) (1-4 g.) was refluxed with 4Nn-hydrochloric acid 
(12 ml.) in ethanol (80 ml.) for 40 min. Dilution with water and extraction with ether gave 
a white solid (1-2 g.). This crystallised from methanol as needles, m. p. 164—174°, {aJ,, +10°, 
Amex, 202 (¢ 4300), 242 (ec 8800), 270 my (c 4100). A portion of this material, chromatographed 
on alumina, gave a series of fractions all similar to the original material in m. p. and light 
absorption. Acetylation in the usual way gave a mixture of dienyl acetates (A) crystallising 
from methanol as needles, m. p. 140—146°, Angx 202 (c 3600), 240 (c 6200), 272 my (e 4200), 
which could not be purified by chromatography. 

Action of Mineral Acid on 12-Methylene-9(11)-dehydrotigogenin Acetate-—The diene acetate 
(IX; R = Ac) (50 mg.) in ethanol (25 ml.) and 4n-hydrochloric acid (2 ml.) was refluxed for 
40 min. The product isolated in the usual way formed needles (from methanol), m. p. 122— 
152°, Amax, 202 (¢ 4000), 242 (c 6000), 272 my (e 3000). 

Miscellaneous Experiments on the Dienyl Acetate Mixture (A).—(a) Action of maleic anhydride. 
The mixture (100 mg.) was refluxed in dry benzene (10 ml.) with maleic anhydride (120 mg.) for 
Thr. The solution was washed with aqueous sodium hydroxide, dried, and evaporated. The 
product crystallised from methanol as needles, m. p. 139—143°, Amax, 202 (¢ 3300), 240 (c 8300), 
272 my (ec 3700). Similar results were obtained with toluene as solvent, but with refluxing 
xylene the product was a resin. 

(b) Catalytic hydrogenation. The dienyl acetate mixture in ethyl acetate was shaken with 
pre-reduced Adams platinum oxide in hydrogen. No uptake occurred, and starting material 
was recovered (m. p. 146—152°). 

(c) Action of hydrogen chloride. The dienyl acetate mixture (200 mg.) in dry chloroform 
(5 ml.) was cooled to —63° (melting-chloroform bath), and dry hydrogen chloride was bubbled 
through it for 1 hr. Most of the dissolved hydrogen chloride was then removed under reduced 
pressure, and the solution was washed with aqueous potassium hydrogen carbonate and water. 
After drying of the solution and evaporation, the yellow resin obtained was triturated with 
methanol. Recrystallisation of the solid from methanol gave needles, m. p. 147—153°, 
a], +33° (c 1-2), not depressed in m. p. on admixture with 12-methylene-9(11)-dehydrotigogenin 
acetate. 

12-Methyl-5a,25D-spirost-11-en-38-yl Acetate (XI; R = Ac).—12-Methylene-9(11)-dehydro- 
tigogenin acetate (IX; R = Ac) (120 mg.) in ethyl acetate (15 ml.) was stirred with pre-reduced 
platinum oxide (120 mg.) in hydrogen [uptake 4-3 ml. (1 mol.) in 30 min.]. Filtration followed 
by evaporation gave 12-methyl-5«,25D-spirost-11-en-38-yl acetate (XI; R = Ac), as needles 
(from methylene chloride—-methanol), m. p. 175—177°, [a], —61° (c 0-915) (Found: C, 76-25; H, 
10:25. Cy 9H,,O, requires C, 76-55; H, 9°85%), Amax, 206 my (¢ 2800), vaax 1730 (OAc), 1654 
(>C=CH-), 1238 cm.“1 (OAc). This compound gave a pale yellow colour with tetranitromethane 
in chloroform. 
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Catalytic reduction of the dienyl acetate in acetic acid with platinum as catalyst resulted jp 
the uptake of 2 mols. of hydrogen. The product was amorphous and had Aggy 210 my (e 500). 

12-Methyl-5a,25D-spirost-11-en-38-ol.—(a) The dien-38-ol (IX; R = H) (200 mg.) in ethy| 
acetate (20 ml.) was hydrogenated in the presence of pre-reduced platinum oxide (50 mg.). The 
product, isolated in the aforementioned way, had m. p. 198—201°. Recrystallisation from 
aqueous methanol gave 12-methyl-5«,25D-spirost-11-en-38-ol (XI; R = H) as the hemihydrate, 
m. p. 206—208°, [a],, —63° (c 1-11) (Found: C, 76:8; H, 10-1. C,,H,,0;,0°5H,O requires (, 
76-9; H, 10-4%), Amax. 208 my (¢ 2800), Vmax, 3220 (OH), 1639 cm. (>C=CH-). 

(b) The same compound was obtained by hydrolysis of the acetate (XI; R = Ac), and had 
m. p. 206—208° undepressed by material prepared as in (a). 

12-Methyl-5a,25D-spirost-11-en-3B8-yl benzoate (XI; R= Bz), prepared in the usual way 
and crystallised from methylene chloride—methanol, had m. p. 183—185° (change of form at 
168°), [a], —49-1° (c 0-548) (Found: C, 79-0; H, 9-0. C,,H,,O, requires C, 78-9; H, 9-1%). 

12-Methyl-5a,25D - spirostan-38,1la,12«-triol (XIV; R = R’ = H).—12-Methyl-5a,25D- 
spirost-11-en-38-yl acetate (XI; R = Ac) (2 g.) was treated in benzene (10 ml.) with osmium 
tetroxide (750 mg.) and pyridine (0-5 ml.) and left for 5 days at room temperature. The mix- 
ture was evaporated to dryness under reduced pressure and the residue , suspended in dry 
ether, was refluxed with lithium aluminium hydride (3 g.) for 1 hr. Excess of hydride was 
destroyed by methanol, followed by 4N-hydrochloric acid. The steroids were isolated by 
several extractions with chloroform (total 500 ml.). The extracts were washed with aqueous 
potassium hydrogen carbonate and water and evaporated without being dried. The residue 
(2-2 g.), containing a small amount of osmium compounds, was dissolved in benzene and chloro- 
form (100 ml., 1:1) and adsorbed on alumina (150 g.). Benzene eluted material B (1-1 g), 
m. p. 215—218°. Benzene-ether and ether eluted 126-methyl-5«,25D-spirostan-3§, 1la,12a- 
triol (XIV; R= R’ = H), which crystallised from methanol slowly as prisms, m. p. 265— 
269°, [a],, —43° (c 0-9 in dioxan) (Found: C, 71-5; H, 10-2. C,.H,,0;,0-5CH,°OH requires 
C, 71-55; H, 10-1%). 

The material B in the benzene eluates was acetylated with acetic anhydride and pyridine in 
the usual way, and the product was chromatographed on alumina (40 g.). Benzene eluted 
12-methyl-5«,25D-spirost-1l-en-38-yl acetate (XI; R= Ac), m. p. and mixed m. p. 173— 
176° (700 mg.). Ether—methanol eluted the 3-monoacetate of the triol (XIV; R = Ac, R’ = 
H), m. p. 246—249° (70 mg.) (see below). 

Acetylation of the Triol (XIV; R = R’ = H).—The triol (105 mg.) was heated with pyridine 
(2-5 ml.) and acetic anhydride (1-5 ml.) on the steam-bath for 90 min. Working up in the 
usual way gave a mixture which was chromatographed on alumina (20 g.). Light petroleum- 
benzene (9:1) eluted 12-methyl-36,11a,12«-triacetoxy-5a,25D-spirostan (XIV; R = R’ = Ac), 
needles (from methanol), m. p. 253—255°, [a], —48° (c 0-858) (Found: C, 69-5; H, 93. 
Cy4H;,0, requires C, 69-4; H, 89%). Benzene eluted 12-methyl-38-acetoxy-5a,25D-spirostan- 
lla,12a-diol (XIV; R= Ac, R’ = H), m. p. 251—254°, [a], —57° (c 0-58) (Found: C, 711; 
H, 9-6. C3 9H,,O; requires C, 71-4; H, 9-6%), Vmax, 3500 (OH), 1720 (OAc), 1270 cm. (OAc). 

Treatment of the Triol (XIV; R = R’ = H) with Lead Tetva-acetate.—The triol (100 mg.) in 
t-butyl alcohol (10 ml.) and acetic acid (10 ml.) was treated with lead tetra-acetate (500 mg.) for 
18 hr. atroom temperature. Testing a portion of the mixture with chromotropic acid reagent 
showed that no formaldehyde was present. The remaining solution was treated with ethylene 
glycol and water. The solution was extracted with ether, and the extracts were washed with 
dilute acetic acid, water, and aqueous potassium hydrogen carbonate, dried, and evaporated. 
The amorphous residue had vmx. (in CCl,) 2878 (C-H stretching in CHO) and 1700 cm.“ (carbonyl 
groups) (calcium fluoride prism used). 


The authors are indebted to Mr. Wm. McCorkindale for the microanalyses, Miss E. Bell and 
Miss M. Black for the ultraviolet spectra, and Miss J. Goldie for the infrared spectra. They also 
thank Professor F. S. Spring, F.R.S., for advice and helpful discussions, and Dr. H. J. Barber, 
of May and Baker Ltd., Dagenham, for a generous gift of dihydropyran. 
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442. The Effect of Complex-formation by Phosphine Oxides on 
their P-O Stretching Frequencies. 
By F. A. Cotton, R. D. Barnes, and E. BANNISTER. 


The infrared spectra of trimethyl- and triphenyl-phosphine oxide and a 
number of their complexes with various transition-metal cations have been 
examined. Complex-formation causes the P-O stretching frequencies to 
shift ~50 cm. to lower values. Since a simple kinematic effect would raise 
the frequency, an explanation in terms of a lowering of the P—O bond order is 
proposed. 


In connection with a broad study of metal complexes of trialkyl- and triaryl-phosphine 
oxides and dialkyl and diaryl sulphoxides, we required knowledge of the effect of co- 
ordination via oxygen upon P-O and S-O stretching frequencies. Since in phosphine oxides 
co-ordination can take place only through oxygen we have examined the infrared spectra 
of representative complexes of trimethyl- and triphenyl-phosphine oxide, and the results 
are reported and discussed here. 

The Table lists the complexes studied by us, giving the frequencies of their ‘“ P-O” 
stretching modes. The only previous observations of this kind of which we are aware are 
afew reported by Sheldon and Tyree. They found “‘ P-O” stretching bands at 1125 cm.-1 
for (Ph,PO),SnCl,, (Ph,PO),SnBr,, and (Ph,PO),FeBr,, and at 1130 cm.* for 
(Ph,PO),TiCl,. However, they report a frequency of 1180 cm.+ for Ph,PO in Nujol which 
does not agree with our observation of 1195 cm. under the same conditions. Halman 
and Pinkas * have reported that the P-O stretching frequency occurs at 1190 cm.* in the 
solid. Thus Sheldon and Tyree’s value appears to be slightly low for some unknown 
reason. 

Of the compounds listed in the Table, nos. 7—12 are new, having been prepared in this 
laboratory. Compounds 2—4 and 14 have been reported by Pickard and Kenyon. The 
analogous compounds, 5, 6, and 15, are new, but were easily prepared by the general 
procedure of Pickard and Kenyon. 


“P-O ” stretching frequencies in PhzPO and Me,PO and their complexes. 


“P-O ” stretching 
frequency (cm.“) Shift Medium 
3 1195 ~- Nujol 

. (Ph,PO),CdI, 1153 —42 
. (Ph,PO),ZnI, 1151 44 
. (PhsPO),CoCl, 1155 —40 
. (Ph,PO),CoBr, 1153 —42 
. (Ph,PO),Col, 1153 —42 
. (Ph,PO),Zn(C10,), 1156 —39 

1134 —61 
1145, 1170 — 38 (av.) 
. (PhsPO),Co(C10,), 1146 —49 
. (PhsPO),Mn(C10,), 1157 —38 
. (Ph,PO),Fe(Cl1O,), 1125 —70 
. Me,PO 1174 — 
. (Me,PO),ZnI, 1120, 1135 —47 (av.) 
. (Me,PO),CoCl, 1100, 1125 — 62 (av.) 
. (Me,PO),Co(C10,), 1150 —24 


The spectra of the two oxides have been assigned by Daasch and Smith.5* While all 
their assignments may not be correct, there can be no doubt, from the excellent work of 


OWIM ST Pwr 


? Sheldon and Tyree, J. Amer. Chem. Soc., 1958, 80, 4775. 

* Halman and Pinkas, J., 1958, 3264. 

* Cf. Cotton, Bannister, Barnes, and Holm, Proc. Chem. Soc., 1959, 158. 
* Pickard and Kenyon, J., 1906, 89, 262. 

* Daasch and Smith, Analyt. Chem., 1951, 28, 853. 

* Daasch and Smith, J. Chem. Phys., 1951, 19, 22. 
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Halman and Pinkas,? that the ‘‘ P-O ” stretching frequency in the phenyl, and presumably 
also that in the methyl compound, have been correctly assigned. The spectra of all of the 
complexes of metal halides are virtually identical in the rock-salt region with the spectra 
of the free phosphine oxides except for the shift of the ‘‘ P-O ” band, and, in two Cases, 
also a definite splitting of this band. In a few cases the shifted band does appear to be 
somewhat broadened. Broadening or outright splitting of the “‘ P-O” band in the com- 
plexes could be caused by several things, the most likely of which are: (1) coupling between 
the two P-O vibrations via the metal atom to which both are co-ordinated, tending to 
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Fic. 1. Infrared spectra of (Ph,PO),M(CIO,), 
complexes, taken as Nujol mulls. 


1, Ph,PO. 

2; (Ph,PO),Fe(ClO,)5. 
3, (Ph,PO),Mn(C10,)». 
4,8(Ph,PO),Ni(ClO,)>. 
5, (PhsPO),Co(Cl0,)s. 
6, (Ph,PO),Zn(C1O,)». 
7, (PhsPO),Cu(ClO,)s. 
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produce or actually producing separate symmetric and asymmetric stretching modes; 
(2) the existence, in many possible ways, of non-equivalent ligands in the crystal which 
would differ more or less in their vibrational frequencies. 

For the perchlorate complexes, the spectra are again practically identical with those of 
the free ligand except for (a) a shift of the ““ P-O” band, and (d) the appearance of the 
T2, Cl-O stretching vibration and the T2, deformation vibration of ClO, at ~1100 and 
~620 cm."1, respectively. The former causes some possible uncertainty in the interpret- 
ation of the results for the perchlorate complexes. The reason for this will be apparent on 
inspection of Figs. 1 and 2. Fig. 1 shows the spectra of triphenylphosphine oxide and 
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those of its metal perchlorate complexes in the region of interest. The spectra of ammon- 
jum, sodium, potassium, and magnesium perchlorate, reported by Miller and Wilkins,’ 
show that crystalline-field effects tend to make the ~1100 cm. band of the perchlorate ion 
rather broad in the first three, and actually afford a doublet for the magnesium salt, 
probably due to the effect of non-cubic site symmetry in splitting the degeneracy. Thus 
we must consider the possibility of a similar effect in the compounds studied here. This 
could mean that some of the assignments given in the Table, for instance, those for 
(PhgPO),Cu(ClO), and (Ph,PO),Fe(ClO,); are too high, the band assigned to P-O being 
actually due to Cl-O while the former is unresolved in the heavy absorption around 
1100cm.*. If this is the case, then the effect of complex-formation is even greater than we 
assume and this further strengthens the following proposals as to the cause and significance 
of the frequency shifts. In the case of (Me,PO),Co(Cl1O,), (Fig. 2), we have assumed that 
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the very strong band at 1150 cm. is due to complexed P-O; we cannot offer any assign- 
ment for the weak band at 1208 cm.*, which does not appear in the spectrum of the free 
ligand. 

In discussing the interpretation of these frequency shifts, we must first recognize that, 
in principle, the coupling of the two oscillators, P-O and O-M, will tend to raise the “‘ P-O ” 
frequency. By using appropriate kinematic equations for the stretching modes of an 
A-B-C system, and taking kpo = 8-73 md/A and kyo = 0-5—2-5 md/A, it can be shown 
that a purely kinematic effect would tend to raise the “ P-O” frequencies by 50— 
150 cm. for kyo values in the above range. Thus the observed decreases in ‘‘ P-O” 
frequencies represent only a part of the total effect of a lowering of kpo which presumably 
teflects a decrease in the P-O bond order. 

In order to decide how and why the force constant of the P-O bond decreases on 
complex-formation, we must first consider the nature of the P-O bond in a phosphine 
oxide. The literature apparently contains no conclusive information on this point, but 


* Miller and Wilkins, Analyt. Chem., 1952, 24, 1253. 
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we can perhaps reason by analogy with the S-O bonds in sulphoxides which have been the 
subject of informative study. In both phosphine oxides and sulphoxides we may assume 


that the bonding involves first a co-ordinate P>0 or S>0 bond, in addition to which there 


- + - + 
will be some degree of back-bonding, P<-O and S<-O by overlap of filled px-orbitals of 
oxygen with the appropriate empty dz-orbitals of phosphorus or sulphur. For the 
sulphoxides, a careful and well reasoned analyses of dipole-moment data, taking account of 
the effects of lone-pair moments, led Cumper and Walker ® to conclude that this px->dr- 
back-bonding was sufficient to make the S-O bond approximately a double bond. 
Unfortunately, the data necessary for a similar analysis of the P-O bond are lacking,* 
but it is reasonable to assume that an appreciable amount of px->dx-back-bonding 
exists also in P-O bonds. Some support for this is afforded by the work of Bell e¢ al.® who 
found that in X,PO compounds the P-O stretching frequency increases with increasing 
electronegativity of the atoms X. While it would, of course, be more desirable to havea 
comparison of P-O stretching force constants since mass effects are unlikely to be 
completely negligible as Bell e¢ al. assume, the results do suggest that back-bonding must 


be of importance. If the bond were purely P>0, we should expect that an increase of 
electronegativity of the groups attached to phosphorus could only decrease the strength 
of the P-O bond, whereas, if we assume the existence of varying amounts of back-bonding, 


+ - 
the increase in electronegativity, while lowering the strength of the PO bond, can at the 


- + 
same time enhance the strength of the px->dz, P<-O bond, thus giving a net increase in 
bond strength. Certainly we should expect trimethylphosphine oxide to have the least 
amount of back-bonding, but we can see no basis for the suggestion of Bell e¢ al. that there 
is no back-bonding in this compound if we consider the closely related sulphoxides. A 
second line of evidence suggesting that the P—O and $-O bonds have comparable degrees of 
double-bond character comes from consideration of bond lengths. While we have found 
no data on P-O bond lengths for alkyl- or aryl-phosphine oxides, the following comparisons 
are significant. The S-O distance in Me,SO” is 1-43 A, in Me,SO,," 1-44 A, and in 
Ph,SO,?2 1-47 A, while it is 1-45 A in C1,SO "8 and 1-41 A in F,SO.% Thus it appears that 
the typical bond lengths in alkyl and aryl sulphoxides and sulphones are only ~0-03 A 
greater than those in the thionyl halides. Now the P-O distances in Cl,PO and F;PO are 
both 1-45 A according to microwave studies.15 Hence it is very reasonable to suppose that 
the P-O distances in phosphine oxides will be of the order of 1-45—1-50A. This is 
considerably less than the expected single-bond distance (~1-7 A) and suggests that there 
is considerable back-bonding. 

If then we accept the view that the P-O bond has at least partial multiple character, 
we can consider the following three effects of complex-formation upon the P—-O bond order 
and hence on the bond-stretching force constant: (1) When the oxygen atom is placed 
close to the positively charged metal ion, to which it may also, to some extent, form an 


actual covalent bond, an enhancement of the P>0 s-bond will be expected. This effect 


tends to raise Rpp. (2) At the same time the px->dzx-back-bonding, O>P will tend to be 
decreased, thus lowering kpp. (3) Conceivably, for transition-metal ions where there are 
low-energy filled d-orbitals, there may be a drift of metal dz-electrons toward oxygen 


* Such a study is in progress in this laboratory. 


® Cumper and Walker, Trans. Faraday Soc., 1956, 52, 193. 

* Bell, Heisler, Tannenbaum, and Goldenson, J. Amer. Chem. Soc., 1954, 76, 5185. 
10 Rundle, quoted by Allen and Sutton, Acta Cryst., 1950, 3, 46. 

11 Lister and Sutton, Trans. Faraday Soc., 1939, 35, 497. 

12 Abrahams, Acta Cryst., 1957, 10, 417. 

18 Palmer, J. Amer. Chem. Soc., 1938, 60, 2360. 

14 Ferguson, J]. Amer. Chem. Soc., 1954, 76, 850. 

18 Williams, Sheridan, and Gordy, J. Chem. Phys., 1952, 20, 164. 
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pr-orbitals, displacing the oxygen fr-electrons toward empty dz-orbitals of phosphorus. 
This would probably also tend to increase Rpo. : 

Evidently, the second effect must be dominant, since kpg does drop on complex- 
formation. It is possible to estimate the decrease in kpp. If we insert a value of vpo of 
1120 cm. into the appropriate dynamical equations and assume mx = 100 and kox = 
9-0 millidynes A-1, we calculate that kpo equals 6-84 millidynes A. Thus, very roughly, 
the stretching constant has dropped by ~20%. It is not possible to deduce from this the 
change in bond order in any very precise way, but as a rough indication we note that for 
carbon-carbon bonds the average force constants are, for C=C, ~15, for C=C, ~10, and for 
C-C,~5. Thus a decrease of ~20% in the force constant indicates a decrease of perhaps 
20—30% in the P-O bond order. 

In conclusion, the effect which an interaction between metal—oxygen and phosphorus- 
oxygen bond stretching will have on the “ P-O ” stretching frequency may be considered. 
In approximate calculations we obtain 7-55 millidynes A+ for kpo when v = 1120 cm.-. 
This still represents a substantial lowering of kpo by complex-formation. Incidentally 
our calculations involve a positive interaction constant of significant magnitude, which is in 
itself a consequence of the effect of complex-formation in lowering Rpo. 


EXPERIMENTAL 


The phosphine oxides were prepared by the careful addition of an ethereal solution of 
trichlorophosphine oxide to a stoicheiometric amount of the appropriate Grignard reagent.* 1617 
Triphenylphosphine oxide was purified by dissolving it in hot benzene and adding light 
petroleum to first appearance of turbidity, then slowly cooling the whole, finally in ice. 
Trimethylphosphine oxide was recrystallized from chloroform. Both oxides were stored in a 
vacuum over phosphoric oxide. 

The metal halide complexes were prepared by mixing alcohol solutions of the halide and the 
phosphine oxide as described by Pickard and Kenyon.‘ For the compounds previously 
reported by Pickard and Kenyon we obtained good carbon and hydrogen analyses and m. p.s 
in agreement with those previously given. For the new compounds the following analyses and 
melting points were obtained: . 

(Ph,PO),CoBr,: Found: C, 55-8; H, 3-9. Required C, 55:8; H, 39%. M. p. 223°. 

(Ph,PO),CoI,: Found: C, 48-5; H, 3-4. Required C, 49-7; H, 3-5%. M. p. 232°. 

All of the perchlorate complexes are to be described fully in the near future. 

The spectra were obtained on a Perkin-Elmer model 21 double-beam spectrometer with a 

sodium chloride prism. 


We thank the United States Atomic Energy Commission for financial support under 
Contract AT (30-1)-1965. 


DEPARTMENT OF CHEMISTRY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
CAMBRIDGE 39, Mass., U.S.A. [Received, July 8th, 1959.) 


16 Burg and McKee, J. Amer. Chem. Soc., 1951, 78, 4590. 
Grignard and Savard, Compt. rend., 1931, 192, 592. 
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443. The Study of ~-Electron States by the Valence-bond Method. 
By C. ZAUvULI. 

By using Mulliken’s type of approximation in computing many-centre 
atomic integrals the standard valence-bond technique is modified to include 
overlap and exchange integrals of all orders. The range of applicability to 
m-electron energetics is extended and a procedure is indicated for cal- 
culating dipole and transition moments at the same time. 

By reference to an example the errors introduced by neglecting overlap and 
higher-order exchange integrals are discussed in relation to the more exact 
calculations by the new method. 


(I) In the valence-bond method}? the molecular wave-functions, characterizing each 
state of a many-electron system, are represented in a basis of “ structures,’ 1.e., many- 
electron functions corresponding to a distribution of ‘‘ bonds’”’ between a given set of 
atomic orbitals a;(7;; 9; ¢,), whose form will be supposed to be quite general. 

These “structures ’’ are linear combinations of determinantal wave-functions (1): 


Pe a eS rr 


where the bar indicates B-spin. It follows that each matrix element of the secular equation 
for a many-electron problem is a linear combination of integrals (2) 


J AFAdtm (AFA)... ..... Q 


where the operator F is either the Hamiltonian H or the unit operator. 

To make the calculation, the integrals (2) must be expanded in exchange integrals 
of all orders, and then expressed in terms of atomic integrals. 

As a result, the complexity of an n-electron problem increases very rapidly with m, and, 
if the usual x-approximation is adopted, only a few molecules can be comprehensively 
studied. For instance, even if only “ structures’’ with one charge separation at the 
most are considered (and this is not an assumption made later in this paper), the number 
of integrals (2) which occur in an m-electron problem and in the absence of symmetry is 
given by: 

(T, + #Dn-2)? where Ty, = R!/[(R/2)!)? 


and bearing in mind that each integral (2) yields [(/2)!]* exchange integrals it is readily 
seen that the order of complexity with which one can reasonably expect to cope is given 
by » <4. To overcome these difficulties a number of approximations is usually adopted 
(for example, the neglect of exchange integrals of order higher than the second), but 
none is really satisfactory. 

In what follows a method will be described in which the complexity of the valence- 
bond technique * is reduced by assuming only the validity of Mulliken’s approximation *® 
in computing many-centre atomic integrals. 

The types of Mulliken’s approximations employed here are: 


(Huts | buds) = [(1)m(2) 2 doll) Ba(2)ds = HP" [bude | bth) 


+ (dedi | duhn) + (debs | bmbm) + (fidi | Pubn)] (3) 


(iV hi) = | dV pide = SH g.V 41) +(@Vie)) . - . - @& 


* Another kind of approach, in which however the chemical analogy of the valence-bond method is 
lost, has been used by McWeeny.* 


1 Eyring, Walter, and Kimball, ‘‘ Quantum Chemistry,”” J. Wiley, New York, Chap. 13. 

* Pauling and Wilson, “ Introduction to Quantum Mechanics,” McGraw-Hill, New York, Chap. 13. 
% Mulliken, J. Chim. phys., 1949, 46, 500, 521. 

* McWeeny, Proc. Roy. Soc., 1954, A, 228, 306. 
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V, being the nuclear potential of atom r with r 4 k, 1 and Sy the overlap integral of 
i and $1 . 
‘ The symbol ¢; has been used here to denote the sub-group of the class of functions 
a; which satisfy the following condition: 

(i) the ¢;’s form an orthonormal and complete set around one centre. 

A theoretical justification for Mulliken’s approximation has been given by Ruedenberg : 5 
the cases relevant to the present study are discussed in the Appendix. 

Eqn. (2) can be written in the form: 


(AA) = (—1yn 7a al tt jo it ae 


Gish, . . . Ae+1d 


the upper row representing A;, the lower Aj, and the atomic orbitals with 6-spin grouped 
together on the left-hand side of the parenthesis: here P; is the number of permutations 
which, when applied to the lowest row of (5), gives the standard form of A;.* For con- 
venience, (—1)~"5(A,;F-A;) will be used in the following. 

When F = 1 it is always possible to factorise eqn. (5) in two terms,® each a function 
only of atomic orbitals with the same spin: 


o- eee mic ie fa e- } { e- nae ra SS. : ; 4 (6) 
Aga, . - « ApAg+i)i Aga, + - Jl oe « Op4yag)i 

When F = H such a factorization is no longer possible but by using eqns. (3) and (4) a 
formula analogous to (6) can be obtained. 


For this purpose a function Ty, which contains ¢, and ¢; only, will be defined as 
follows: 


Tu = = ((beV igh) + (bxVehi) + ($e | —A| 4)] — H1(Ge| —4 + Vel de) + 
($i | A + Vil dh) + eVide) + Vad) + ude | do] + sea ude | duds) (7) 
here (¢i| — 4 + Vil di) = Gi] —Al Gi) + GV) - - - - (8) 


A is the kinetic-energy operator. 


It can be seen that by using eqns. (3) and (4) any exchange integral (EI) derived from 
(2) may be written as: 


EI = sasg[(Qi + Qf + 2h)/2] + saSe(Ty. + Tog + -.- +7Tun) . . (9) 


where Q‘ and Q/ are the coulomb integrals of the “‘ structures ” to which A; and Aj; electron 
respectively belong, T’s subscripts represent atomic orbitals occupied by the same electron 
and s, (with » = «, 8) the product of overlap integrals among the atomic orbitals with 
the same spin function occurring in the exchange integral, so that sasg = S, S being the 
value of the exchange integral when F = 1. Here k (see p. 2206 for its complete definition) 
is a function which depends only upon the atomic orbitals not contained in both rows of 
eqn. (5), thus being the same for all exchange integrals derived from an integral (2). Since 
Ty =0 when k =1, atomic orbitals not involved in the exchange do not appear in 
expression (9). 

Now, when T’s derived from atomic orbitals with the same spin function are grouped 
together, eqn. (9) becomes: 


EI = sasp{(Q! + Qi + 2h)/2] + salspTp) + Sp(SeTa) - - » + (10) 


* The standard form of A; is referred to the primary choice of the order in which the atomic orbitals 
are arranged in expression (1). 
5 Ruedenberg, J. Chem. Phys., 1951, 19, 1433. 
* Mangini and Zauli, J., 1956, 4960. 
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and the sum over all the exchange integrals derived from (2) leads to equation (11): 


(—1)-"(A;HA;) = SaSp[(Q* + Q/ + 2h)/2] + SaHg+ SpH. . - (II) 
where H, has the form 


Pu 
BH, = > SigSas - - - Sue(Tig-++ Tag + --- +Tw) «© - - ~ (12) 


P,, being the number of permutations among the atomic orbitals with the same spin 
function. 

The form of the k-function will now be specified: when A; and A; differ in one atomic 
orbital (e.g., ¢, in A; is absent in A; and replaced by ¢,) its form is given by (13): 


hry = $12 (bebe | body) — (brbr| brhr) — (bhp |drbr)) + + - + (13) 


If A; and A, differ in two atomic orbitals (e.g., ¢, and ¢, in A; replaced by ¢» and 4, in 
A;) the k-function is given by (13a): 


Fera.pq = Fer.p + Reng + Ulbydp | bobs) + (bebe | drbr) — (bebe | debs) — (brbr | buhs)] (13a) 


the last term appearing in order to ensure the invariance of (13a) under an exchange of 
¢, with ¢, (or ¢p with ¢,)._ Eqns. (11), (13), and (13a) show that, when the charge dis- 
tributions in the structures, to which A; and A; belong, differ, the mean value of the 
coulombic integral is (Q‘ + Q/ + 2k)/2; moreover, since k is always negative the energy 
is lowered by an amount that increases with the distance of the negative centres in A; 
and Aj, if both belong to polar structures, or with the displacement of negative charge, 
if either A; or A; belongs to a covalent structure. 

(II) So far the use of eqn. (4) has been restricted by the condition r + k, / (see Appendix). 
Now the case in which the approximation (14) is adopted will be discussed: ° 


(Je| — A + Vil dy) = Hr] — A+ Vid) + Ge l—A+ Velo]. . (4) 
Substituting (14) in eqn. (8) gives eqn. (15): 


Tay = PE) _ s104sV bs) + (GiVih) + ude | hd] + goa Budi buds) = (15) 


Now eqn. (15) is no longer invariant to exchange of k with /.* This means that the 
hermitean character of (A;HAj) is lost,f therefore when approximation (14) is employed 
it is necessary to compute both (A,;HA;) and (A;HAj) because they are now different. 
However, by defining a new integral 


(AHA) = (AHA) + (4H4)) 2 2... (18) 
it is possible to avoid doubling the computation, if eqn. (17) is used instead of (7): 


(—1)-*(A;HAj) = S.Sp[(Q' + Qi + 2h)/2] + SuHp+SpH. . - - (1%) 
in which H, is formally the same as given by expression (11) when the 7’s are replaced 
by the new T’s defined as follows: 


Ty = PPA OVO) _ seg.Vg4) + (Vids) + (Bude | bh] + 


aga; (util ed) (18) 


* Only when yy and y; are exactly equivalent does the relation Ty = Ty still hold. 
a! The problem that here arises is the same as that discussed by Moffitt ? in the method of “‘ Atoms 
in Molecules.” 


7 Moffitt, Proc. Roy. Soc., 1951, A, 210, 261. 
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Since the matrix element in the secular equations always contain terms such as (16) 
the use of eqn. (17) is justified. ; 

(III) If, instead of dealing with the Hamiltonian operator H, we are concerned with 
a one electron-operator M the factorization of an integral 


(AiMA;) = #[(AM4j) + (4jMA)] . . . . . (19) 


can be accomplished without loss in accuracy as in the case M = 1. 

When dealing with a more general case (for instance, when M represents electron 
co-ordinates) a procedure similar to outlined for H may be followed. In fact, by using 
Ny functions (corresponding to the T,,’s) written as: 


Ny = GME) + MGs) _ arigmiga) + GM]... 20) 


in the way described in (I) we can derive an equation corresponding to (11) or (18) which 
has the form 





(—1)-*(A;MA;) = S.SgQ + SaMp+ SoM. . . . . . . (21) 


The M,’s are of the same form as H,’s in which the T’s are substituted by the N’s and the 
substitution @ = $(Q¢ + Q%) is made, Q* being the coulomb integral with H replaced 
by M. 

: (IV) In order to make the calculations for an eigen-value problem once the atomic 
integrals have been tabulated, the procedure is as follows: first the T’s have to be computed 
for all possible pairs of atomic orbitals by using eqn. (7). The second step consists in 
calculating S, and H, by using eqn. (12). It is worth noticing that eqn. (12) gives the 
S, values also provided that the sum of Ty, is put equal to unity in each permutation P,,. 
The number of H,’s (or S,’s) which have to be calculated is generally related to the sym- 
metry of the molecule but is always very much less than the number of integrals (2) 
occurring in a given problem. Moreover the number of permutations P, is the square 
root of those occurring in the expansion of eqn. (2). This extends the range of applic- 
ability to » = 6 and possibly, in some favourable cases where a high degree of symmetry 
is present, to m = 8. 

The final step consists in the tabulation of integrals (2) by using expression (11) after 
the k-functions have been calculated with eqns. (13) and (13a). From here the procedure 
follows the standard pattern: it is possible to introduce all the structures desired, since 
their energies are merely a sum of integrals (2). Each matrix element can be obtained 
and the solution of the secular equations gives energy values and the corresponding mole- 
cular wave-functions. On the other hand, the similarity between eqns. (11) and (21) 
suggests that it may be possible to carry out at the same time and with only a little extra 
labour the calculation of dipole moments in the different states and transition moments. 
There exists then the possibility of checking readily the degree of accuracy of the wave 

functions obtained, by comparison with experimental data such as dipole 
(2) moments and oscillator strengths. 
9) (V) It is of interest to get an approximate idea of the effect of 
neglecting overlap integrals and exchange integrals of order higher than the 
(I) second in the energy of a state. In the simple case of the 4-equivalent 
n-electron problem as shown in (I), the energy corresponding to the “‘ structure ” pqs, ca"? is 


ast 0, cdH pn ot 


ee 


If overlap integrals and exchange integrals of order higher than the second are neglected, 
then eqn. (23) is obtained: 





(22) 


E=Q+2«—68—ty—}8. .... . .« (23) 
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where «, 8, y, and 8 are the second-order exchange integrals as indicated in (I). On the 
other hand, a complete calculation by the proposed method, which makes it possible to 
express high-order exchange integrals in second-order exchange integrals, leads to the 
results: 
E,=Q+19«—158 —O5y—1338 . . . . . (24) 
Ey = Q + 17a — 2-28 —O5y—1158 . . . . . (24a) 


where the subscripts s and k refer to calculations made with an exponential factor for the 
2,-atomic orbitals of 1-625 and 1-044 (Slater’s and Kohlrausch’s value respectively) for 
the carbon atom. Here the coefficients of the exchange integrals depend on the exponential 
factor chosen, partly because the normalisation coefficient in expression (22) is no longer 
unity and partly because the expansion of high-order in terms of second-order exchange 
integrals is a function of the overlap integrals among the various atomic orbitals. For 
instance, by applying eqn. (9) to the exchange integral ? (seae the following result is 


obtained: 


(seae) — SafQ = 2Su%{a—Sw*Q]. . - . - « (28) 


Now E—E,= AE,=0-1l4+1568+083 . . . . . (26) 
E — E, = AE; = 0-34 + 128+ 0638 . . . . . (26a) 


From (26) and (26a) it can be seen that neglecting overlap and higher-order exchange 
integrals leads, for the case under consideration to: (i) an overestimate of the exchange 
energy to an extent depending upon the exponential factor value, the error being in inverse 
relation to it (a rough calculation showed that AE, is ~10% and AE; ~50% of the total 
exchange energy), and (ii) an overestimate of the contribution by neighbouring electrons 
to the exchange energy and a large underestimate of second- and third-neighbour electrons. 

(VI) Conclusions.—The technique presented possesses some advantages which are 
summarized as follows. 

(1) The only approximation used is Mulliken’s and accordingly the error in the de- 
termination of x-energies is likely to be small,* of the order of some tenths of an ev. 
Moreover, its theoretical meaning is not vague,5 but represents a first stage of a series 
development (see Appendix). (2) It makes possible the introduction of all the exchange 
integrals deriving from expression (2) with comparatively little computation. (3) The 
range of applicability is extended. (4) Dipole and transition moments can be calculated 
at the same time, providing a check on the wave-functions obtained. 


APPENDIX 
The atomic functions ¢,; appearing in (3) and (4) may be written 
di (n, a m) = Rail?) Yin(9e, dx) e e e e P ° ° (27) 
The Yj are spherical harmonics and, if the internuclear axis for a chosen pair of atoms is the 
z axis we have, for the x electrons, m 0. Now suppose we represent by ¢;‘ a complete set of 
functions centred at nucleus k, where the superscript i stands for the set of quantum numbers 


n,l,and_m. We shall continue to denote by ¢; the chosen function belonging to the set of dy! 
concerned in m-bonding at k. 


Then: de = > Str: bibs and i= E Si didi . . . . (28) 
with S(du's $8) = | brigade 
so that 6; = 4S (de: d)) [bide + bb)) + > [S(de: di')budi! + S(dr; dx")be'bi] - (29) 


* Some kind of approximation is always used when computing many-centre integrals. 
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where the largest term * in most problems is the one abstracted from the sum, and the primed 
summation sign omits the term concerned. : 

Since S(¢x', $4) = 0 for mé ~ mJ, and since also m + 0, many terms vanish and the neglect 
of all but the first term in expression (29) should leave a close approximation.** 

In could be interesting to assess the accuracy of eqn. (3) and (4) in the particular case of 
equicentre, Slater’s atomic orbitals ¢, = (2,1,1), and ¢; = (2,1,1), (which is the most frequent 
to occur in m-electron problems) and the importance of higher terms in eqn. (29), in this case 
expected to be: 


4S(2mp; 3m) [(QmiBm) + (2x3m)] + 4S(Qme; 33)((2m,38;) + (2m)33)]  . (30) 


for nt = dx (”,1,1)¢ and nd; = Gx (7,2,1)p. 

At present this is not feasible, since the two-centre integrals originated by including 
expression (30) in the expansion of an electron-repulsion or potential-energy integral are not 
to be found in the literature. Moreover, only two-centre integrals involving 2x Slater’s atomic 
orbitals are tabulated, so that an accuracy test of eqns. (3) and (4) would be possible only in 
this limiting case where Mulliken’s type of approximation is expected to be at its worst since 
monocentric integrals will appear and their values are very unlikely to fall off rapidly with 
increasing quantum number. However, by using a few reasonable assumptions to estimate 
the values of some integrals involving 3x and 38 atomic orbitals, the contribution to the value 
of the two-centre repulsion integrals (2m,2m; | 2m,2n,) and (27,27; | 27,27;), due to the inclusion 
of (30) in addition to the first term of eqn. (29), has been computed. The results are collected 
in Table 1: the entries Z-1(2z) are the values obtained by using only the first term of eqn. (29), 
viz., by using Mulliken’s approximation. Z (3m) is the increment due to including the 3px 
function, and Z-1(38) due to including 3dx. Z71(ht) is the lumped contribution by higher terms. 
The difference between the exact value of the integral and (27) is also given and indicated by A. 


TABLE 1. 
(2m,2m | 2,2) (242m | 4 2m4.2m) 
3 4 8 ‘2 3 4 5 

0-:0005 —0-0006 —0-0011 0-:0026 0-0018 0-0007 0-0002 
0-0764 0-0436 0-0235 0-0854 0-0358 0-0125 0-0039 
—0-0161 —0-0155 —00129 -—0-0151 -—00122 —0-0056 —0-0015 
0-0058 0-0051 0-0038 0-0076 0-0059 0-0031 0-0014 
0-0087 0-0109 0-0098 0-0070 0-0088 0-0089 0-0042 0-0009 








From this Table the following points arise: (1) The contributions by terms after the first in 
expressions (29) and (30) decrease rapidly. Moreover, the error A involved in using eqn. (3) 
is small in the region of main interest. (2) The error in the examples considered does not 
decrease monotonically on including more terms, but oscillates owing to the negative contri- 
bution of the 3x-atomic orbital (here orthogonalized to the 2x). (3) The estimated contribution 
by still higher terms with ” > 3 is not therefore necessarily small, although it must fall off 
rapidly with increasing principal quantum number. 

Some calculations were also made for (27,27; | 2nj27;) with k, h, 7 equidistant and are reported 
in Table 2. They suggest that the error of Mulliken’s approximation is generally similar, and 
probably smaller than, for two-centre cases. 


TABLE 2. 
(Qrrg 2m; | ery 2ary) 
3 4 5 


0-0636 0-0310 0-0149 
—0-0079 —0-0038 —0-0006 
0-0047 0-0036 0-0025 


The author is greatly indebted to Professor C. A. Coulson, F.R.S., for his criticism and 
many helpful suggestions, and to Professor D. P. Craig for several discussions of the manuscript. 
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* Baker et al., J. Chem. Phys., 1954, 22, 699, 1177, 1182, 2072. 
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444. Calculation of Some z-Electron States in Furan, Thiophen, 
and the Parent Hydrocarbon Compound using Valence-bond Approximation, 


By A. MANGINI and C. ZAULI. 


The first few singlet states in furan, thiophen, and cyclopentadiene have 
been theoretically investigated by the modified valence-bond technique 
described in the preceding paper. 

Values of 7-4, 6-2, and 4-7 ev, respectively, have been found for the first 
allowed transition (4, —» B,), in reasonable agreement with experimental 
data; other molecular parameters, such as resonance energy and charge 
distribution, have been computed. The results have been discussed in 
relation to the near-ultraviolet spectra and chemical reactivities: as expected, 
the diene system in thiophen has been found to be much more perturbed than 
that in furan. 


In a previous paper * the authors discussed from a theoretical point of view the modific- 
ation of the near-ultraviolet spectrum of benzene by heteroatoms with a x-orbital doubly 
filled, e.g., by oxygen and sulphur in monosubstituted benzene derivatives. The present 
work is a valence-bond study of five-membered cyclic aromatic compounds such as thiophen 
and furan and is designed to afford information on the réle played by sulphur and oxygen 
in the nucleus.” 
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Structures of set (1). 


For comparison, a cis-butadiene-like molecular arrangement, representing the parent 
hydrocarbon compound cyclopentadiene, has also been studied. Since the number of 
electrons involved is too large for a comprehensive theoretical treatment, the z-approxim- 
ation has been used. This consists in studying a x-electron problem in the field of ionised 
atoms which results from extracting the x-electrons; no account is thus taken of hydrogen 
atoms and underlying o-bonding. It is emphasized that this approximation disregards 
the difference of o—z interaction in the various x-states, and affects the calculation by an 
unknown amount. 

The modified valence-bond procedure proposed in the preceding paper * has been 
applied. The parent hydrocarbon is treated as cyclopentadiene, the influence of the 
-CH,- group being totally disregarded, thus excluding a priori hyperconjugative effects, 


1 Mangini and Zauli, J., 1956, 4960. 

* Cf. Mangini, J. Chim. Phys., 1959, 56, 240. 
* Zauli, preceding paper. 

* Mulliken, J. Chem. Phys., 1939, 7, 339. 
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jn accord with the arguments of Price and Walsh.5 All the molecules concerned then 

t the same molecular arrangement (X) in which a, b, c, d, are four 2,atomic orbitals 
of carbon atoms and z is an oxygen 24,, sulphur 3f, or a-CH,- group. All atomic orbitals 
are of Slater’s type without radial nodes. Therefore, in the framework of a x-approxim- 
ation, the calculations will deal with a four-z-electron problem in the field of four singly 
jonised carbon atoms (cyclopentadiene), and two six-z-electron problems in the field of 
four singly ionised carbon atoms and of a doubly ionised oxygen or sulphur atom (furan 
and thiophen, respectively). Only singlet states will be considered, the structures chosen 
to represent the resonating systems ® being set (1). The C, structures occur in furan and 
thiophen, but not in cyclopentadiene. Structures other than those of set (1) should also 
be considered, namely, set (2), and others with two or three centres of negative charge; 


le Ati dette BY arty pen 
SOO9 


Structures of set (2). 





however, their inclusion would probably have little effect on the energies of ground and 
first excited states of the three molecules [although the coefficients of set (1) structures in 
the respective eigen-functions may be modified] because a structure with a bond be- 
tween non-neighbouring atoms has been calculated to be less stable by ~2 ev than one 
with a bond between neighbouring atoms, and the energy difference between a covalent 
structure and a polar one is at least 3-5—4 and 6 ev if the formal charges are on neighbouring 
or non-neighbouring atoms respectively. Larger energy differences are to be expected in 
the case of doubly or higher excited structures. 


oO BOOoeg 
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Structures of set (3). 








Structures with a negatively charged sulphur such as those of set (3) have been excluded 
for thiophen since they involve the participation of 3d-atomic orbitals. Shomaker and 
Pauling,’ from dipole-moment data and bond lengths, inferred a 10% contribution by S, 
structures to the ground state, but apart from the obvious difficulties in dealing with a 
larger number of atomic orbitals, we do not hold expansion of the valency shell of sulphur 
in aromatic compounds to have been proved, except for sulphoxides and sulphones; § 
indeed, from a spectroscopic point of view, as one of us ® has shown, no evidence exists for 
aromatic sulphides. Longuet-Higgins ® showed theoretically that an analogy might be 


drawn between -CH=CH- and -S-, using 34-3d hybrids of the latter, and other authors 10.11 


§ Price and Walsh, Proc. Roy. Soc., 1941, A, 179, 201. 

te ' Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” Cornell Univ. Press, New York, 
» p. 174. 

* Shomaker and Pauling, J. Amer: Chem. Soc., 1939, 61, 1779. 

® Koch and Moffitt, Trans. Faraday Soc., 1951, 47, 7. 

* Longuet-Higgins, Trans. Faraday Soc., 1949, 45, 173. 

© Metzger and Ruffler, J. Chem. Phys., 1954, 51, 52. 

™ De Heer, J. Amer. Chem. Soc., 1954, 76, 4802. 
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have agreed. However, it can be shown * that by using Longuet-Higgins’s assumptions, for 
thiophen and for all sulphides with a CSC valency angle of ~90°, the three hybrids built 
with 3,, 3dz:, 3dy, sulphur atomic orbitals have mainly d-character, and so have 
an impossibly large energy. 

By using the symmetry properties of the Cy, group from structures (1) the following 
total molecular functions of A, and B, symmetry have been built: 


Ya = nA + 72B + YC; +. C,] y valCg 5 C,) + ¥slPy mo P,] + velPs + P,) + 
a Dea ae (1) 
Vp = 3,[(C, — C,] + 8,[C, — Cy] + 8,[P, — Py] + 8,[P, — P3] + 3;[P;— Pe] . (2) 


In the case of cyclopentadiene ys, y,4, 8,, 3, are zero. 

As the results for cyclopentadiene show, y, is very small and consequently, in order to 
reduce further the secular equations of furan and thiophen, y, has been assumed to be 
zero. At this stage the procedure previously outlined * was applied to compute matrix 
elements, and the secular equations were solved. The exponential factors in atomic 
orbitals were obtained from Kohlrausch’s table; 12 for cyclopentadiene ™ the calculation 
has been repeated with Slater’s value for the carbon atomic orbitals (see Appendix). 

Table 1 shows energy values in Rydberg units for the first few states. Here the asterisk 


TABLE 1. 
Cyclopentadiene f 
a b Furan Thiophen 
Qe — 0-514 Qt — 0-034 Qt — 0-066 
~- Qt + 0-498 Qt + 0-366 
Qe +- 0-505 Qf + 0-509 Qt + 0-387 
(a) t Kohlrausch’s and (b) Slater’s value employed for orbital exponents. 


indicates the first excited state of A, symmetry and 0°, Q!, Q* are the coulombic integrals 
relative to a covalent structure of cyclopentadiene, furan, and thiophen respectively. 
The y’s and 8’s corresponding to the first state of each symmetry are listed in Table 2. 


TABLE 2. 

Cyclopentadiene Cyclopentadiene 
y a b Furan Thiophen ) a b Furan Thiophen 
1 0-47 0-53 0-16 0-04 3, o- 0-40 1-04 
V2 —017 —0O11 —0-13 —0-18 3. _- 0-06 0-77 
Ys _ — 0-30 0-46 5; 0-35 0-48 0-24 0-09 
Ye -— = —0-16 —0-19 3, —052 —057 —0-43 —0-29 
Ys 0-17 0-32 0-22 0-12 3s 0-46 0-54 0-43 0-13 
Ys 0-28 0-33 0-32 0-33 
Y9 0-14 0-08 == —- 


From Table 1 the first transition energies can be obtained: the experimental and 
calculated values (in ev) are compared in Table 3. The agreement is reasonable and the 
errors are of the order of magnitude expected from an approximate treatment. 


* Referring to Longuet-Higgins’s paper, the three hybrids, ©; ®,, ®,, are: 
D , x DaedacVe + SoaSacPa + (Sac? + Saa*)De Soeen ai 
sa {(Sac* + Sad*) (Sac? + Sea* + Sac*)} ’ . 
_ Sad? — SacPa b 
®, = (See? + Soa®)* . . . . . . . . . . ( ) 
if it is assumed that S,4/Sa. is small, as Longuet-Higgins does in his paper (p. 176), and CSC angle 


is ~90°, then S,,/Sq- is also small and ®,, ®,, ®, all reduce to a 3d-orbital, as may be seen from (a) and 
(b); more exactly: 





®, and ©, ——» 9, 

2, —> 9 

12 Kohlrausch, Acta Phys. Austriaca, 1950, 3, 452. 
18 See Berry, J. Chem. Phys., 1957, 26, 1660. 


= S 
} for s. and = small. 
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TABLE 3. 
Cyclopentadiene 
—_——— ee | 
Furan Thiophen Type of 
A egemage ame rs, = Py BA pee. transition 
exp. calc. exp. calc. exp. ; A” -_ 
— 7-2 — 5-9 —_ A, —»> A,* (y) 
4-8? 7-4 6-1 54 6-2 5-45 A, —~»> B, (x) 
» Landolt—Bérnstein, “‘ Tabellen,” Vol. I, Part 3, p. 705. ¢% Pickett, Hoeflich, and Tien Chuan Liu, 
J. Amer. Chem. Soc., 1951, 78, 4865. 





Interesting features from this Table are the following: (a) The direction of the 
shift when passing from cyclopentadiene to thiophen and furan is correctly represented. 
Since no hyperconjugative effects and no 3d atomic orbitals have been taken into consider- 
ation the results suggest that the main cause of the observed shift is not to be found in 
these effects but is inherent in the x-systems. On the other hand, it is impossible to 
correlate it with a simple parameter: all that can be said is that the observed blue shift is 
mainly due to a raising of the first excited state, following the order of ionisation potentials 
of sulphur and oxygen. (b) The A, —» A,* transitions occur very near to the strongly 
allowed A, —» B, transitions. 

An interpretation of Table 2 in terms of weights of structures is not possible because 


terms such as | MHN dr, where M and.N are structures, participate in the mesomeric 


system with weight 2yyyx. However, with the rough assumption that 


[wan dt im Susl2| { MEM dt + [uy as | aegis 


the weights in Table 4, indicated conventionally by y,? or 3,2, relative to structures of 
set (1) in the first state of each symmetry have been obtained. Interpretation of this 


TABLE 4. 
Cyclopentadiene Cyclopentadiene 
a b Furan Thiophen a b Furan Thiophen 
0-45 0-48 0-14 0-03 , —_— , 0-70 
0-13 0-07 0-10 0-13 : -- 0-05 
-- “= 0-22 0-38 0-24 2 I; 0-03 
—_— — 0-12 0-15 0-40 3 3 0-14 
0-14 0-21 0-16 0-07 0-36 - 0-08 
0-24 0-23 0-25 0-24 
0-04 0-01 — -— 
* The negative sign is probably a result of approximation (3). The exponential factor is much 
less critical in the determination of weights than of energies, as columns a and b show. 


Table is not yet straightforward from a chemical point of view: for example, [P; + P,] 
in expression (1) (which may be considered as one structure since it is normalized), although 
composed of formally polar structures, does not describe charge migrations and con- 
sequently may be regarded as a covalent structure in which both electrons of the a-d bond 
are to be found with a 25% probability localized either on atom a or on atom b. It follows 
that the chemical structure with an «—« and a 8-8 bond is represented here by the sum of 
Band [P; + P,] {and of course [P, + P,] if it had been considered in expression (1)}. 

Analogously, the chemical structure with two «-8 bonds is represented by the sum of 
A, [P, + P,] and [P, + P,]: since [P, + P,] and [P, + P,] are found in expression (1) it 
is necessary to rewrite it in a more convenient form. With care in handling the normaliz- 
ation coefficients, eqn. (1) for the ground state of the x-electron systems considered may be 
written as follows: 


Cyclopentadiene : 
¥4, = 0-473A + 0-162[P, + P,] + 0-162[P, -+ P,] — 0-170B + 0-125(P, + P,] + 


0-122(Ps + Py) (4) 
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Furan: 
V4, = 0-164A + 0-214/P, + P,] + 0-214[P, + P,] — 0-133B + 0-091[P, + P,] + 
0-305(C, + C,] — 0-164(C, + C,) . (5) 


Thiophen: 
V4, = 0-035A + 0-114/P, + P,] + 0-114[P, + P,] — 0-175B + 0-208[P, + P,} + 
0-458[C, + C,] — 0-189(C, + Cy) . (6) 


In eqns. 4—6 the first three terms represent a situation in which bonds exist between 
a and b, and between c and d; the fourth (and in cyclopentadiene the fifth) term is one in 
which a,d and b,c are bound and no charge migration is present; [P, + Ps], [P, + Pj, 
[P, + P,] represent electronic localisation on the various carbon atoms. The last terms 
are associated with a charge migration and can be conveniently grouped in two classes: 
(i) terms that describe electron migrations formally derived from a covalent structure, here 
generically called polar (or ionic) structures; and (ii) terms not derivable from a covalent 
structure, here called conjugate structures. 

By using eqn. (3) again, the weights given in Table 5 were obtained for [P, + P,), 
[P, + P,], and [P, + P,], here conventionally indicated by y,®’ and y,”’ respectively (the 
other y*’s remaining unchanged). These yield weights of 73, 48, and 19 relative to 


TABLE 5. 
Cyclopentadiene Furan Thiophen 
BP cncupgecetevesssassaunbe 0-14 0-17 0-08 
MEP”  sccstctehpenhnpuabasdess 0-10 0-07 0-15 


the chemical structure with two a-§ bonds in cyclopentadiene, furan, and thiophen 
respectively. 

An attempt has also been made to calculate the resonance energy in furan and thio- 
phen by supposing it to be the difference between the ground-state energy and that of the 
covalent structure with two a-8 bonds: by using eqns. (5) and (6) the normalized functions 
@®, and ®, corresponding to such structures are found to be: 


®, = 0-306A + 0-399[P, + P,] + 0-3991P,+ PJ... . 
®, = 0-135A + 0-435[(P, + P,] + 0-435[P,+ PJ . . . . @) 


Accordingly the calculated resonance energies are for furan 37 and for thiophen 
56 kcal./mole. Since these have been calculated without a nuclear repulsion correction,* 
they compare favourably with the experimental values of 16 and 29 kcal./mole 
respectively. 

From Tables 4 and 5 the charge distribution in the ground state of cyclopentadiene, 
furan, and thiophen can be approximately derived; the results (d) in Table 6 are shown 
with those (e) obtained by Daudel e¢ al.1® for furan and thiophen and by Kikuchi” for 
thiophen (f) using the molecular-orbital method. 





TABLE 6. 
Cyclopentadiene Furan Thiophen 
e_—_—e—= ¢ ~ al 
Atom d d e d e f 
a +0-050 —0-140 — 0-030 —0-190 — 0-090 — 0-025 
b — 0-050 — 0-035 —0-015 —0-075 —0-050 —0-017 
z — +0-350 +0-080 +0-530 +0-280 +0-088 





14 Coulson, ‘‘ Valence,” Clarendon Press, Oxford, 1952, p. 236. 

15 Klages, Chem. Ber., 1949, 82, 358. 

16 Daudel, Buu-Hoi, and Martin, Bull. Soc. chim. France, 1948, 15, 1202. 
17 Kikuchi, Sci. Rep. Tohéku Univ., 1957, 41, 35. 
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In Table 7 are collected the values for the probability of finding a negative or a positive 
charge on a given atom. Since the probability of finding a negative charge may be 


TABLE 7. Probability of finding a positive or negative charge on different atoms. 
Negative charge Positive charge 





Atom Cyclopentadiene Furan Thiophen ‘Cyclopentadiene Furan Thiophen 


a 0-045 0-217 0-285 0-095 0-077 0-095 
| b 0-085 0-077 0-095 0-035 0-042 0-020 
reen z — — — — 0-350 0-530 
ein FF 
PJ, | _ interpreted as the chance of having two electrons on the atom it is clear that twice this 
mms | figure gives the fraction of electrons that do not participate in bonds with neighbour atoms, 
ses; |  iz., the free negative charge. This holds for carbon atoms; for heteroatoms the free 
here fp charges are O = 1:30e, S = 0-94e. 
lent | Bak #8 deduced from microwave data the distribution of free charge in furan, which is 
' shown in Table 8 with our results. However these figures are not strictly comparable 
TABLE 8. 
eto - Atom Bak’s results Present work 
a 0-25 0-44 
b 0-10 0-15 
Zz 1-41 1-30 
_ _ since the present authors have included structures such as [C, + C,] which allow electrons 
' inside the ring, and Bak considered only peripheral bonds. For thiophen Bak eé¢ al.!® 
inferred a withdrawal of 0-60e from the sulphur atom, a value very close to 0-53e found 
hen [ inthe present work. 
Bearing in mind the data collected in Tables 4—8 we may summarise the situation 
hio- which arises from the present work as follows: 
the =f Ground state: The weight of covalent structures follows the series cyclopentadiene 
ions (90%) > furan (58%) > thiophen (32%), and that of conjugated structures thiophen 
(53%) > furan (35%). This clearly indicates the perturbation of the diene system to be 
larger in thiophen than in furan, in agreement with the chemical observation that furan 
7) may behave as a diene and thiophen does not. The calculated charge distributions show 
8) that the 2-position is the more negative in both heterocyclic compounds, again in agree- 
ment with the chemical evidence on electrophilic substitutions: acylation ® and chlorin- 
shen ation *4 lead to more than 99% of the 2-thiophen derivative, and in furan the 2-position is 
on always preferred.” 
nole Both the 2- and the 3-position in thiophen show a negative charge larger than that in 
the corresponding position in furan: this does not necessarily mean that thiophen is more 
ene, reactive in substitutions because a main factor here is represented by the energies of the 
own transition complex; experimentally, furan is found to undergo substitutions more easily . 
’ for than thiophen in the 2-position, less easily in the 3-position. 
Higher free charge on oxygen may explain the easy protonisation in furan that 
ultimately leads to the ring cleavage. 
No explanation is offered here for the fact that furan undergoes the diene reaction 
(Diels-Alder) and thiophen does not. If the energy of the transition complex is ap- 
proximated to the energy of the structure with a @-$ and an a—« bond (since the latter is 
25 likely to contribute very little to the total energy) we obtain the following tentative 
“ transition energies: cyclopentadiene 2-4, furan 4-7, thiophen 4-6 ev. 
— 1 Bak, Acta Chem. Scand., 1955, 9, 1355. 
* Bak, Christensen, Rastrup-Andersen, and Tannenbau, J. Chem. Phys., 1956, 25, 892. 
* Hartough et al., J. Amer. Chem. Soc., 1947, 69, 1012, 1014, 3093, 3096, 3098; 1948, 70, 867. 
* Conradt and Hartough, J. Amer. Chem. Soc., 1948, 70, 1158, 2564. 
* Dunlop and Peters, ‘‘ The Furans,” Reinhold Publ. Inc., New York, 1953, p. 6. 
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Evidently if these values (not corrected for the charge transfer probably present in the 
transition state **) explain the low energy barrier existing for cyclopentadiene, they do not 
distinguish between furan and thiophen. 

It must be stressed again, however, that the static properties here described are not 
sufficient to interpret the whole process, and the dynamic behaviour of the system of 
reacting molecules is probably more important. 

When we come to consider the first excited state of B,-symmetry, the weight of 
conjugated structures increases from zero in cyclopentadiene to 1/4 in furan and 3/4 in 
thiophen. This, together with the results for the ground state, may well be related to 
the large amount of dienic character 5*4 presented by the first band of furan and absent in 
the corresponding band of thiophen. 

At this stage the behaviour of sulphur and oxygen when in side-chain or in the aromatic 
nucleus may be compared. In monosubstituted benzene derivatives the ground state is 
less modified from in the corresponding heterocyclic compounds: moreover, the con- 
jugative power of sulphur and oxygen is reversed. The excited Bg, state of benzene is 
modified by sulphur but still retains its benzenoid character; in thiophen the B, state is 
quite different from that of cyclopentadiene, being composed almost entirely of con- 
jugated structures. The oxygen derivatives on the contrary are more analogous to those 
of benzene. 

It must be emphasised that the foregoing discussion is merely qualitative. Rather a 
large number of approximations, unavoidable at this stage, has been employed. Some 
others, relative to the computation of atomic integrals, are reported in the Appendix. 


APPENDIX 


The interatomic distances (in A) of the models adopted in the present calculations are 
summarized in Table 9. Those relative to thiophen and cyclopentadiene are based essentially 
upon the furan model recently proposed.?? 


TABLE 9. JInteratomic distances. 


Atoms Cyclopentadiene Furan Thiophen * Atoms Cyclopentadiene Furan Thiophen* 
ab 2-564 2-564 2-564 be 2-695 2-695 2-695 
ac 4-393 4-216 4-393 az -- 2-596 3-287 
ad 4-714 4-157 4-714 bz — 4-233 4-819 


* Recent microwave data for thiophen are given by Bak et al.!® 


The exponential factors in the atomic orbitals were K, = 1-043, Ko = 1-450, Kg = 1-282, 
Ko = 1-834, Ko = 2-461, Kg = 2-143. The bar indicates K-values for positive ions. These 
have been obtained from Kohlrausch’s table; }* those of oxygen and sulphur were slightly 
corrected for the polarisation of o-bonds in furan and thiophen. 

Sklar and Liddane’s method * has been employed to evaluate integrals (¢;Vi¢,j). Atomic 
integrals containing carbon or oxygen atomic orbitals have been computed exactly.*® Those 
containing sulphur 3p, have been computed partly by a method outlined in a previous paper,’ 
and the part including nuclear potential by replacement of the sulphur atomic orbital by a 2, 
atomic orbital of the same mean radius. Exponential factors for the latter were Ks = 0-911, 


Ry = 1-466. 


*8 Woodward, J. Amer. Chem. Soc., 1942, 64, 3058; Woodward and Baer, J. Amer. Chem. Soc., 
1944, 66, 645. 

*4 Pickett-Hoeflich and Tien Chuan Liu, J. Amer. Chem. Soc., 1951, 10, 4865. 

5 Mangini and Passerini, Gazzetta, 1954, 84, 606. 

26 Lumbroso and Passerini, Bull. Soc. chim. France, 1957, 311. 

27 Bak, Hansen, and Rastrup-Andersen, Discuss. Faraday Soc., 1955, 19, 30. 

* Sklar and Liddane, J. Chem. Phys., 1939, 7, 374; cf. Scrocco and Salvetti, Ricerca Sci., 1953, %. 
1410. 

* See Barnett and Coulson, Phil. Trans., 1951, 248, 221; Roothan, J. Chem. Phys., 1951, 19, 1445; 
Scrocco and Salvetti, Ricerca Sci., 1952, 22, 1776. 
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The monocentric integral has been computed exactly.*® 
A small correction of 0-05 Rydberg unit has been applied to the carbon monocéntric 
integral * in order to satisfy the relation: , 


I, + (Peel hehe) = E, oh Wate ie tg eet egy 


where J, and E, are the ionisation potential and the electroaffinity respectively of the carbon 
atom; such a correction may be interpreted as due to electronic correlation in the negative 
carbon ion. If the exponential factor derived from Slater’s rule had been employed, the 
correction would have been 0-43 unit,*4 as Pariser and Parr ** used in their semiempirical 
theory. In the present cyclopentadiene calculations with Slater’s exponential factors eqn. (9) 
was not used since a correlation as large as that mentioned implies that the atomic integrals 
with two or more centres should also be corrected.3? 3% 


In calculating Ty functions * the following approximation was employed: 
(Or/—A + Vi/di)) = Sw/Z(Ie+ hh). . . . . « « (10) 


where J; and J; are the ionisation potentials of atom k and / respectively. Since it has been 
shown * that eqn. (10) is a rather poor relationship a reasonable correction amounting to 


—(1/2Sp)biVide, where V, is the potential of the neutral atom /, has been applied to Tus: 
In Table 10 are collected overlap integrals * and Tj, functions for each couple of atomic 
orbitals. 


TABLE 10. Overlap integrals and Ti functions. 
Cyclopentadiene Furan Thiophen 
A 


i eects. eee ae Eerie ayo, 

Couple Tu S kl 7 yu S kT Tu S RI 
ab — 0-207 0-539 — 0-207 0-539 — 0-207 0-539 
ac —0-172 0-214 —0-179 0-232 —0-172 0-214 
ad —0-158 0-172 —0-182 0-239 —0-158 0-172 
be —0-215 0-509 —0-215 0-509 —0-215 0-509 
az — — — 0-531 0-415 —0-310 0-419 
bz -- —- — 0-286 0-150 — 0-362 0-212 


* The value of (pebe/pep-) here employed is thus 0-7596 Rydberg unit. 


The authors are grateful to Professor C. A. Coulson, F.R.S., for many invaluable suggestions 
and criticisms. The work was supported in part by the U.S. Army grant. 
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*® Zauli, Progr. Report Math. Inst., Oxford, 1956—7, p. 18. 

| Kolos, Acta Phys. Polon., 1957, 16, 229. 

* Pariser and Parr, J. Chem. Phys., 1953, 21, 446, 767. 

* Kolos, personal communication. 

“ Stewart, Ph.D. Thesis, Mathematical Inst., Oxford, 1954. 

% Mulliken, Rieke, Orloff, and Orloff, J. Chem. Phys., 1949, 17, 1248. 
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445. The Identification of C=S Absorptions in the Infrared by 
Solvent Studies. 


By L. J. Bettamy and P. E. Rocascu. 


The C=S group frequency has been identified in a number of compounds 
through the characteristic behaviour it shows in a range of different solvents. 
It falls near 1080 cm." in cyclic trithiocarbonates, near 1200 cm.“ in dithio- 
esters, and near 1000 cm. in some thioamides. The method is not applic- 
able in compounds in which the C=S link has a very low polarity. 


Many workers have attempted the assignment of group frequencies to the C=S link jn 
various environments. Early studies by Sheppard ! and by Bellamy ? were inconclusive, 
possibly because some of the simpler compounds examined exist in polymeric forms, 
Later work on larger molecules has led to a number of different assignments. Some of 
these, such as that for the dithio-esters at 1200 cm. and for thiocarbonyl chloride? at 
1180 cm.*!, seem to be reasonably well established, but with others such as the thioamides 
assignments range from 1430 to 830 cm.*!. It has also been pointed out 4 that the various 
assignments are not parallel to those of the carbonyl group in a number of cases. Thusit 
is surprising to find the C=S frequency in thioamides generally quoted as falling near to or 
even higher than that in the corresponding thioketones. Similarly, the frequency of 
thiocarbony] chloride is very low in relation to that for dithio-esters for example. 

In an attempt to resolve some of these anomalies we decided to examine the spectra of 
a series of C=S compounds in a wide range of different solvents. It has recently been 
shown that X=O dipoles all tend to exhibit a common pattern of solvent behaviour such 
that the Av/v values of any one compound in a series of different solvents can be plotted 
against the corresponding values of any other to give a straight line. ® Further, when the 
X=O bond is the only major polar group present it generally shows the only absorption 
which is at all solvent-sensitive. 

It therefore seemed that a study of this kind might well enable some of the C=S assign- 
ments to be confirmed unequivocally, whilst also providing a convenient method of assess- 
ing the general applicability of the solvent method to problems of this kind. 


EXPERIMENTAL 


The spectra were measured with a Grubb—Parsons G.S.2 double-beam spectrometer fitted 
with a 2400 line/inch N.P.L. grating. 

Thioacetamide, mercaptobenzothiazole, and tetramethylthiuram monosulphide, obtained 
commercially, were purified by recrystallisation. Ethyl and n-butyl dithioacetate were 
prepared by the procedure of Marvel et al.’ Thiobenzophenone was prepared by the standard 
method. 

We are grateful to Dr. J. C. D. Brand for samples of methyl «-dithionaphthoate and thio-- 
naphthophenone. 

Results.—Our assignments for the C=S absorptions in a number of different compounds are 
given in the Table, which also shows the changes which occur on passing from one solvent to 
another. The basis on which each of these assignments has been made is discussed individually 
below. 

(a) Dithio-esters. There seems to be reasonably good agreement on the position of the 

1 Sheppard, Trans. Faraday Soc., 1950, 46, 429. 

2 Bellamy, ‘ The Infrared Spectra of Complex Molecules,’’ Methuen, London, 2nd Edn., 1958, p. 
+s Haszeldine and Kidd, J., 1955, 3871. 

4 Bellamy, in ‘‘ The Organic Chemistry of Sulphur Compounds,”’ Pergamon Press, to be published 
ioe and Williams, Trans. Faraday Soc., 1959, 55, 14. 

6 Bellamy, Conduit, Pace, and Williams, Trans. Faraday Soc., 1959, in the press. 

7 Marvel, Radzitsky, and Brader, J. Amer. Chem. Soc., 1955, '77, 5997. 
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C=S bands in these compounds. Bak, Hansen-Nygaard, and Petersen * record a common 
absorption in the range 1225—1190 cm.” in 21 closely related compounds. Marvel, Radzitsky, 
and Brader ’ find a slightly lower range, 1190—1170 cm.-, in four others of a different type, 
whilst Mecke, Mecke, and Liittringhaus * have studied cyclic materials, in which the frequencies 
are likely to be rather different, and find values near 1050cm.+. We therefore commenced our 
study with compounds of this type to confirm the assignments and to establish the applicability 
of the method. 

Ethylene trithiocarbonate was first examined. In the range of solvents listed only one band 
in the spectrum of this compound showed any change. In agreement with the assignment by 
Mecke et al. this was the band at 1087 cm."! (n-hexane). The solvent pattern was the same as 
that of other typical X=O dipoles, so a good straight line plot was obtained when the Av/v values 


Ethyl dithio- n-Butyl dithio- Ethylene trithio- 
acetate acetate carbonate 


vo=8 ve= vo=s T.M.T.S.* Thioacetamide 
Solvent (cm.!) 108Av/y (cm) 108Av/y (cm.-4) 10° Ap/v vers ve=s bnx 
(Vapour) 1204 1204 1099 — — 

Hexane 1199 1200 1087 10-9 _— — 

Cyclohexane 1199 1199 1086 11-8 
1199 
1199 
1198 
1197 
1197 
1197 
1195 
1196 
1195 
1195 
1195 


_ 968 

1084 13-6 —_ 
968 

1083 14-6 967 
966 

1079 18-2 966 

1078 19-1 965 
965 

1075 21-8 964 

1075 1-8 964 

_— 964 

1194 , 963 

— 1074 964 

— 1075 963 1611 

_— 1072 962 

— 1072 962 _ 

9-1 1193 9-1 1070 961 1609 

10-0 1192 10:0 - 1069 961 

10-8 1191 10-8 959 

* T.M.T.S. = Tetramethylthiuram monosulphide. 
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were plotted against the corresponding values of acetophenone (see Figure). These two facts 
taken together provide very strong evidence for the assignment of this band to the C=S group. 

Ethyl and n-butyl dithioacetate were also studied. Here also only one band in each case 
was sensitive to solvent changes, and each behaved like a typical X=O group. Excellent 
Av/v plots against acetophenone were again obtained (Figure). These bands fell at 1199 cm.*! 
in the ethyl derivative and at 1200 in the n-butyl compound (in n-hexane) and they are clearly 
derived from the C=S group. The earlier assignments are therefore fully confirmed. 

We have also examined the spectrum of methyl «-thionaphthoate in many solvents. This 
compound has a strong absorption at 1200 cm. which could well arise from the C=S link. 
However, neither this band nor any other in the vicinity showed any frequency change with 
alterations in the solvent. Indeed, the only bands which were at all sensitive were the 8CH 
aromatic absorptions at 795 and 775 cm.-1. These moved to higher frequencies on passing 
from dioxan to methylene iodide. This shift is in the opposite direction to that which would be 
expected from a C=S link but would be appropriate for deformation vibrations perturbed by 
association of the solvent with the ring. As will be seen, similar cases have been found with 
aromatic thio-ketones in which association seems to occur preferentially with the ring rather 
than with the C=S link. Presumably, the geometry of these compounds is such that the 
polarity of the C=S bond is much reduced so that the ring is actually the more polar. The 
method would not then be expected to yield a positive result for C=S links. 

(b) Thioamides. Several workers have examined small groups of thioamides. Mecke 


* Bak, Hansen-Nygaard, and Petersen, Acta Chem. Scand., 1958, 12, 1951. 
* Mecke, Mecke, and Liittringhaus, Z. Naturforsch., 1955, 10b, 367; Chem. Ber., 1957, 90, 975. 
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et al.* studied 13 such compounds and suggested an overall range of 1209—1040 cm." for the 
>C=S band. Marvel et al.” found a range of 1205—1130 cm. in four compounds, ang 
Haszeldine e¢ a/.* 1430—1300 cm. in three others. Hadi ! has made some detailed studies on 
acetanilides in which the characteristic absorption appears to be near 1000 cm.*!. Individual] 
assignments include alternative values of 1430 and 1300 cm." for the C=S of thioacetamide,12.1 
and a value of 830 cm. for the same band in dithio-oxamide.™ 

These compounds are therefore of particular interest in view of the wide differences found, 
Unfortunately, the solvent method is somewhat more limited in these cases than in that of the 
esters owing to difficulties in obtaining vapour-phase spectra and to insolubilities in non-polar 
solvents. It is not therefore possible to derive Av/v values based on vapour frequencies for 
comparison with carbonyl compounds. Neverthless, some important indications can be 
obtained from the general pattern of solvent behaviour. 


A, n-Butyl dithioacetate; B, ethyl dithioacetate; C, ethylene trithiocarbonate (1,3-thiolan-2-thione), 
20r Ethylene 
Ethy! dithioacetate trithiocarbonate 


rs » ds 


10°4 v/v (Acetophenane; c-0) 


1 1 
10 1s 
10°4 v/v (ces) 











We have studied two thioamides in this way. These are tetramethylthiuram monosulphide 
and thioacetamide. The first of these behaves like the dithio-esters in showing only one band 
which is sensitive to the nature of the solvent. This occurs at 965 cm.! in dioxan. As the 
nature of the solvent is changed towards proton-donating solvents such as bromoform and 
methylene iodide, this frequency falls systematically to lower values as shown in the table. The 
order of solvent effectiveness is exactly the same as that for carbonyl groups or for the C=S 
groups already identified. 

Despite the absence of final confirmation from a Av/v plot it therefore seems highly likely 
that this is the C=S absorption. The spectral changes in thioacetamide with alterations of 
solvent are more complex, because this compound contains two different dipoles (NH, and 
C=S) which will react differently towards changes in their environment. Altogether, four bands 
appear to be solvent-sensitive. Three of these are at frequencies corresponding to NH stretch- 
ing or deformation modes and are readily identified, because they behave in various solvents in 
precisely the way that would be expected. Thus, on passing from non-polar solvents to proton- 
acceptors the two NH stretching frequencies fall whilst the NH deformation mode rises. The 
remaining band is therefore that due to the other strongly polar group, the C=S link. The 
frequency is at 980 cm.™, close to the bands already assigned to other thio-amides, and the 
pattern of solvent behaviour is, as before, just that which would be expected from a group of 
this type. 

10 Mecke and Mecke, Chem. Ber., 1956, 89, 343. 

" Hadi, J., 1957, 847. 

12 Mecke and Speisecke, Chem. Ber., 1956, 89, 1110. 


13 Davies and Jones, j., 1958, 955. 
™ Scott and Wagner, J. Chem. Phys., 1959, 30, 465. 
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We would therefore assign the C=S link in these thio-amides to the 1000—950 cm." region, 
in agreement with Hadzi..1_ However, this is not intended to define the overall range,-as the 
ultimate frequency must be very dependent upon the degree of delocalisation of the m-electrons 
and so may well vary more widely. 

One other compound of this type—to which the method proved inapplicable—was mercapto- 
benzothiazole. This compound is known to exist in the thioketo-form ' but no solvent-sensitive 
bands in the 1000 cm. region could be found. The reasons for the failure of the method are 
different from those given for the methy] «-thionaphthoate. Mercaptobenzothiozole associates into 
a dimeric form in a way reminiscent of the carboxylic acids. Studies of the NH stretching bands 
at concentrations as low as 0-001m indicated that the compound was still largely associated. 
In such cases the solvent is unable to interact with the C=S link and no shifts occur. Similar 
results have been reported earlier for other strong intermolecular and intramolecular bonds." 

(c) Thio-ketones. Simple thio-ketones such as thioacetone polymerise into cyclic forms 
which lack the C=S link. Only in larger molecules does this bond retain its identity, and the 
compounds are then characterised by an intense blue colour. The most detailed study of 
thio-ketones is that made by Lozac’hand Guillouzo.!” They compared the spectra of thiobenzo- 
phenone and ten of its substituted derivatives with those of the corresponding acetophenones. 
In each case the carbonyl band was replaced by a new band in the range 1207—1224cm.. No 
other systematic studies have been made although Bergmann ?* tentatively ascribed absorp- 
tions near 1300 cm. in thioxanthones and similar materials to the thioketo-group. 

We have studied thiobenzophenone and 1-thiobenzoylnaphthalene. As in the case of the 
naphthyl ester already described, no significant frequency shifts occurred in any solvent, with 
the exception of changes in the out-of-plane aromatic deformation modes. These rose to higher 
frequencies in compounds in which association with the aromatic ring is likely. It therefore 
seems that the C=S link is again non-polar in these aromatic compounds. This is not unlikely 
if the size of the sulphur atom is such as to cause the C=S bond to lie out of the plane of the 
aromatic rings. In the absence of conjugation, the C=S bond would be effectively non-polar, as 
the electronegativity difference between carbon and sulphur is very small. This would also 
account for the fact that the thio-ketone absorption appears at a higher frequency than the 
C=S of thiocarbonyl chloride, as the frequency ultimately depends upon the degree of covalency 
of the bond. 

DISCUSSION 

The above results show that the method of solvent variation is very suitable for 
identification of group frequencies of polar links. It is not suitable for non-polar bonds. 
The revised assignments for C=S links now give the highest frequencies to thio-ketones 
followed by thio-esters which are greater than in thiocarbonyl chloride. Thio-amides show 
the lowest thiocarbonyl frequencies. This order of effectiveness of the substituents is 
significantly different from that of the carbonyl group and arises from the differences in 
polarity in the two cases. Carbonyl compounds are initially polar because of the electro- 
negativity difference between the component atoms, and as a result of this the frequency 
is raised by inductive effects and lowered by mesomerism.” In the C=S link there is little 
or no initial polarity and it therefore resembles more closely the C=C links which fall in 
frequency under the influence of either induction or mesomerism. The highest C=C 
frequencies, apart from special cases of fluorinated systems, are those of fully covalent 
compounds such as but-2-ene, so that the high frequencies of the thiobenzophenones are 
not unreasonable. Substituents such as nitrogen atoms which can conjugate with the 
C=S link will increase its polarity and lower the frequency. This is consistent with the 
revised assignments for thio-amides. However, it must be stressed that the lowered 
frequency arises wholly from the polarity acquired in this way, so that in compounds in 
which this is inhibited the frequency would rise again to a value close to 1200 cm.*. 


E.R.D.E., Ministry OF SUPPLY, WALTHAM ABBEY, ESSEX. [Received, August 24th, 1959.) 


6 Flett, J., 1953, 347. : 

%® Bellamy and Hallam, Trans. Faraday Soc., 1959, 55, 220. 
” Lozac’h and Guillouzo, Bull. Soc. chim. France, 1957, 1221. 
% Bergmann, J. Amer. Chem. Soc., 1955, 77, 1549. 

* Bellamy, Spectrochim. Acta, 1958, 18, 60. 
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446. Thermal Decomposition of trans-Dimeric Nitrosoalkanes.* 


By L. Batt, B. G. GOWENLOcK, and J. TROTMAN. 


The gas-phase reaction trans-(R-NO), —» 2R-‘NO has been studied for 
the cases R = Me and Bu‘. A flow system has been employed and a spectro- 
photometric method developed for determining the amount of decomposition. 
The frequency factors and activation energies are discussed. 


It has been demonstrated that primary 3 and secondary ® nitrosoalkanes are capable 
of more than transitory existence and can form two different dimers which exhibit 
geometrical isomerism about the N=N bond. The ¢rans-dimer (I) is more volatile than the 
cis-dimer (II), and both absorb in the ultraviolet in the region 260—300 mu: the absorption 


Ry. fo J® 
(I) YN=N N=N (11) 
oO =r oO No 


maxima are separated by about 11 my (aqueous solution) and both compounds have a high 
intensity of absorption (em.x, ~10,000). These data have been summarised by Gowenlock 
and Liittke When a stream of nitrogen containing monomeric nitrosoalkanes passes 
through a trap cooled in liquid oxygen the nitrosoalkane is condensed (presumably as the 
monomer): when this condensed material is allowed to warm to room temperature, a 
transition occurs ®*:5 in the region of —78° and the cis-dimer results. These observations 
suggested that the rate of decomposition of the ¢rans-dimer could be studied in the 
following manner; if a stream of nitrogen in which a t¢rans-dimer is entrained is 
passed through a heated reaction vessel then some decomposition to the monomer will 
occur. Both compounds can be removed from the gas stream by condensation in liquid 
oxygen. Warming to room temperature will result in the transformation of the monomer 
into cis-dimer, and, after removal of the nitrogen, the two dimers may be separated by 
vacuum-sublimation and estimated by absorption spectrophotometry, aqueous solutions 
being used in order to prevent any reaction cis —» trans which occurs in organic 
solvents.23 The experimental method to be described applies these aspects of the 
chemistry of nitroso-compounds to the determination of the rate of reaction. 


EXPERIMENTAL 

trans-Dimeric nitrosomethane and trans-dimeric 2-methyl-l-nitrosopropane were prepared 
from pyrolysis products of t-butyl and isopropyl nitrite (nitrosomethane) and the nitrite derived 
from 4-methylpentan-2-ol (2-methyl-l-nitrosopropane) according to the method of Gowenlock 
and Trotman.*}* The products were purified by sublimation in nitrogen to constant vapour 
pressure. By this technique crystals about 6 mm. long can be built up if a source of gentle heat 
is present at one side of the trap. The nitrogen employed in the runs was either ‘‘ white spot” 
nitrogen or prepared from thermal decomposition of sodium azide. The perfluorocyclohexane 
was a gift from Professor J. C. Tatlow and had been purified by vapour-phase chromatography. 

Apparatus.—The apparatus used was that described by Chilton and Gowenlock.* For the 
runs where perfluorocyclohexane was added into the nitrogen flow, the apparatus was slightly 
modified to include manometers at the exit and the entrance of the reaction vessel and a capillary- 
leak for controlling the flow of the additive which entered the flow system between the 
Warhurst saturator traps ? containing the dimer and the reaction vessel. 


* A preliminary account of some of this work was published in the Chem. Soc. Special Publ., No. 10, 
1957, p. 75. 

* Coe and Doumani, J. Amer. Chem. Soc., 1948, 70, 1516. 

? Gowenlock and Trotman, /., 1955, 4190. 

* Gowenlock and Trotman, /., 1956, 1670. 

* Gowenlock and Liittke, Quart. Rev., 1958, 12, 321. 

® Chilton and Gowenlock, /., 1953, 3232; 1954, 3174. 

* Chilton and Gowenlock, Trans. Faraday Soc., 1953, 49, 1451. 

7 Warhurst, Trans. Faraday Soc., 1939, 35, 674. 
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Calibration Run.—With the reaction vessel at room temperature, the product in the collect- 
ing traps could be vacuum-sublimed in its entirety, and the aqueous solution gave the ultra- 
violet absorption spectrum of the pure trans-dimer. The optical density at the absorption 
maximum was measured by using either a Unicam S.P. 500 or a Hilger Uvispek 
Spectrophotometer, 1 cm. cells being used in either case. Aqueous solutions of the dimer were 
made up to either 500 or 1000 ml. by distilled water. 

Pyrolysis Runs.—(a) Nitrogen carrier gas. The technique used for estimation of % decom- 
position was based upon that described in the introduction: for the isobutyl compound the 
separation of the two dimers by vacuum-sublimation was more difficult than for nitrosomethane, 
since the cis-compound had a slight volatility. 

(b) Nitrogen carrier gas with approximately 0-5 mm. of perfluorocyclohexane. On completion 
of the run, the nitrogen carrier gas was pumped from the system, and then the liquid-oxygen 


Fic. 1. Plot of log k against 1/T for nitroso- 0:2 
methane. 
A Total pressure ~8 mm. 0-0 
@ Total pressure ~4 mm.; packed reaction 
vessel. 
© Total pressure ~4:5 mm. (~4 mm. nitrogen, 
~0-5 mm. CeF jo). 
x Total pressure ~4mm.; reaction time ~1 sec. 
0) Total pressure ~4 mm.; reaction time ~2-9 
Sec. 
BB Total pressure ~4 mm.; partial pressure 
decreased by a factor of 7. 
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Fic. 2. Plot of log k against 1/T for nitrosoiso- 
butane. 

A Total pressure ~8 mm. 

x Total pressure ~4 mm.; reaction time ~1 sec. 

Wi Total pressure ~4 mm.; reaction time ~2-9 sec. 

© Total pressure ~4mm.; partial pressure increased 
by a factor of 2. 

[) Total pressure ~4mm.; partial pressure decreased 
by a factor of 3. 

@ Total pressure ~4 mm.; packed reaction vessel. 
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baths around the product traps were removed. The ¢vans-dimer and perfluorocyclohexane 
were removed by vacuum-sublimation. A further separation of the C,F,, from the trans-dimer 
was then attempted by vacuum-sublimation from —60°, at which temperature the C,F,, could 
be slowly sublimed to a liquid-oxygen trap. However, complete separation by this method 
was not possible as some trans-dimer was always entrained with the C,F,,.. The two dimers 
were dissolved in known volumes of distilled water, and their concentrations determined spectro- 
photometrically. 

Calculation of Results.—The percentage decomposition was obtained from the molar fraction 
cis-dimer/(cis-dimer +- tvans-dimer). The numerator was obtained from the spectrophoto- 
metric determination of the cis-dimer; the denominator was obtained from the vapour-pressure 
calibration. The sum of the experimentally determined values for the denominator is in 
excellent agreement with that obtained from the calibration runs except in the case of the 
addition of C,F,, where two vacuum-sublimations were required (see above). The reaction time 
was calculated from the flow rates of the carrier gas, temperature, pressure, and reaction-vessel 
volume. All results are expressed as first-order velocity constants. 

Results.—These are shown in Figs. 1 and 2. 
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DIscussION 

In a nitrogen flow system without addition of the fluorocyclohexane the first-order 
velocity constants are the same (apart from random scatter) within the following limits: 
(a) Nitrosomethane partial pressure of dimer 4 x 10%—10- mm.; reaction time 0-9— 
3 sec.; alteration of surface : volume ratio by a factor of 12. (6) 2-Methyl-1-nitrosopropane 
partial pressure 3 x 10¢ to 2 x 10° mm.; reaction time 0-9—3 sec.; alteration of 
surface : volume ratio by a factor of 12. For both substances an increase in nitrogen 
pressure from 4-2 to 8 mm. gives an increase of about 35% in the velocity constant. We 
are of the opinion that the reaction is of the first order and that therefore there is no con- 
tribution from a reverse reaction under our conditions. The variation in rate constant 
with total pressure is ascribed to the fact that the reaction is in the region where there are 
insufficient collisions to maintain an equilibrium concentration of activated molecules. In 
this connection our use of the fluoro-additive was made to see if the activation energy and 
Arrhenius factor would be markedly different in the presence of an inert molecule with 
many degrees of freedom: such a molecule would be expected to maintain the reaction at 
a position of true unimolecularity. The efficiency of nitrogen as an energy-transfer agent 
is known to be low. However, reference to Fig. 1 shows that addition of perfluorocyclo- 
hexane has little, if any, effect on the reaction rate or the kinetic parameters. This is in 
marked contrast to the effect of the additive on the rate of decomposition of monomeric 
nitrosomethane.* The data listed in Table 3 show the variations of the activation energy 
and Arrhenius factor (as determined by least mean squares plots). 


TABLE 3. Activation energies and Arrhenius factors for (R-NO), —» 2R:NO. 


E (kcal. logy) A E (kcal. logy, A 
Pressure mole“) (sec.-) ' Pressure mole“) (sec.+) 
4-2 21-7 11-8 4 25-6 14-2 
8 23-0 13-4 : 8 25-6 14-4 
4 mm. (N,) + 22-0 11-8 
0-5 mm. (C,Fy,) 


The error limits in the activation energies are estimated to be +-1-5 kcal. mole™ on the 
basis that the largest inherent error in the method is that due to estimation of the 
percentage decomposition. The corresponding error limit in log,, A (sec.+) is +0-8. We 
can therefore claim that the activation energies for the decomposition reaction are 
22-2 + 2 kcal. mole (methyl) and 25-6 +- 1-5 kcal. mole™ (isobuty]). 

The pressure range that we have employed is of the order to be expected for the region 
of the commencement of the well-known Lindemann fall-off characteristics, and we suggest 
that the measurements are in the region of the limiting high-pressure rate and that 
activation energies can therefore be related to the difference in structure between the 
monomer and the dimer. Following the basis provided by Keussler and Liittke ® and 
adopted by us elsewhere,” we ascribe the relatively low activation energy for breaking the 
N=N double bond to the energy compensation provided by electron rearrangements at the 
nitrogen atoms when two molecules of monomer are formed from one molecule of the 
trans-dimer. The activation energy for the reverse reaction will be small, the value of 
6 kcal. mole™ given by Calvert, Thomas, and Hanst ™ being of the order suggested by us 
elsewhere. Although there are two values 4-12 given for the rate constant for the reverse 
reaction (k,; = 87 1. mole sec.+; Rygo9 = 12 1. mole™ sec.), the two techniques 
employed are quite different and no reasonable value of the activation energy can be 
obtained from them. 

* Batt, Thesis, Birmingham, 1959. 

* Keussler and Liittke, Z. Elektrochem., 1959, 68, 614. 

1@ Batt and Gowenlock, J., 1960, 376. 


1! Calvert, Thomas, and Hanst, J. Amer. Chem. Soc., 1960, 82, 1. 
#2 Christie, Proc. Roy. Soc., 1958, A, 249, 258. 
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It is not yet possible to make an unambiguous correlation for the differences between 
the stabilities of different nitroso-compounds. Certainly the differences in activation 
energy for decomposition seem quite small *1®1%14 but it is our opinion that solvent effects 
are important and that generalisation must await a thorough investigation of the 
decomposition in a variety of solvents. We may note that Arrhenius factors determined 
in this work indicate that little, if any, of the rigidity of the ¢rans-dimeric nitroso-group 
(cf. (I)] is lost on formation of the transition state. 

Extension of this technique to other ¢vans-dimeric nitrosoalkanes is limited to primary 
and secondary alkyl groups (t-alkyl dimers do not have a cis-configuration). Some dimers 
are too involatile (e.g., nitrosocyclohexane), whereas others are liquids at room temperature 
(e.g, nitrosoethane) and tend to form the isomeric oxime when kept. It therefore seems 
probable that only a limited extension is possible, ¢.g., to the ¢rans-dimers of 2-nitroso- 
propane and 1-nitrosobutane. 


One of us (J. T.) thanks the Department of Scientific and Industrial Research for a 
Maintenance Grant, and another (L. B.) thanks the University of Birmingham for an Appeals 
Fund Scholarship. 


THE UNIVERSITY, BiRMINGHAM, 15. [Received, November 5th, 1959.} 


13 Anderson and Hammick, J., 1935, 30. 
4 Schwartz, J. Amer. Chem. Soc., 1957, 79, 4353. 


447. The Effect of Quinones on the y-Irradiation of Cyclohexane. 
By E. S. Waicut and P. WALKER. 


The y-irradiation of solutions of p-benzoquinone in cyclohexane results in 
the formation of quinol, 2,5-dicyclohexylquinol, and 2,5-dicyclohexylbenzo- 
quinone. It has been shown that the presence of quinone causes decreases 
in the G values (number of molecules per 100 ev) for hydrogen and bicyclo- 
hexyl production, but hardly affects the yield of cyclohexene. Irradiation 
of cyclohexane solutions of p-toluquinone has also been studied. 

Yields of cyclohexene and bicyclohexyl from irradiated cyclohexane in 
the absence of added solutes have been confirmed by an isotopic dilution 
method. 


THE exposure of cyclohexane to ionizing radiation gives as the main products hydrogen, 
cyclohexene, and bicyclohexyl.t Detailed analyses of the gaseous and the liquid products 
have been reported,? and the mechanism of hydrogen formation and the effects of iodine 
and other radical-scavengers have been studied extensively.45*® The effect of added 
quinone has received but little attention.? We have determined the nature of the products 
derived from benzoquinone and toluquinone and made a detailed study of the effect of 
benzoquinone on the yields of the main reaction products when solutions in cyclohexane 
are exposed to y-radiation. 


EXPERIMENTAL 


Analyses were by Miss J. Cuckney and the staff of the Organic Chemistry Microanalytical 
Laboratory, Imperial College, London. Ultraviolet and infrared spectroscopic measurements 
were by Mrs. A. I. Boston and Mr. R. L. Erskine, B.Sc., A.R.C.S. 


1 Dewhurst, J. Chem. Phys., 1956, 24, 1254; J. Phys. Chem., 1959, 68, 813. 
* Hamashima, Reddy, and Burton, J. Phys. Chem., 1958, 62, 246. 

* Nixon and Thorpe, J. Chem. Phis., 1958, 28, 1004. 

* Burton and Patrick, J. Phys. Chem., 1954, 58, 421. 

® Hentz, J. Phys. Chem., 1955, 59, 380. 

® Schubert and Schuler, J. Chem. Phys., 1952, 20, 518. 

? Adams, Baxendale, and Sedgwick, J. Phys. Chem., 1959, 68, 854. 
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Materials.—‘‘ Spectrosol ’’ grade cyclohexane (Hopkin and Williams Ltd.) was fractionally 
crystallised to remove saturated hydrocarbon impurities. The quinones were resublimed, 

Reaction Products.—(a) A solution of benzoquinone (3-0 g.) in cyclohexane (625 ml.) under 
nitrogen was exposed to the radiation of a (nominally) 100-curie ®°Co source for 118 hr. (energy 
input = 3-1 x 107% ev). The dark green solid (1-27 g.) which separated was recrystallised 
from ethanol and then had m. p. 169—172°, undepressed by authentic quinhydrone. The 
deep yellow filtrate was passed through a column of alumina (acid-washed). Elution of the 
column with benzene and evaporation of the eluate gave 2,5-dicyclohexylbenzoquinone as an 
orange oil (0-240 g.) which solidified and on crystallisation from ethanol gave pale yellow plates, 
m. p. 138—139° (Found: C, 79-45; H, 9-0; O, 11-75. C,,H,,O, requires C, 79-35; H, 8-9: 
O, 11-75%), Amax. (in EtOH) 261, 312 my (ec 13,700, 560); vax (in KBr) 2924s, 2849ms, 16495, 
and 1447ms cm.. The quinone was reduced with zinc and boiling acetic acid to the quinol, 
which crystallised from benzene in colourless needles, m. p. 225° (Found: C, 78-85; H, 9-85; 
O, 11-5. C,sH,,O, requires C, 78-8; H, 9-95; O, 11-65%), Amax, (in cyclohexane) 291 muy (e 
4250); Vmax. (in KBr) 3311s, 2924s, 2857ms, 1445m, 1422m, 1176s, and 871m cm.. The 
quinone on reduction with zinc dust and sodium acetate in boiling acetic anhydride gave the 
quinol diacetate, m. p. 202—203° (from chloroform-—light petroleum) (Found: C, 73-7; H, 8-3, 
Cy.H 90, requires C, 73-7; H, 8-45%). 

The orientation of the groups in the disubstituted quinone follows from a comparison of 
the infrared spectra of its quinol and the derived diacetate with the spectra of the 2,3-, 2,5., 
and 2,6-dimethylquinol.* The nuclear magnetic resonance spectrum of the quinone confirms 
that the cyclohexyl groups cannot be in the 2,3-relation, since a band in the olefinic C—H region 
is split as a doublet with a separation of about 1 c./sec., indicative of coupling between the 
olefinic proton and one allylic proton.® 2,5-Dicyclohexylbenzoquinone proved to be identical 
with the quinone obtained by oxidising the product, isolated in 1-5% yield, of the reaction of 
cyclohexyl toluene-p-sulphonate and quinol at 120°.1° 2,5-Dicyclohexylquinol and _ its 
diacetate have the same m. p.s as those reported by Fieser e¢ al.1! for a dicyclohexylquinol, 
formed by the reaction of cyclohexene and quinol in the presence of hydrogen fluoride, and its 
diacetate. 

(b) p-Toluquinone (5 g.) in cyclohexane (625 ml.) under nitrogen was irradiated for 160 hr. 
The green-black solid which separated was removed and the filtrate treated as in (a). A 
yellow oil was obtained which on distillation at 10 mm. gave a fraction (bath-temp. 160—180°) 
which solidified below room temperature. The oil (0-30 g.), on reduction with zinc dust and 
boiling acetic acid, gave 2-cyclohexyl-5-methylquinol (0-20 g.), m. p. 149—150° (from benzene) 
(Found: C, 75-6; H, 8-9; O, 15-7. C,,;H,,O, requires C, 75:7; H, 8-8; O, 155%), Amax. (in 
cyclohexane) 292 my (e 5000), vmax (in KBr) 3300s, 2925s, 2857m, 1422s, 118lvs, 870s cm.”. 
In one irradiation an orange oil was obtained, having ,*! 1-5412, which was a mixture of 
isomeric dicyclohexylmethylbenzoquinones (Found: C, 79-7; H, 9-4. Calc. for C,,H,,0,: 
C, 79-7; H, 9-15%), Amax, (in EtOH) 264 my (e 22,600), vmax (liquid) 2923s, 2866s, 1651s, 1605m 
cm.*, 

Quantitative Studies.—(a) Solutions contained in break-seal ampoules were degassed, sealed, 
irradiated in reproducible positions with respect to the source, and then broken into a vacuum- 
line. The gas, non-condensable at — 196° and assumed to be hydrogen,! was passed by means 
of a Tépler pump into a gas-burette. The remainder of each sample was run through a short 
column of alumina to remove quinone and its derivatives. The yield of cyclohexene was 
obtained by measuring the light-absorption intensity of the eluate at 183 muy, e for pure cyclo- 
hexene being 7800 (in cyclohexane). The yield of bicyclohexyl in the eluate was obtained by 
adding a known amount of phenylcyclohexane, evaporating off most of the cyclohexane, and 
subjecting the residue to gas-liquid chromatography. The relative areas of the peaks due to 
bicyclohexyl and phenylcyclohexane when compared with those of standard mixtures gave 
yields of bicyclohexyl considerably lower than those reported by Dewhurst, and somewhat 
lower than the value derived by the isotopic-dilution method described below. In the absence 
of the standard, two other peaks could be discerned at slightly longer retention times than 
that of bicyclohexyl and these are assumed to be due to cyclohexenylcyclohexane ® and (very 


® Cf. Bellamy, “‘ The Infrared Spectra of Complex Molecules,” Methuen, London, 1954, p. 64. 
® Cf. Roberts, “‘ Nuclear Magnetic Resonance,” McGraw-Hill, New York, 1959, p. 54. 

1 Cf. Hickinbottom and Rogers, J., 1957, 4124. 

1 Fieser et al., J]. Amer. Chem. Soc., 1948, 70, 3186. 
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tentatively) bicyclohexenyl. The yields of the last two entities, relative to bicyclohexyl, were 
obtained from the areas under the three peaks. , 

(b) The yields of products derived from benzoquinone were obtained by diluting the 
irradiated solution with ethanol and determining the light-absorption intensities at 241 
(benzoquinone), 260 (dicyclohexylbenzoquinone), and 291 my (quinols). The solutions were, 
as far as possible, kept in the dark since bands appeared at 260 and 291 my when solutions of 
quinone in cyclohexane were exposed to the light. When only small amounts of 2,5-dicyclo- 
hexylquinol were present, quinol could be determined by evaporating the irradiated solution 
to dryness, dissolving the residue in dilute sulphuric acid, and titrating it with standard ceric 
sulphate, diphenylamine sulphate being used as indicator. 

Dosimetry.—The radiation doses received by samples in standard positions with respect to 
the source were determined by ferrous ammonium sulphate dosimetry, 15-6 ferrous ions being 
assumed to be oxidised by 100 ev.%* The dose rate was ca. 5 x 10'* ev ml.! min... In 
quantitative studies we used for most samples (volume 10 ml.) a standard energy input of 
6 x 102 ev, and the dependence of G values on dose given was not studied. 

Isotopic-dilution Method for Cyclohexene and Bicyclohexyl.—{“C}Cyclohexane (1 mc., supplied 
by the Radiochemical Centre, Amersham) was distilled under a vacuum into an ampoule 
containing ‘‘ Spectrosol "’ cyclohexane (5 ml.), and the sealed ampoule irradiated for 288 hr. 
Inactive cyclohexene (0-1 ml., freshly distilled from sodium) and bicyclohexy]l (0-1 ml.) were 
added and the solution was distilled at atmospheric pressure. The residue was fractionally 
distilled under reduced pressure and the radioactivity of a portion of the high-boiling distillate 
(bath-temp. 160°/24 mm., mainly bicyclohexyl) was counted in “ diethylcarbitol,’’ a methane- 
flow proportional counter being used. The remainder of the high-boiling distillate was 
subjected to gas-liquid chromatography on an 11 ft. silicone-Celite column. The activity of 
the fraction consisting of bicyclohéxyl and its olefinic analogues was significantly lower than 
before chromatography but was not altered on rechromatography. Part of the atmospheric- 
pressure distillate was combusted in a microanalytical apparatus. The carbon dioxide 
produced was collected and absorbed in a ca. 2% solution of phenyl-lithium in “ diethylcarbitol,” 
and the radioactivity of the reaction mixture counted,* thus enabling the activity of the cyclo- 
hexane used to be calculated. The remainder of the atmospheric-pressure distillate was 
treated in the dark with a solution (2 ml.) of bromine (1-118 g.) in cyclohexane (10 ml.) at 0° 
with stirring. The mixture was distilled, and the residue of dibromocyclohexane fractionated 
under reduced pressure, two fractions being collected and a small residue rejected. The 
activity of the higher-boiling fraction was measured in “ diethylcarbitol.’’ Redistillation 
of this fraction gave a middle cut having a substantially unchanged specific activity. Further 
purification was not attempted. Typical values for the activities of cyclohexane, bicyclo- 
hexyl, and dibromocyclohexane were 4867, 956, and 206 counts min.+ mg.", respectively. 
Since the energy input was 3-66 x 10?! ev, the derived G values for bicyclohexyl and cyclo- 
hexene are 2-15 and 2-26 respectively. 


RESULTS AND DISCUSSION 


y-Irradiation of a solution of benzoquinone in cyclohexane gives a mixture of quinol, 
which separates as quinhydrone, and 2,5-dicyclohexylbenzoquinone and its quinol. There 
is no evidence of the formation of any monocyclohexylated product, or of any ethers 
derived from quinol. 

The formation of 2,5-dicyclohexylbenzoquinone may be represented as shown in the 
chart. The oxidation of 2,5-dicyclohexylquinol to the corresponding quinone by benzo- 
quinone has been confirmed separately. Nuclear substitution of benzoquinone has 
previously been observed with very reactive free radicals. For instance, Kharasch and 
his co-workers 1 obtained 2,5-disubstituted quinones when the reaction of t-butyl peroxide 
and benzoquinone was carried out in the presence of butadiene and a ferrous salt. Less 
reactive radicals, such as triphenylmethyl and 2-cyano-2-propyl, react with quinone to 
give ethers of quinol.'® The postujate that very reactive cyclohexyl radicals and hydrogen 

* Hochanadel, J. Chem. Phys., 1953, 21, 880. 

3 Hardy, Ph.D. Thesis, London, 1958. 


“ Kharasch, Kawahara, and Nudenberg, J. Org. Chem., 1954, 19, 1977. 
® Bickel and Waters, /., 1950, 1764. 
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atoms are formed on irradiation of cyclohexane thus accounts rationally for the production 
of 2,5-dicyclohexyl-benzoquinone and -quinol, when benzoquinone is present. 
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Irradiation of cyclohexane solutions of toluquinone results in the formation of a mono- 
cyclohexylated product, 2-cyclohexyl-5-methylbenzoquinone, as shown by the infrared 
spectrum of its quinol. In at least one case, however, a mixture of dicyclohexylated 
quinones was produced. 

. Quantitative Studies.—The effect of benzoquinone concentration on the yields of the 
main reaction products is shown in Fig. 1. The hydrogen yield decreases smoothly with 
increasing quinone concentration. Pure cyclohexane was found to give hydrogen with 
G = 5-3 + 0-2, in good agreement with values previously reported.’?7 G(H,) for un- 
purified “‘ Spectrosol ” cyclohexane was found to be 4-9 +. 0-2. It must be borne in mind 
that appreciable amounts of reaction products are formed by the rather large radiation 
dose given, about 20 joules/g., and that these “ impurities ” will decrease the hydrogen 
yield below the true value for cyclohexane.® The variation of G(H,) with quinone 
concentration reported here is in excellent agreement with the results recently published 
by Adams, Baxendale, and Sedgwick,? and may be compared with the effect of iodine, 
which causes a much more rapid decrease.” The decrease in hydrogen yield is paralleled 
by the decrease in the yield of bicyclohexyl. In the absence of solutes, bicyclohexyl and 
its unsaturated analogues are produced with G = 2-2 + 0-2, which is in good agreement 
with the value of 2-4 for the yield of non-volatile residue obtained by allowing irradiated 
cyclohexane to evaporate. Clearly, very little polymeric material of high molecular 
weight is formed. Dewhurst! has reported that electron bombardment of cyclohexane 
produces bicyclohexyl with G = 2:0. From the gas-liquid chromatograms we conclude 
that bicyclohexyl is produced with G = 1-6, and that the presumed cyclohexenylcyclo- 
hexane and bicyclohexenyl are formed with G values of 0-5 and ca. 0-1 respectively. 
These values, together with the value of 2-4 + 0-2 for G (cyclohexene), give an acceptable 
hydrogen balance: 


” 


Product G (product), obs. G (H,), calc. 
Bicyclohexyl 1-6 1-6 
Cyclohexenylcyclohexane “5 1-0 
Bicyclohexeny] (?) ; ~0-3 (?) 
Cyclohexene . 2-4 


Hydrogen 53 


The cyclohexene yield, measured by vacuum-ultraviolet spectroscopy, agrees well with 
the result by isotopic dilution (G = 2-3 + 0-2). Dewhurst! obtained G = 2-5 by using 
infrared and gas-liquid chromatographic methods, which we regard as less satisfactory 
than our analytical methods.* The presence of quinone scarcely affects the yield of 


* Nixon and Thorpe * report a much lower yield, possibly due to the larger dose (4-8 x 10” ev/g) 
and dose rate employed. 

© Guenther, Hardwick, and Nejak, J. Chem. Phys., 1959, 30, 601. 

17 Burton, Chang, Lipsky, and Reddy, Radiation Res., 1958, 8, 203. 
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cyclohexene. Evidently quinone, unlike oxygen which reduces G(C,H 9) to 1-1, is unable 
to interfere with this dehydrogenation which has been regarded as an elimination of 
molecular hydrogen." 

The yields of quinol, dicyclohexylquinol, and dicyclohexylbenzoquinone at various 
concentrations of benzoquinone are shown in Fig. 2. If the scheme given above for the 
formation of cyclohexylated products is correct, every molecule of dicyclohexylbenzo- 
quinone produced must be accompanied by one molecule of quinol. G values for quinol 
are always rather larger than the values for dicyclohexylquinone, so some of the former 
must be produced by another route. Up to quinone concentrations of about 5 x 10°m 
the yield of the “‘ excess ’’ quinol is almost identical with the decrease in hydrogen yield 
compared with G(H,) in the absence of quinone. This suggests that benzoquinone is 
capable of scavenging, though not very efficiently, hydrogen atoms produced in the radio- 
lysis. At quinone concentrations above 5 x 10%m the amount of quinol produced is too 
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small to account for the observed decrease in hydrogen yield, and apart from this, more 
benzoquinone disappears than can be accounted for on the basis of the yields of the other 
products. Possibly a truly radiation-induced reaction of benzoquinone, or perhaps 
quinhydrone, occurs to give unidentified products of higher molecular weight. A study 
of this reaction is made difficult by the low solubility of benzoquinone in cyclohexane. 
The sum of the G values for bicyclohexyl and its unsaturated analogues, dicyclo- 
hexylbenzoquinone, and dicyclohexylquinol, at a particular benzoquinone concentration, 
approximates fairly reasonably to the G value for bicyclohexyl and its analogues in the 
absence of quinone. This suggests that the radical yield is not affected by the presence 
of quinone, as the formation of these compounds presumably involves cyclohexyl radicals. 
The effect of benzoquinone in the radiolysis of cyclohexane shows some similarities to 
the effect of iodine. Thus the decrease in G(H,) as the iodine concentration is raised 
from 0 to 10°2m is about 2. A similar decrease has been observed by Burton e¢ al.,!” who 
have also shown that the addition of larger concentrations of iodine up to 3 x 10-°m has 
little further effect. The radical yield, as measured by G for the formation of alkyl iodides, 
is scarcely affected.8 A significant difference, compared with benzoquinone, is that very 
little, if any, hydrogen iodide can be detected.’18 Burton and his co-workers have 
attempted to account for the effect of iodine by suggesting that it inhibits the formation 
of hydrogen by the molecular process. Clearly, benzoquinone does not act in this way. 


#* Fessenden and Schuler, J. 4mer. Chem. Soc., 1957, 79, 273. 
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Our attempts to measure G(C,H,9) in the presence of iodine have been unsuccessful; 
evidently the alkyl iodides formed have high light-absorption intensities in the far ultra. 
violet, and their presence vitiates our analytical method for cyclohexene. 


We are indebted to the U.K.A.E.A. (Research Group), Harwell, for financial support. We 
thank Dr. J. Hannah for carrying out preliminary studies, Mr. W. H. T. Davison and Dr, 
A. J. Swallow for helpful discussions, Dr. L. M. Jackman for carrying out and interpreting the 
nuclear magnetic resonance spectra, Dr. D. W. Turner for his invaluable assistance with the 
radiochemical work and the far ultraviolet spectroscopic measurements, and Miss J. Cuckney 
for carrying out the combustions. f 
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448. The Elimination of Non-angular Alkyl Groups in 
Aromatisation Reactions. Part IV.* 


By WEsLEY Cocker, L. O. Hopkins, (Mrs.) L. MABRouk, (Miss) J. McCormick, 
and T. B. H. McMurry. 


New di-, tri-, and tetra-alkylnaphthalenes have been synthesised, 
including two completely substituted in the peri-positions. Their infrared 
spectra are recorded. Spectroscopic characteristics of the last two com- 
pounds show no abnormalities which could arise from overlap of the alkyl 
groups. 

Two cases of the loss of ethyl group during dehydrogenation with selenium 
and with palladised charcoal are reported. 


Tue fifteen polyalkylnaphthalenes (Ia—r) have been synthesised by conventional methods 
shown by the formule. We have also synthesised 1-methoxy-8-methylnaphthalene (Iu) 
and 8-methyl-l-naphthol (Iv). 

All the benzoylpropionic acids (II; R* = H) were known compounds, and the stages 
leading to the naphthalenes are well characterised. However, we prepared 1-ethyl-3- 
methylnaphthalene (Ia) by two routes, namely, from methyl $-benzoyl-«-methylpropionate 
(IIa), obtained from benzene and methylsuccinic anhydride,’ and from §-benzoyl-¢- 
methylpropionic acid (IIb) obtained by the condensation of «-bromopropiophenone and 
ethyl sodiomalonate. In the first route the ethyl group was introduced at the (Ila—» 
IIIa) stage, and in the second route this group was introduced at the (Vb —» VIIa) stage. 

Methyl 6-benzoyl-a-ethylpropionate (IIc) was the starting material for the synthesis 
of 3-ethyl-l-methylnaphthalene (Ib). We prepared the acid by the aluminium chloride- 
catalysed condensation of benzene and ethylsuccinic anhydride in methylene chloride. 
The position of the ethyl group was established by the ready formation of the benzylidene 
derivative (IId). Its position conforms with earlier work 23 on the reaction of unsym- 
metrical succinic anhydrides with aromatic hydrocarbons in ionising solvents. It might 
be added that the acid corresponding to (IIc) has previously * been prepared by other 
routes. 

We found that conversion of the keto-esters (II) into the unsaturated acids (III) in 
good yield required use of boiling toluene and an excess of Grignard reagent. Under these 
conditions the predominant product was always the acid and not the corresponding ester. 


* Part III, J., 1954, 2420. 

1 Mayer and Stamm, Ber., 1923, 56, 1424. 

2 Berliner, Org. Reactions, 1949, §, 242, 275. 

3 Cocker, Cross, Fateen, Lipman, and Whyte, Chem. and Ind., 1949, 641; Cocker, Cross, Fateen, 
Lipman, Stuart, Thompson, and Whyte, J., 1950, 1781; Cocker, Fateen, and Lipman, /., 1951, 926; 
cf. Baddar, Fahim, and Fleifel, J., 1955, 2199. 

* Buchta and Haagner, Chem. Ber., 1948, 81, 251, who also give references to earlier work. 
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The de-esterifying reagent is probably MgI-OH liberated in the formation of the double 
bond. 

Palladised charcoal was used for dehydrogenation of the reduced naphthalenes (VI) 
and (VII). We encountered two cases where an alkyl group was eliminated during this 
reaction: when we heated 4,5,8-triethyl-1,2-dihydronaphthalene (VIII) with palladised 
charcoal at 260—280° we obtained 1,4-diethylnaphthalene; and when 1,5,8-triethyl- 
1,2,3,4-tetrahydronaphthalene (IX) was heated with selenium at 340° 1,4-diethylnaphthal- 
ene was again obtained. Neither palladised charcoal nor sulphur effected the latter 


Alkyl Groups in Aromatisation Reactions. 


4 


cunt f- R' CO.H CO,H 
2 2 4 4 
an | R R R 
R> 
Rr? oO 
Ila (1); Rt = R* = Me IIIa; R4= Me, R®= Et R4 = Me, R°= Et 
IIb (1); R = Me IIIb; R4 = Et, R® = Me IVb; R= Me 
IIc (4); R'= Et, R* = Me IIIc; R*? = R* = Et IVc; R* = Et, R& = Me 
IId; R® = <CHPh, R* = Et IIId; R* R® = Me IVd; R? R®— Et 
Ile (5); R? = Et, R* = Me IIIe; R? = Me, R® = Et IVe; R¢‘= R°= Me 
IIf (6); R? = R* = Me IIIf; R? = Et, R= Me IVf; R? = Me, R° = Et 
IIg (2); Rt = R? = R* = Me IIlIg; R? = R* = Me, R® = Et IVg; R? = Et, R= Me 
IVh; R! = R?= Me, R*= Et 
(Numerals in parentheses are literature references.) IVj; R? = OMe 





WAN 
R? Re 


' Via; R* = Me, R* = Et 
, R : VIb; R*= Et, R®= Me 
R R Vic; R? = R*= Et 
RS VId; R? = OMe, R*® = Me 


Re 
6 


Vila; 

VIIb; 

Vile; 

VIId; 

Vile; 

VIIf; 

VIlg; 

VIith; 

; VIlj; 
ik; R? = OMe, R*§ = VIIk; 
VII; 

Vilm 


R7 


R? R* 
RS 
R? R® 
R5 = Me, R? = Et 
R? = R?= Et 
Et, R® = R? = Me 
= R7 = Me, R°= Et 
R® = Me, R? = Et 
R? = Me, R°= Et 
Me, R®¢ = R? = Et 
Me, R¢= R?7=Et 
R* = Et, R? = Me 
R? = R? = Et, R® = Me 
R?= R°=R?=Et 
; Ri = R? = R? = Me, 


Huu ut 


R® = Et 
VIIn; R! = R? = Me, R&= R? = Et Ip; R! = R? = R*° = Me, R? = Et 


R' R’ 
R? R‘ 
RS 
R? Re 
Ia; R*= Me, R°= Et 
Ib; R* = Et, R® = Me 
Ic; R?= R°= Et 
Id; R®?=R?7=Et 
Ie; R* = Et, R& = R? = Me 
If; R4& = R? = Me, R= Et 
Ig; R* = R® = Me, R? = Et 
Ih; R? = R? = Me, R® = Et 
Ij; R* = Me, R® = R? = Et 
Ik; R? = Me, R® = R?7 = Et 
Il; R? = Me, R?= R® = Et 
Im; R* = Me, R? = R? = Et 
In; R® = R® = R? = Et 


Ir; R? = R®? = Me, R® = R? = Et 


Iu; R? = Me, R? = OMe 
Unless other wise stated, the substituents R'—R? are H. Iv; R! = Me, R? = OH 


Reagents: |, R®Mgl. 2, Hg-Ni. 3, HsPO,-P,0;. 4, Zn-Hg-HCl. 5, R’Mgl. 6, Pd-C. 


dehydrogenation, the tetrahydro-compound being recovered unchanged. These results 
confirm the experience of Cocker et al.?- We also found that 1,2,3,4-tetrahydro-5-methoxy- 
4-methylnaphthalene (VId; se¢é below) was partly demethoxylated when heated with 


5 Baddar and Warren, J., 1939, 944. 
* Barnett and Sanders, /J., 1933, 434. 
7 Cocker, Cross, Edward, Jenkinson, and McCormick, J., 1953, 2355. 
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palladised charcoal. This also accords with our previous experience. Thus 1-ethyl- 


1,2,3,4-tetrahydro-8-methoxy-5,7-dimethylnaphthalene loses its methoxyl group on de. 
hydrogenation with palladised charcoal, as also does 1-ethyl-1,2,3,4-tetrahydro-5-methoxy- 
7,8-dimethylnaphthalene.’ 

Table 1 shows that the polyalkylnaphthalenes have the characteristic absorption of 
naphthalenic hydrocarbons,’ with the expected progressive shift of the maxima to longer 
wavelengths ® with increasing substitution. 

As expected the two naphthalenes completely substituted in the peri positions (Ip 
and Ir) do not show any change in naphthalenic absorption. There may be some distortion 
of the nucleus from the planar form arising from interference between the alkyl groups, 
but this would certainly not be so great as in octamethylnaphthalene where the non-planar 
nucleus shows no abnormal spectroscopic properties.® It appears that some out-of- 
plane distortion of the naphthalene nucleus is permissible without loss of resonance between 
the nuclei. 

Relatively few polyalkylnaphthalenes have been studied in the infrared region. The 
spectra of a few monosubstituted ™ and polysubstituted !* alkylnaphthalenes have been 
recorded. 

For purposes of correlation, the infrared spectra of naphthalenes may be divided into 
five regions, namely, (a) 4000—2000, (b) 2000—1650, (c) 1650—1300, (d) 1300—950, and 
(e) 950—650 cm.. Region (a) contains the =CH stretching vibrations,!* and Table 2 
shows that, whilst there is some slight variation in the position of this band with change 
in substitution pattern, there seems to be no regularity about it. We have not measured 
the weak bands which occur in region (6). Region (c) may be divided into two groups, 
those in the 1500—1600 and those in the 1380—1460 cm.* range. 


TABLE 1. Ultraviolet-light absorption of polyalkylnaphthalenes (measured in ethanol). 


No. Naphthalene Amax. (A) (intensity, loge, in parentheses) 
Ia St-3-) 2240(4-95), 2760—2800(3-80), 3210(2-65) 
Ib St-1-] 2300(4-87), 2870(3-83), 3230(2-91) 

Ic 1, 2270(4-85), 2790(3-62), 3210(2-75) 

| ee 2280(5-35), 2800(3-83), 3210(2-58) 

If 4-Et-l, 2310(4-97), 2910(3-83), 3250(2-91) 

Ig -2,4-] 2310(4-93), 2910(3-93), 3250(2-96) 

Ih -4,6- 2300(4-85), 2900(3-87), 3240(2-94) 

Ij 4 I 2300(4-82), 2910(3-85), 3250(2-84) 

Ik 1, -6-) 2310(4-91), 2900(3-95), 3250(3-09), 3555(2-33) 
Il ‘ I 2300(4-86), 2890(3-66), 3240(2-57) 

Im 4, M 2320(4-83), 2900(3-82), 3240(2-85) 

In 1,4, 2310(4-82), 2880(3-83), 3240(2-84) 

Ip St-4,5,8-Me, 2335(4-85), 2920-——2930(3-74), 3290(3-05) 
Ir 2340(4-95), 2910(3-83), 3270(2-77) 


The trisubstituted naphthalenes can be divided into two groups for comparison 
purposes. The first group consists of 4-ethyl-1,2-dimethyl- (If), 1-ethyl-2,4-dimethyl- 
(Ig), and 1,4-diethyl-2-methyl-naphthalene (Ij), and the second of 1-ethyl-4,6-dimethyl- 
(Ih), 1,4-diethyl-6-methyl- (Ik), 1,6-diethyl-4-methyl- (Il), 4,6-diethyl-l1-methyl- (Im), 
and 1,4,6-triethyl-naphthalene (In). 

The naphthalenes of both groups have a relatively strong band at 1620—1625 cm." 
and most of them have a weaker band in the 1600—1610 cm. region. In the cases of 
1-ethyl-4,6-dimethyl- (Ih) and 1,4,6-triethyl-naphthalene (In), however, the latter band is 
at 1593 cm.. Most of the naphthalenes also have a weak band at, or around, 1578 cm.", 


§ Gillam and Stern, “ An Introduction to Electronic Absorption Spectroscopy,”’ Arnold, London, 
2nd edn., 1957, p. 136. 
® Abadir, Cook, and Gibson, J., 1953, 8. 
10 Donaldson and Robertson, J., 1953, 17. 
Broomfield, J. Inst. Petroleum, 1952, 38, 424. 
Cannon and Sutherland, Spectrochim. Acta, 1951, 4, 373; Mosby, J. Amer. Chem. Soc., 1952, 74, 


} Fox and Martin, J., 1939, 318; Proc. Roy. Soc., 1940, 175, A, 208. 
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put for (Ih) and (In) this band is displaced to the lower wave number of 1572 and 1567 
cm. respectively. A further band in the 1504—1516 cm. range is common to-all the 
triakkyInaphthalenes, but it is significant that 1,4,6-triethylnaphthalene once again has 
its band at the bottom of this wave-number range. The last compound also has a more 
detailed spectrum in the 1500—1600 cm.* range than the other naphthalenes. 


Ec €t Ec €Et 


(VIII) = Et Et (IX) 


It is perhaps significant that the three trisubstituted naphthalenes (If), (Ig), and (Ij), 
which have the three alkyl groups in the same nucleus, have a band at 1468—1478 cm. 
which is absent from the spectra of the other trialkylnaphthalenes. Otherwise all the 
triakkylnaphthalenes have reasonable similarity of spectrum in the 1370—1460 cm.*! range. 

The naphthalenes show a pair of close bands in the 1450—1470 cm.* region due to 
-CH,. In some cases this appears as a broad band with a shoulder as for example in the 
spectrum of (II). 

The two tetrasubstituted naphthalenes are, as expected, very similar in spectrum at 
both ends of region (c), and need no special comment. 

Region (d) is characterised by relatively weak bands shown by aromatic compounds. 
In general the position of the bands varies with the type of benzenoid substitution pattern, 
although data refer largely to substituted benzenes only. In the region (e) the bands are 
due to the out-of-plane deformation vibrations of the hydrogen atoms remaining on the 
ring; 14 again published data are largely for substituted benzenes, and our interpretations 
in Table 2 are therefore somewhat speculative. 

During this investigation we prepared 1l-methoxy-8-methylnaphthalene (Iu) and 
§-methyl-l-naphthol which were required for another purpose. The method adopted was 
as shown in annexed formule. 

8-o-Methoxyphenylbutyryl chloride (X; R = Cl) was obtained by a two-stage process 
from 4-methylcoumarin. The chloride was converted by the Arndt—Eistert process into 
y-o-methoxyphenylvaleramide (XI; R = NH,) which was then hydrolysed with alkali 
to the corresponding acid (XI; R= OH). The two-stage process was found to give more 
satisfactory yields than the direct conversion of the chloride into the homologous acid. 
Ring-closure of the acid with polyphosphoric acid afforded the tetralone (Vk). 

A second compound to which we assign structure (XII) was obtained, in not insignificant 
yield, as a by-product of the cyclisation of the acid (XI; R= OH). Its analysis and 


COR 


CO,H 3 
—» —_> 
FZ 
Me MeO 


Me 
(XI) 


(Iv) <— (Iu) <— (VId) <— (vk) ° * 
Me QO HO 
Me Me << & 
Me y OMe Me ‘ «pie 
(XII) e © Me (XIIT) 
Reagents: |, OH~, then Me,SO,. 2, Hg-Pt. 3, Arndt—Eistert. 4, H3sPO,-P,Os. 


molecular weight indicated formula C,.H,.0,(OMe),. In the ultraviolet spectrum it gave 
a single maximum at 2750 A (log < 4-43) and in the infrared region it showed bands at 
™ Bellamy, ‘‘ The Infra-red Spectra of Complex Molecules,’ Methuen, London, 2nd edn., 1958, p. 75. 





2234 


Cocker et al.: The Elimination of Non-angular 


TABLE 2. Infrared spectra (cm.") of substituted naphthalenes (liquid films) 


Naphthalene 
Ia 
1-Et-3-Me 


If 
4-Et-1,2-Me, 


Ig 
1-Et-2,4-Me, 


Th 
1-Et-4,6-Me, 


lj 
1,4-Et,-2-Me 


Ik 
1,4-Et,-6-Me 


Il 
1,6-Et,-4-Me 


Im 
4,6-Et,-1-Me 


Aromatic 
=C-H 
3000 
3107, 3006 


3080, 2967 


3034, 3000 


3040, 2956 


3116, 3000 


3120, 3000 


3050, 3000 


C-Me 
3000—2850 
2839 


2933, 2866 


2966, 2894 


2979 2920 


2964, 2893 


2958, 2893 


2984, 2912 


C=C 
1600—1500 
1634, 1612, 
1516 


1600, 1556w, 


1517 


1628, 1600, 
1572w, 
1506 


1630, 1602, 
1580w, 
1514 


1616, 1585, 
1528 


1620 
1605w, 
1578w, 
1514w 


1625, 1594, 
1572, 1564, 
1553, 1508 


1622, 1609, 
1578w 
1520ms 


1625, 1600, 
1512 


1612, 1600, 
1575w, 
1506 


1629, 1604, 
1585w, 
1515 


C-Me 


1450—1370 


1459, 1404, 
1378 


1467, 1453, 
1376 


1447, 1370 


1453, 1377 


1472, 
1424w, 
1390 


1478, 1449, 
1400, 1378 


1460, 1444, 
1430, 1372 


1468, 1459, 
1422w 
1390, 1378 


1463, 1453 


1448 s, br, 
1373, 1336 


1454, 1430, 
1379 


Benzenoid 
substitution 
pattern 
1280—950 
1278, 1228, 1137, 

959 

(1,2-di) 

1047 
(1,2,3,5-tetra) 


1269, 1216, 1113, 
1038, 956 
(1,2-di-) 

1164, 1065, 994w 
(1,2,3,4-tetra-) 


1256, 1204, 1159, 
1050 

(1,2,3-tri-) 
1084w, 1000 
(1,2,4-tri-) 

955, 947 

1260, 1236, 1207, 
1147, 1062 
(1,2,3-tri-) 

1162, 1078, 1016 
(1,2,4-tri-) 

953, 964 


1256, 1227, 1178, 
1168, 1090, 1031, 
1000, 953 
(1,2-di-) 

1065, 1040w 
(1,2,3,4,5-penta) 


1270, 1165, 1153, 
1031, 1009 
(1,2-di-) 

1214, 1050 
(1,2,3,4,5-penta-) 
952 


1262, 1223, 1208, 
1159, 1128, 1070, 
1050, 1025 
(1,2,4-tri-) 


1266, 1178, 1165w, 

1093, 1040, 970 

(1,2-di-) 

1219, 1072, 1062 

(1,2,3,4,5-penta-) 

968 

1266, 1240, 1215, 

1165, 1145, 1080, 

1070, 995 

(1,4-di- and 1,2,4- 
tri-) 

962 

1266, 1189, 1055, 

1027, 962 

(1,2,4-tri-) 

1208, 1156, 1136 

(1,2,3,4-tetra-) 


1270, 1166, 1106 
1078, 1025w, 963 
(1,2,4-tri-) 

1213, 1144 
(1,2,3,4-tetra-) 


Adjacent 
free 
H atoms 
950—700 
872, 852, 819 


875w, 841 
(2 adj. H) 
789, 775w, 
763, 750 

(4 adj. H) 


885, 870 
(1 free H) 
819 

(2 adj. H) 
790, 747 
(3 adj. H) 
880 

(1 free H) 


884, 862w 
(1 free H) 
759 


(4 adj. H) 


942, 812, 784w, 


778w 


890, 867, 853w 
(1 free H) 
750 


‘ 
(4 adj. H) 
804, 783, 695 


884 

(1 free H) 
860, 812 

(2 adj. H) 
785, 764, 740 
884 

(1 free H) 
766 

(4 adj. H) 
816, 850w, 
753, 714 
891, 880 

(1 free H) 
840, 825 

(2 adj. H) 
793, 782, 758 


872 

(1 free H) 
822 

(2 adj. H) 
928, 779, 747, 
700 

878 

(1 free H) 
831 

(2 adj. H) 
813w, 778, 697 
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TABLE 2. (Continued.) 
Benzenoid Adjacent 
Aromatic substitution free 
=C-H C-Me =C C-Me pattern H atoms 
Naphthalene 3000 3000—2850 1600—1500 1450—1370 1280—950 950—700 
3000 2966, 2903 1621, 1593, 1456, 1447, 1260, 1160w, 873 
1567w, 1367 1075w, 1056w, (1 free H) 
1550w, 1026, 990 825 
1531w, (1,2,4-tri-) (2 adj. H) 
1504 1200w, 1141 781 
(1,2,3,4-tetra-) 
953 
Pp 2937, 2886 1623, 1605, 1465, 1453, 1272w, 1216, 1153, 817 
1-Et-4,5,8-Me, 1578w, 1406, 1384 1142w, 1095w, (2 adj. H) 
1513w 1070w, 1057, 1037, 928w, 890w, 
1021w 862, 847w, 765 
(1,2,3,4-tetra- and 
1,4-di-) 
Ir 3080, 3000 2953, 2898 1619w, 1608, 1456, 1465, 1214, 1152, 1057, 819 
1,4-Et,-5,8-Me, 1588w, 1412w, 1035 (2 adj. H) 
1502w 1381, (1,2,3,4-tetra- and 907w, 884, 875, 
1320w 1,4-di-) 855, 760w 


1673 (Ar-CO) and at 1605, 1578, and 1504 cm.+ (C=C). Hydroxyl infrared absorption 
varied with the medium. In chloroform where hydrogen bonding is unlikely, the substance 
showed a band at 3583 cm.! and in Nujol at 3450 cm. indicative of hydrogen bonding. 
Models show that hydrogen bonding in (XII) is possible. Attempts to dehydrate this 
compound with boiling acetic anhydride, and with phosphorus oxychloride, both of these 
alone and in pyridine, left the compound unaffected. 

The spectra and properties of compound (XII) are reminiscent of those of the analogue 
(XIII) described by Cocker and Jenkinson, and we feel justified in suggesting structure 
(XII), with its highly hindered and hydrogen-bonded carbonyl group, for the by-product. 


EXPERIMENTAL 

Ultraviolet spectra refer to ethanol solutions, and infrared spectra of oils to liquid films and 
of solids to Nujol mulls. : 

1-Ethyl-3-methylnaphthalene (la).—(i) 2-Methyl-4-phenylhex-3-enoic acid (IIIa). {§-Benzoyl- 
a-methylpropionic acid 4 (cf. Ila; but R* = H) (38 g.) with diazomethane in methanol-ether 
gave methyl 8-benzoyl-a-methylpropionate (Ila) (37 g.) as prisms (from light petroleum), m. p. 56° 
(Found: C, 69-9; H, 6-8. C,,H,,0O, requires C, 69-9; H, 6-8%). (a) Ethylmagnesium iodide, 
from ethyl iodide (39 g.) and magnesium (6 g.) in dry ether (86 c.c.), was slowly added with 
stirring to a solution of the ester (5 g.) in ether (20 c.c.), and the mixture was refluxed for 1 hr. 
and set aside overnight. Decomposition of the complex with ice-cold hydrochloric acid 
afforded methyl 2-methyl-4-phenylhex-3-enoate (0-5 g.), b. p. 165°/17 mm., m,”° 1-5194, Amax. 
2435 A (log © 3-24), Vmax. 1770 cm.“1 (CO,Me) (Found: C, 77-0; H, 8-0. C,,H,,O, requires 
C, 77-0; H, 8-3%). (6b) Methyl 8-benzoyl-x-methylpropionate (IIa) (20-6 g., 0-1 mole) in dry 
ether (100 c.c.) was added dropwise with stirring to ethylmagnesium iodide (0-138 mole) [from 
ethyl iodide (21-5 g.)] in dry ether (50 c.c.), the mixture being kept at 0°. After 30 min. it was 
allowed to warm to room temperature and dry toluene (30 c.c.) was added. Ether was removed 
by distillation, and the residue was heated at 100° for 6 hr. and then worked up in the usual way. 
The required acid was obtained as a colourless oil (16 g.), b. p. 183°/17 mm., Amax. 2390 A (log 
€ 3°91), Vmax, 1716 cm.“? (CO,H) (Found: C, 76-2; H, 7:6. C,,H,,O, requires C, 76-4; H, 7-9%). 
Its S-benzylisothiouronium salt (colourless needles) had m. p. 126° (Found: C, 68-1; H, 6-4. 
C,,H,,0,N,S requires C, 68-1; H, 7-1%). 

(ii) 2-Methyl-4-phenylhexanoic acid (IVa). The acid (IIIa) (15 g.) was reduced in methanol 
(60 c.c.) with Raney nickel (1 g.) at 100°/70 atm. of hydrogen. The required acid (14-2 g.) 
distilled as a colourless oil (12-4 g.), b. p. 183°/17 mM., Vmax, 1706 cm.-! (Found: C, 76-0; H, 8-8. 
C,;H,,0, requires C, 75-7; H, 8-8%). 

(iii) 4-Ethyl-1,2,3,4-tetrahydro-2-methyl-1-oxonaphthalene (Va). 2-Methyl-4-phenylhexanoic 

% Cocker and Jenkinson, J., 1954, 2420. 
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acid (12-4 g.) was added with stirring to cold polyphosphoric acid prepared by heating 90% 
phosphoric acid (33-4 c.c.) with phosphoric oxide (35-3 g.) at 165° for 1 hr. The mixture was 
heated at 165° for 5 min., cooled, and poured into cold water. The tetralone was extracted with 
ether, and the ether was washed with sodium carbonate solution, and distilled, giving an jj 
(8-5 g.), b. p. 101°/1 mm., vngx, 1691 cm. (Ar-CO) (Found: C, 83-0; H, 8-5. C,3H,,0 requires 
C, 82:9; H, 86%). 

(iv) 4-Ethyl-1,2,3,4-tetrahydro-2-methylnaphthalene (VIa). A mixture of the tetralone (Va) 
(3 g.), toluene (60 c.c.), acetic acid (5 c.c.), hydrochloric acid (200 c.c.), water (45 c.c.), and 
amalgamated zinc (80 g.) was refluxed for 60 hr. The toluene layer was separated, the aqueous 
layer was extracted with ether, and the combined extracts were dried and distilled, giving 
4-ethyl-1,2,3,4-tetrahydro-2-methylnaphthalene (Via) (1 g.), b. p. 71°/1 mm. (Found: C, 89-8: 
H, 9-9. C,,H,, requires C, 89-6; H, 10-4%). 

(v) 1-Ethyl-3-methylnaphthalene (Ia). The preceding compound (0-9 g.) was heated at 
260—280° for 4 hr. with palladised charcoal (0-9 g.). The product, collected in ether, distilled 
from sodium as a colourless oil (0-2 g.), b. p. 140°/22 mm., m,** 1-5969 (Found: C, 91-6; H, 84. 
C,,H,, requires C, 91-7; H, 8-3%). Its picrate consisted of brick-red needles (from methanol), 
m. p. 112-5° (Found: C, 57-6; H, 4-4. C,,H,,0,N, requires C, 57-1; H, 4-3%). Its styphnate 
crystallised as yellow needles (from acetic acid), m. p. 119-5° (Found: C, 54-8; H, 4-4. 
C,,H,,O,N, requires C, 54:9; H, 4:1%). Its trinitrobenzene adduct (lemon needles from 
methanol) had m. p. 115° (Found: C, 59-2; H, 4-4. C,9H,,O,N, requires C, 59-5; H, 4-4%), 
Its trinitrotoluene adduct (lemon needles from methanol) had m. p. 75° (Found: C, 59-3; H, 4-9, 
Cy9H,,O,N, requires C, 60-4; H, 4-8%). 

8-Benzoylbutyric Acid (IIb).—a-Bromopropiophenone (45-5 g.) was added to a suspension 
of ethyl sodiomalonate, from sodium (6 g.) and ethyl malonate (45-5 g.) in dry benzene (200 c.c,). 
The mixture was heated at 100° for 6 hr., and the resulting ester was then hydrolysed with 
excess of methanolic potassium hydroxide. In this way (l-benzoylethyl)malonic acid (15 g,), 
m. p. 158°, was obtained. It was heated at 160° until effervescence had ceased and the product 
triturated with light petroleum, 8-benzoylbutyric acid. (5-5 g.), m. p. 56°, being obtained. It 
crystallised from water as colourless prisms, m. p. 58° (lit.,1 m. p. 56—59°). 

8-Methyl-y-phenylbutyric Acid (IVb).—The preceding compound (IIb) was refluxed for 40 hr. 
with concentrated hydrochloric acid (20 c.c.), water (9 c.c.), toluene (12 c.c.), and amalgamated 
zinc (16 g.). The toluene layer was separated and the aqueous layer was extracted several 
times with ether. From the combined extracts $-methyl-y-phenylbutyric acid (IVb) was 
obtained as an oil ?* (3-5 g.), b. p. 172°/15 mm. (Found: C, 73-4; H, 7-6. Calc. for C,,H,,0,: 
C, 74:1; H, 7-9%). In the infrared spectrum it showed peaks at 1716 (CO,H) and at 1794w 
cm.1, the latter probably due to the presence of some 3-methyl-4-phenylbut-3-en-1,4- 
olide. 

1,2,3,4-Tetrahydro-3-methyl-1-oxonaphthalene (Vb).—The acid (IVb) (2-4 g.) was heated with 
concentrated sulphuric acid (16 c.c.) at 90° for 10 min., and the mixture was then poured into 
water. The tetralone was extracted with ether which was washed with sodium carbonate 
solution and then distilled. It was collected as an oil?” (1 g.), b. p. 128°/14 mm. (Found: 
C, 81-5; H, 7-4. Calc. for C,,H,,0O: C, 82:5; H, 7-55%). 

1-Ethyl-3,4-dihydro-3-methylnaphthalene (VIla).—The tetralone (0-9 g.) in ether (20 c.c.) 
was added to ethylmagnesium iodide [from ethyl iodide (5 c.c.)] in ether (30 c.c.) and the mixture 
was refluxed for 3 hr. Decomposition of the complex and collection of the product in ether 
afforded 1-ethyl-3,4-dihydro-3-methylnaphthalene (VIIa) (0-6 g.), b. p. 136°/14 mm. 

3-Ethyl-1-methylnaphthalene (Ib).—(i) Ethylsuccinic anhydride. We found the following 
method to be preferable to the methods of Wren and Crawford #8 and of Smith and Horwitz.” 
Diethyl ethylmalonate (188 g.) was added slowly with stirring to sodium ethoxide, from sodium 
(23 g.) in ethanol (50 c.c.). The mixture was cooled in ice, and sodium iodide (1 g.) was added 
and followed by ethyl chloroacetate (122-5 g.) dropwise with stirring. The mixture was then 
refluxed for 20 hr. with stirring. Alcohol was removed by distillation, and the residue was 
diluted with water and extracted several times with ether from which triethyl butane-1,2,2- 
tricarboxylate was obtained as an oil (150 g.), b. p. 193°/60 mm. The ester was refluxed with 


Cf. Anschiitz and Motschmann, Annalen, 1915, 407, 84. 

7 Cf. von Braun and Stuckenschmidt, Ber., 1923, 56, 1724. 
Wren and Crawford, J., 1937, 230. 
Smith and Horwitz, /. Amer. Chem. Soc., 1949, 71, 3418. 
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excess of concentrated hydrochloric acid until a clear solution was obtained which was then 
evaporated in a vacuum, giving ethylsuccinic acid (60 g.), m. p. 94°. A sample crystallised 
from benzene-ether had m. p. 97°. The acid of m. p. 94° (60 g.) was distilled and the fraction 
of b. p. 235—250° was collected. Redistillation gave ethylsuccinic anhydride (45 g.), b. p. 
146°/25 mm. 

(ii) 8-Benzoyl-a-ethylpropionic acid (cf. IIc; but R* = H). Aluminium chloride (180 g.) 
was added with stirring to ethylsuccinic anhydride (74 g.) in ice-cold benzene (65 c.c.) and 
methylene chloride (225 c.c.), and the mixture was stirred for 18 hr. The required acid (78 g.; 
m. p. 81°) was obtained from the mixture in the usual way. It crystallised from light petroleum 
as needles,* m. p. 85° (Found: C, 70-4; H, 6-6. Calc. for C,,H,,0,: C, 69-9; H, 68%). Its 
methyl ester (IIc) (prepared by use of methanolic sulphuric acid) distilled at 132°/1 mm. and had 
Vmax. 1730 (CO,Me) and 1685 cm. (Ar-CO) (Found: C, 70-4; H, 7:2. C,3H,,O3; requires 
C, 70-9; H, 7°3%). 

(iii) 3-Benzoyl-2-ethyl 4-phenylbut-3-enoic acid (IId). A solution of benzaldehyde (1-06 g.) 
in methanol (15 c.c.) was added to a solution of the above ester (1 g.) and sodium methoxide 
(0-54 g.) in methanol (5 c.c.). The solution was heated at 40° for 10 min. and set aside over- 
night. Methanol was then removed, and the residue acidified with dilute hydrochloric acid and 
extracted with ether. The ethereal extract was washed with sodium bisulphite solution, dried, 
and distilled. The residue, crystallised from light petroleum, gave the benzylidene derivative 
(IId) (1-5 g.) as needles, m. p. 123°, vax, 1702 (CO,H), 1651 (CO-C=C), 1600 cm.~? (C=C) (Found: 
C, 77-1; H, 6-1. CygH,,O, requires C, 77-5; H, 6-2%). 

(iv) 2-Ethyl-4-phenylpent-3-enoic acid (IIIb).—The method adopted was that used for the 
preparation of (Ila). Using methyl $-benzoyl-a-ethylpropionate (IIc) (30 g.) and methyl- 
magnesium iodide [from methyl iodide (27-43 g.)] afforded the acid (IIIb) (19 g.), b. p. 135°/1 
mm., m. p. 48—49°, which crystallised from light petroleum as needles, m. p. 50—51°, Vmax. 
1700 (CO,H) (Found: C, 76-6; H, 7-8. C,3;H,,O, requires C, 76-4; H, 7-9%). 

(v) a-Ethyl-y-phenylvaleric acid (IVc). The preceding acid (32 g.) was hydrogenated over 
Raney nickel in methanol at 100°/80 atm., giving the methyl ester of acid ([Vc). This was 
hydrolysed with 7-5% methanolic potassium hydroxide to the acid (IVc) (17 g.), b. p. 139°/1 
MM., Vmax, 1700 (CO,H) (Found: C, 75-2; H, 9-1. C,,;H,,O, requires C, 75-7; H, 8-8%). 

(vi) 2-Ethyl-1,2,3,4-tetrahydro-4-methyl-1-oxonaphthalene (Vc). Cyclisation of the previous 
compound (IVc) (17 g.) with polyphosphoric acid, from phosphoric acid (90%; 46 c.c.) and 
phosphorus pentoxide (4 g.), as described for compound (Va) gave the tetralone (Vc) (9 g.), b. p. 
123°/1 mm., Amax, 2480 and 2890 A (log ¢ 4-98 and 4-16 respectively), Vmax, 1680 cm. (Ar-CO) 
(Found: C, 82-3; H, 8-9. C,,H,,O requires C, 82-9; H, 8-6%). 

(vii) 3-Ethyl-1,2,3,4-tetrahydro-1-methylnaphthalene (VIib).—The tetralone (Vc) (3 g.), 
reduced as described for its analogue (VIa), gave the tetralin (VIb) (1 g.), b. p. 77°/1 mm. (Found: 
C, 89:0; H, 10-9. C,,H,, requires C, 89-6; H, 10-4%). 

(viii) 3-Ethyl-1-methylnaphthalene (Ib). The preceding tetralin (0-6 g.) was heated with 
palladised charcoal (0-6 g.) for 4-5 hr. at 260—-270°, and the product was extracted with benzene. 
Distillation gave 3-ethyl-1-methylnaphthalene (Ib) as an oil in small yield. Its picrate (orange 
needles from methanol) had m. p. 83° (Found: C, 57-4; H, 5-0. C,9H,,O,N, requires C, 57-1; 
H, 43%). 

1,6-Diethylnaphthalene (Ic).—(i) Methyl 8-p-ethylbenzoylpropionate (IIe). 8-p-Ethylbenzoyl 
propionic acid > (cf. Ile; but R* = H) (30 g.), when refluxed for 2 hr. with methanol (50 c.c.) 
and concentrated sulphuric acid (5 c.c.), gave the keto-ester (IIe) (28-8 g.), b. p. 134°/1 mm., 
m. p. 33°, Vmax, 1754 cm. (CO,Me and Ar-CO) (Found: C, 70-4; H, 7-0. C,,;H,,O, requires 
C, 70-9; H, 7-3%). 

(ii) 4-p-Ethylphenylhex-3-enoic acid (IIIc). Ethylmagnesium iodide [from ethyl iodide 
(30-2 g.)] in ether (60 c.c.) was added to the ester (Ile) (28-8 g.) in dry ether (100 c.c.), and the 
reaction was completed as described for the preparation of the acid (IIIa). 4-p-Ethylphenyl- 
hex-3-enoic acid (IIIc) was obtained as an oil (12-5 g.), b. p. 182°/1 mm., vmx. 1715 cm.“! (CO,H) 
(Found: C, 77-2; H, 8-4. C,,H,,O, requires C, 77-0; H, 83%). 

(iii) 4-p-Ethylphenylhexanoic acid (I1Vd). The unsaturated acid (IIIc) (12-5 g.) in methanol 
(100 c.c.) was hydrogenated over Raney nickel at 100°/110 atm., giving a mixture of saturated 
acid and ester, which was refluxed with 5% methanolic potassium hydroxide (50 c.c.) for 2 hr. 
The required acid (IVa) distilled as an oil (5-5 g.), b. p. 132—133°/1 mm., vax. 1700 cm.~? (CO,H) 
(Found: C, 76-7; H, 9-4. C,,H,..O, requires C, 76-3; H, 9-15%). 
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(iv) 1,6-Diethyl-1,2,3,4-tetrahydro-4-oxonaphthalene (Vd). The previous compound (IVa) 
(12 g.) was cyclised with polyphosphoric acid, from phosphoric acid (90%; 33-4 c.c.) and 
phosphoric oxide (35-3 g.), at 165° for 3 min. The mixture was poured into water, and the 
product was extracted with ether, giving the required tetralone (Vd) (9-0 g.), b. p. 117—118%/} 
MM., Vmax. 1680 cm.* (Ar-CO) (Found: C, 83-2; H, 9-0. C,,H,,O requires C, 83-1; H, 9-09), 

(v) 1,6-Diethyl-1,2,3,4-tetrahydronaphthalene (Vic). The tetralone (3-3 g.) in toluene 
(60 c.c.) was refluxed for 42 hr. with amalgamated zinc (80 g.), concentrated hydrochloric acid 
(100 c.c.), acetic acid (5 c.c.), and water (45 c.c.). 1,6-Diethyl-1,2,3,4-tetrahydronaphthalene 
(Vic) was produced as an oil (1-2 g.), b. p. 92°/1 mm. (Found: C, 89-4; H, 10-6. C,gH49 requires 
C, 89-3; H, 10-7%). 

(vi) 1,6-Diethylnaphthalene (Ic). The preceding compound (VIc) (1 g.), heated with 
palladised charcoal (1 g.) for 4 hr. at 260—280°, gave 1,6-diethylnaphthalene (Ic) (0-8 g.), b. p. 
76°/1 mm., 7," 1-5806 (Found: C, 90-6; H, 9-0. C,,H,, requires C, 91-25; H, 8-75%). Its 
picrate (orange needles from methanol) had m. p. 70°. 

1,7 -Diethylnaphthalene (Id).—(i) 1,7- Diethyl -3,4-dihydronaphthalene (VIIb). 7 - Ethyl- 
1,2,3,4-tetrahydro-l-oxonaphthalene * (Ve) (7-7 g.) in ether (25 c.c.) was added to ethyl- 
magnesium iodide [from ethyl iodide (12-3 g.)], and the mixture was refluxed for 3 hr. The 
product, consisting partly of alcohol and partly of dihydronaphthalene, was set aside with 
anhydrous formic acid (20 c.c.) for 2 hr. The mixture was poured into water and extracted 
with ether, giving 1,7-diethyl-3,4-dihydronaphthalene (VIIb) (5-7 g.), b. p. 79°/1 mm. (Found: 
C, 90-3; H, 9-6. C,,H,, requires C, 90-3; H, 9-7%). 

(ii) 1,7-Diethylnaphthalene (Id). Dehydrogenation of the preceding compound (3 g.) with 
palladised charcoal at 260—270° for 4 hr. gave 1,7-diethylnaphthalene (Id) (2-5 g.), b. p. 87°/I 
mm., ”,*° 1-5858 (Found: C, 91-2; H, 8-8. C,,H,, requires C, 91-25; H, 8-75%). Its picrate 
(orange needles from methanol) had m. p. 78° (Found: C, 58-55; H, 4:8. C.9H,,0,N, requires 
C, 58-1; H, 46%). 

2-Ethyl-1,4-dimethylnaphthalene (le).—(i) 3-Ethyl-1,2-dihydro-1,4-dimethylnaphthalene (V1Ic). 
2-Ethyl-1,2,3,4-tetrahydro-4-methyl-l-oxonaphthalene: (Vc) (1 g.) in dry ether (10 c.c.) was 
added with stirring to an ice-cold solution of methylmagnesium iodide, from methyl iodide 
(3-5 g.) in ether (25 c.c.). The mixture was refluxed for 7 hr. and set aside overnight. Decom- 
position of the complex with ice and ammonium chloride gave the dihydronaphthalene (VIIc) 
(0-6 g.), b. p. 75°/1 mm. (Found: C, 90-2; H, 10-0. C,,H,, requires C, 90-3; H, 9-7%). 

(ii) 2-Ethyl-1,4-dimethylnaphthalene (le). The dihydronaphthalene (0-4 g.), heated at 
260—280° for 4-5 hr. with palladised charcoal, gave an oil which was directly converted into 
its trinitrobenzene adduct. This crystallised from methanol as yellow needles, m. p. 123° (Found: 
C, 59-6; H, 4-5. Cy 9H,,0O,N, requires C, 60-4; H, 4:8%). 

4-Ethyl-1,2-dimethyinaphthalene (If).—4- Ethyl -1,2,3,4-tetrahydro - 2 - methyl - 1 - oxo- 
naphthalene (Va) (2-5 g.) in dry ether (10 c.c.) was added, with stirring, to an ice-cold solution 
of methylmagnesium iodide, from methyl iodide (3-8 g.), in ether (40 c.c.). After 2 hours’ 
refluxing the complex was decomposed with ice and ammonium chloride, and the solution was 
extracted with ether, from which 4-ethyl-1,2,3,4-tetrahydro-1-hydroxy-1,2-dimethylnaphthalene 
was isolated. A sample crystallised from light petroleum as hexagonal prisms, m. p. 73° 
(Found: C, 82-3; H, 9-8. C,,H,.O requires C, 82-3; H, 99%). The remainder of the tetralol 
was set aside for 2 hr. with anhydrous formic acid (10 c.c.) and then diluted with water. 
Extraction with ether gave 1-ethyl-1,2-dihydro-3,4-dimethylnaphthalene (VIId) which distilled 
from sodium as a colourless oil (1-4 g.), b. p. 150°/1 mm. (Found: C, 89-9; H, 9-65. C,Hy 
requires C, 90-3; H, 9-7%). 

This dihydro-compound (1-3 g.) was heated with palladised charcoal (1-3 g.) for 4 hr. at 
260—280°, and the product was extracted with methanol, giving 4-ethyl-1,2-dimethylnaphthalene 
(If) (0-8 g.), b. p. 136°/1 mm., ,** 1-6021 (Found: C, 91-3; H, 8-7. C,sH,, requires C, 91-25; 
H, 8-75%). Its picrate (orange needles from methanol) had m. p. 117° (Found: C, 57-6; H, 46. 
Cy9H,,0,N, requires C, 58-1; H, 46%). Its trinitrobenzene adduct (golden needles from 
methanol) had m. p. 118° (Found: C, 60-3; H, 4-7. C,9H,,O,N, requires C, 60-45; H, 48%). 
Its styphnate (orange needles from acetic acid) had m. p. 119° (Found: C, 55-3; H, 46. 
Cy9H,,O,N, requires C, 55-9; H, 4:5%). 

1 - Ethyl-2,4-dimethylnaphthalene (Ig).—(i) 2-Methyl-4-phenylpent-3-enoic acid (IIId). 


* Krollpfeiffer and Schafer, Ber., 1923, 56, 620; Levy, Ann. Chim. (France), 1938, 9, 75. 
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Methyl 8-benzoyl-a-methylpropionate (IIa) (14 g.) in dry ether (75 c.c.) was added to methyl- 
magnesium iodide [from methyl iodide (13-3 g.)], then refluxed for 3 hr. and set aside for 18 hr. 
The complex was decomposed, the mixture was extracted with ether, and the ethereal solution 
was washed with 5% sodium carbonate from which 2-methyl-4-phenylpent-3-enoic acid (IIId) 
was isolated by acidification as an oil (3 g.), b. p. 150°/1 mm., vax, 1712 cm.“! (CO,H) (Found: 
C, 756; H, 7:0. C,,H,,O, requires C, 75-8; H, 7-4%). The ethereal extract afforded a 
neutral compound as a pale yellow oil (6-5 g.), b. p. 118°/1 mm., vmx, 1778 cm. (CO,Me or 
lactone). Hydrolysis of the oil with 5% methanolic potassium hydroxide (36 c.c.) for 3 hr. 
gave the required acid (IIId) (5 g.). 

(ii) a-Methyl-y-phenylvaleric acid (1Ve). The unsaturated acid (12 g.) in methanol (50 c.c.) 
was hydrogenated over Raney nickel (1 g.) at 100°/70 atm., giving the saturated ester which 
was not isolated. Hydrolysis with 5% methanolic potassium hydroxide (100 c.c.) for 2 hr. 
gave a-methyl-y-phenylvaleric acid (1Ve) (10 g.), b. p. 125°/1 mm., vmx, 1713 cm. (CO,H). 
(Found: C, 74-6; H, 8-4. C,,H,,O, requires C, 75-0; H, 8-4%). 

(iii) 1,2,3,4-Tetrahydro-2,4-dimethyl-1-oxonaphthalene (Vf). The previous compound (4:8 g.) 
was heated at 165° for 3 min. with polyphosphoric acid prepared from phosphoric acid (16-7 c.c.) 
and phosphoric oxide (17-6 g.). The required tetralone (Vf) was obtained as a colourless oil 
(26 g.), b. p. 88—89°/1 mm., Vmax, 1694 cm. (Ar-CO) (Found: C, 82-4; H, 81. C,,H,,O 
requires C, 82-7; H, 8-1%). 

(iv) 4-Ethyl-1,2-dihydro-1,3-dimethylnaphthalene (VIle). The tetralone (Vf) (1-4 g.) in dry 
ether (10 c.c.) was added to ethylmagnesium iodide [from ethyl iodide (3-8 g.)] in ether (40 c.c.) 
and refluxed for 3 hr. The complex was decomposed with ice and ammonium chloride and 
extracted with ether from which 4-ethyl-1,2-dihydro-4-hydroxy-1,3-dimethylnaphthalene was 
obtained (0-9 g.) as hexagonal prisms, m. p. 85° (from light petroleum) (Found: C, 81-9; H, 9-5. 
CyHygO requires C, 82-3; H, 9-9%). This alcohol was set aside for 2 hr. in anhydrous formic 
acid (10 c.c.), giving 4-ethyl-1,2-dihydvo-1,3-dimethylnaphthalene (VIle) (0-7 g.), b. p. 95°/1 mm. 
(Found: C, 89-5; H, 9-3. C,H, requires C, 90-3; H, 9-7%). 

(v) 1-Ethyl-2,4-dimethylnaphthalene (Ig). The preceding compound (0-6 g.) was heated 
with palladised charcoal (0-6 g.) for 3 hr. at 260—280°. The mixture, extracted with benzene, 
aflorded 1-ethyl-2,4-dimethylnaphthalene (1 g.) (0-4 g.), b. p. 109°/2 mm., 7,,** 1-5975 (Found: 
C,91-5;H, 8-8. C,,H,,requiresC, 91-25; H,8-75%). Its picrate (orange needles from methanol) 
had m. p. 94° (Found: C, 57-8; H, 4:6. C,9H,,O,N, requires C, 58-1; H, 4:6%). 

1-Ethyl-4,6-dimethylnaphthalene (Iih).—(i) 4-p-Tolylhex-3-enoic acid (IIle). Methyl 8-p- 
toluoylpropionate (cf. ref. 6) (IIf) [¥max, 1722, (CO,Me), 1675 cm.-} (Ar-CO)] (41 g.) in ether 
(100 c.c.) was slowly treated with ethylmagnesium iodide [from ethyl iodide (43 g.)] in ether 
(160 c.c.), and the reaction was completed as described for the preparation of (IIIa). 4-p- 
Tolylhex-3-enoic acid (IIIe) was obtained as a colourless oil (15 g.), b. p. 137—141°/1 mm., vax, 
1710 cm.*? (CO,H) (Found: C, 75-6; H, 7-6. C,,;H,,O, requires C, 76-4; H, 7-9%). 

(ii) 4-p-Tolylhexanoic acid (IVf). The unsaturated acid (20 g.), when hydrogenated in 
methanol (75 c.c.) over Raney nickel (2 g.) at 100°/80 atm., gave methyl 4-p-tolylhexanoate 
(20 g.), b. p. 99°/1 mm., vinax, 1740 cm.4 (CO,Me) (Found: C, 76-5; H, 9-1. C,,H,.O, requires 
C, 76-3; H, 9-15%). Hydrolysis of the ester with 5% methanolic potassium hydroxide (120 
c.c.) gave 4-p-tolylhexanoic acid (IVf) (17 g.), b. p. 155°/1 mm., m. p. 36° (Found: C, 75:1; 
H, 8-9. C,,H,,O, requires C, 75-7; H, 88%). 

(iii) 4-Ethyl-1,2,3,4-tetrahydro-7-methyl-1-oxonaphthalene (Vg). The preceding compound 
(IVf) (16 g.) was heated at 165° with polyphosphoric acid, from phosphoric acid (90%; 44-5 
c.c.) and phosphoric oxide (48 g.), for 5 min. The mixture was extracted with ether, giving 
the required tetralone (Vg) (15 g.), b. p. 134°/2 mm., Amax, 2540 and 2950 A (log ¢ 4-21 and 3-74 
respectively), Vmax, 1683 cm.-? (AreCO) (Found: C, 83-3; H, 8-5. (C,,;H,,O requires C, 83-0; 
H, 86%). Its semicarbazone (rhombs from dilute alcohol) had m. p. 165—166° (Found: 
C, 68-2; H, 8-0. C,,H,,ON, requires C, 68-5; H, 7-8%). 

(iv) 1-Ethyl-1,2-dihydro - 4,6 -dimethylnaphthalene (VIIf). 4-Ethyl-1,2,3,4-tetrahydro-7- 
methyl-l-oxonaphthalene (Vg) (5 g.) in ether (25 c.c.) was added to methylmagnesium iodide 
{from methyl iodide (7-1 g.)] in ether (50 c.c.), and the mixture was refluxed for 3-5 hr. The 
complex was decomposed with ice 4nd ammonium chloride, giving the dihydro-compound (VIIf) 
(3.g.), b. p. 115°/1 mm. (Found: C, 89-6; H, 9-3. C,gHy, requires C, 90-3; H, 9-7%). 

(v) 1-Ethyl-4,6-dimethylnaphthalene (Ih). The preceding compound (2 g.) was heated with 
palladised charcoal (2 g.) at 260—280° for 4 hr., and the product was extracted with benzene. 
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1-Ethyl-4,6-dimethylnaphthalene (Ih) distilled from sodium as a colourless oil (1-3 g.), b, p, 
85°/1 mm. (Found: C, 91-6; H, 8-4. C,,H,. requires C, 91-25; H, 8-75%). Its picrate (orange 
needles from methanol) had m. p. 85° (Found: C, 57-4; H, 4:2. C,9H,,0,N, requires C, 58-}. 
H, 46%). Its trinitrobenzene adduct (yellow needles from methanol) had m. p. 109° (Found: 
C, 60:7; H, 4:5. Cy9H,,O,N, requires C, 60-4; H, 4:8%). 

1,4- Diethyl-2-methylnaphthalene (1j).—4 - Ethyl - 1,2,3,4 - tetrahydro - 2 - methyl - 1 - oxo- 
naphthalene (Va) (2-9 g.) in ether (15 c.c.) was added to ethylmagnesium iodide [from ethy] 
iodide (4-1 g.)] in ether (40 c.c.), and the mixture was refluxed for 4 hr. The complex, decom- 
posed with ice and ammonium chloride, gave a colourless oil consisting largely of alcohol, 
This was set aside for 2 hr. in anhydrous formic acid (10 c.c.), then poured into water and 
extracted with ether from which 1,4-diethyl-1,2-dihydro-3-methylnaphthalene (VIIg) was obtained 
as a colourless oil (1-5 g.), b. p. 140°/1 mm. (Found: C, 89-5; H, 9-8. C,;H». requires C, 89-9: 
H, 10-1%). 

This product (9-4 g.) was heated with palladised charcoal (1-4 g.) for 4 hr. at 260—289°, 
giving 1,4-diethyl-2-methylnaphthalene (Ij) (0-8 g.), b. p. 142°/1 mm., ,** 1-5935 (Found: C, 91-2; 
H, 8-8. C,,;H,, requires C, 90-85; H, 9-15%). Its picrate (orange-red needles from methanol) 
had m. p. 62° (Found: C, 59-1; H, 4-9. C,,H,,O,N, requires C, 59-0; H, 495%). Its trinitro- 
benzene adduct (golden-yellow needles from methanol) had m. p. 97° (Found: C, 61-1; H, 449, 
C,,H,,0,N, requires C, 61-3; H, 5-15%). Its trinitrotoluene adduct (yellow needles from 
methanol) had m. p. 68° (Found: C, 61:8; H, 5-2. C,,H,,0,N, requires C, 62-2; H, 
5-45%). 

1,4 - Diethyl -6-methylnaphthalene (Ik).—4 - Ethyl - 1,2,3,4 - tetrahydro - 7 - methyl - 1 - oxo- 
naphthalene (Vg.) (5 g.) in ether (25 c.c.) was added to ethylmagnesium iodide [from ethyl 
iodide (7-8 g.)] in ether (50 c.c.), and the mixture was refluxed for 4 hr. Decomposition of the 
complex with ice and ammonium chloride gave the dihydro-compound (VIIh) which distilled 
from sodium as a colourless oil (2-7 g.), b. p. 123°/2 mm (Found: C, 90-1; H, 10-0. C,;Hy, 
requires C, 89-9; H, 10-1%). 

The dihydro-compound (2 g.) was heated with palladised charcoal (2 g.) at 260—280° for 
4 hr., and the product was extracted with benzene. Distillation from sodium gave 1,4-diethyl- 
6-methylnaphthalene (Ik) (1-2 g.), b. p. 112°/1 mm. (Found: C, 90-2; H, 9-1. C,;H,, requires 
C, 90°85; H, 9-15%). Its picrate (orange needles from methanol) had m. p. 71—72° (Found: 
C, 59-2; H, 5:3. C,,H,,0O,N, requires C, 59-0; H, 4:95%). Its tvinitrobenzene adduct (yellow 
needles from methanol) had m. p. 101° (Found: C, 61-1; H, 5-3. C,,H,,O,N, requires C, 61-3; 
H, 5-15%). 

1,6-Diethyl-4-methylnaphthalene (11).—1,6-Diethyl-1,2,3,4-tetrahydro-4-oxonaphthalene (Vd) 
(3-3 g.) in ether (10 c.c.) was added to methylmagnesium iodide [from methyl iodide (2 c.c.)] 
in ether (50 c.c.), and the mixture was refluxed for 2 hr. The product, largely the alcohol, was 
set aside in anhydrous formic acid (12 c.c.) for 2 hr., giving 1,6-diethyl-1,2-dihydro-4-methyl- 
naphthalene (VII1j) (3 g.), b. p. 89°/1 mm. (Found: C, 89-8; H, 9-9. C,;H,9 requires C, 89-9; 
H, 10-1%). 

This product (1-4 g.), heated for 4 hr. with palladised charcoal (1-4 g.) at 260—280°, gave 
1,6-diethyl-4-methylnaphthalene (Il) (1-1 g.), b. p. 90°/1 mm., m,** 1-5859 (Found: C, 91-0; 
H, 9-1. C,,;H,, requires C, 90-85; H, 9-15%). Its picrate (orange needles from methanol) had 
m. p. 56° (Found: C, 59-1; H, 6-0. C,,H,,O,N, requires C, 59-0; H, 495%). Its ¢trinitro- 
benzene adduct (lemon needles from methanol) had m. p. 80° (Found: C, 60-9; H, 5-0. 
C,,H,,0O,N, requires C, 61-3; H, 5-15%). 

4,6-Diethyl-1-methylnaphthalene (Im).—(i) 4-p-Ethylphenylpent-3-enoic acid (IIIf). Methyl 
6-p-ethylbenzoylpropionate (IIe) (84-4 g.) in ether (250 c.c.) was treated with methylmagnesium 
iodide [from methyl iodide (75-2 g.)] in ether (150 c.c.), and the reaction completed by 5 hours’ 
refluxing. 4-p-Ethylphenylpent-3-enoic acid (IIIf) was obtained as an oil (6-5 g.), b. p. 138°/l 
MM., Vmax, 1719 cm.“ (CO,H) (Found: C, 76-7; H, 7-9. C,,;H,,O, requires C, 76-4; H, 7-9%). 
The product of the Grignard reaction before fractionation showed evidence of substantial 
amounts of a lactone (vmx, 1778 cm.~), probably y-methyl-y-p-ethylphenylbutyrolactone. 

(ii) y-p-Ethylphenylvaleric acid (IVg). The crude product (10 g.) of the previous reaction 
was hydrogenated for 6 hr. in methanol (50 c.c.) over Raney nickel (1 g.) at 100°/110 atm., and 
then hydrolysed with 5% methanolic potassium hydroxide (100 c.c.). The required y-p- 
ethylphenylvaleric acid (IVg) was isolated as an oil (9-5 g.), b. p. 1379/1 mm., vax, 1706 cm.* 
(CO,H) (Found: C, 76-0; H, 8-7. C,,;H,,O, requires C, 75-7; H, 8-8%). 
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(iii) 6-Ethyl-1,2,3,4-tetrahydro-1-methyl-4-oxonaphthalene (Vh). y-p-Ethylphenylvaleric acid 
(6 g.), cyclised with polyphosphoric acid [from phosphoric acid (90%; 25-1 c.c.) and phosphoric 
oxide (26-5 g.)] at 165° for 5 min., gave the ¢etralone (Vh) (4-5 g.), b. p. 113°/1 mm., vax 1682 
cm. (Found: C, 82-8; H, 8-7. C,3H,,O requires C, 82-9; H, 8-6%). 

(iv) 4,6-Diethyl-1,2-dihydro-1-methylnaphthalene (VIIk). The tetralone (Vh) (2-5 g.) in 
ether (15 c.c.) was added to ethylmagnesium iodide [from ethyl iodide (6-7 g.)] in ether (20 c.c.), 
and the mixture was refluxed for 4hr. The product was set aside for 2 hr. in anhydrous formic 
acid (10 c.c.), giving 4,6-diethyl-1,2-dihydro-1-methylnaphthalene (VIIk) (1-6 g.), b. p. 96°/1 mm. 
(Found: C, 89-75; H, 10-0. C,;H4_ requires C, 89-9; H, 10-1%). 

(v) 4,6-Diethyl-1-methylnaphthalene (Im). The preceding compound (1-2 g.) was heated 
for 4 hr. with palladised charcoal (1-2 g.) at 260—270°. 4,6-Diethyl-1-methylnaphthalene (Im) 
was obtained as a colourless oil (0-9 g.), b. p. 110°, ”,,** 1-5808 (Found: C, 91-1; H, 9-2. C,;Hy, 
requires C, 90:85; H, 9-15%). Its picrate (orange needles from methanol) had m. p. 76-5° 
(Found: C, 59-05; H, 5-0. C,,H,,0,N, requires C, 59-0; H, 4-95%). 

1,4,6-Triethylnaphthalene (In).—1,6-Diethyl-1,2,3,4-tetrahydro-4-oxonaphthalene (Vd) (4 g.) 
in ether (12 c.c.) was added to ethylmagnesium iodide [from ethyl iodide (3-3 c.c.)] in ether 
(50 c.c.), and the mixture was refluxed for 2hr. The product was set aside for 2 hr. in anhydrous 
formic acid (10 c.c.), giving 1,4,6-triethyl-1,2-dihydronaphthalene (VIII) (3-1 g.), b. p. 119°/1 mm. 
(Found: C, 89-9; H, 10-1. C,,H,. requires C, 89-65; H, 10-35%). 

This product. (2-9 g.) was heated with palladised charcoal (2-9 g.) at 260—280° for 4 hr., 
giving 1,4,6-triethylnaphthalene (In) (2 g.), b. p. 128°/2 mm., ”,*5 1-5770 (Found: C, 90-4; H, 9-4. 
CygHo requires C, 90-5; H,9-5%). Its picrate (red-orange needles from methanol) had m. p. 53° 
(Found: C, 59-9; H, 5-0. C,,H,,0,N, requires C, 59-9; H, 5-25%). 

1-Ethyl-4,5,8-trimethylnaphthalene (Ip).—(i) Methyl 8-(2,5-dimethylbenzoyl)propionate (IIg) 
(21 g.) was obtained as an oil, b.‘p. 148°/1 mm., ”,? 1-5202, vmx 1754 cm.+ (CO,Me) (Found: 
OMe, 14:0. C,,;H,,03 requires OMe, 14-1%), when the corresponding acid * (30 g.) was refluxed 
for 2 hr. with methanol (60 c.c.) and sulphuric acid (3 c.c.). 

(ii) 4-(2,5-Dimethylphenyl)hex-3-enoic acid (IIIg). The ester (IIg) (15 g.) in ether (20 c.c.) 
was treated with ethylmagnesium iodide [from ethyl iodide (14-3 g.)] in ether (60 c.c.), and the 
reaction was completed during 18 hr. as described for the preparation of (IIIa). The required 
acid (IIIg) was obtained as an oil (5 g.), b. p. 146°/1 mm., vg,x, 1715 cm. (Found: C, 76-5; 
H, 81. C,,H,,0O, requires C, 77-0; H, 8-3%), along with recovered keto-acid. 

(iii) 4-(2,5-Dimethylphenyl)hexanoic acid ([Vh).—The unsaturated acid (30 g.) was hydro- 
genated in methanol (80 c.c.) over Raney nickel (2 g.) at 100°/120 atm., giving methyl 4-(2,5-di- 
methylphenyl) hexanoate (32 g.), b. p. 133°/1 mm., vmax, 1745 cm.4 (Found: C, 77-6; H, 8-9. 
C,;H,.0, requires C, 76-9; H, 9-5%). The ester was refluxed for 6 hr. with 5% methanolic 
potassium hydroxide (160 c.c.), giving the required acid (I[Vh) (22-5 g.), b. p. 149°/1 mm., vax. 
1715 cm.1 (Found: C, 76-8; H, 8-9. C,,H,» O, requires C, 76-3; H, 9-15%). 

(iv) 1-Ethyl-1,2,3,4-tetrvahydro-5,8-dimethyl-4-oxonaphthalene (Vj). The preceding com- 
pound (12-4 g.) was heated at 165° for 5 min. with polyphosphoric acid [from phosphoric acid 
(90%; 33-4 g.) and phosphoric oxide (35-3 g.)], giving the tetralone (Vj) (7-8 g.), b. p. 121°/1 mm., 
Vmax, 1675 cm.? (Ar-CO) (Found: C, 83-1; H, 8-3. C,,H,,O requires C, 83-1; H, 9-0%). 

(iii) 1-Ethyl-1,2-dihydvo-4,5,8-trimethylnaphthalene (VIIm). The tetralone (3 g.) in ether 
(15 c.c.) was added to methylmagnesium iodide [from methyl iodide (4-2 g.)] in ether (40 c.c.), 
and the mixture was refluxed for 14 hr., giving the 1,2-dihydro-compound (VIIm) (0-4 g.), b. p. 
120°/1 mm. (Found: C, 89-6; H, 10-0. C,;Hy» requires C, 89-9; H, 10-1%). 

(iv) 1-Ethyl-4,5,8-trimethylnaphthalene (Ip). This dihydro-compound (0-4 g.), heated for 
3 hr. with palladised charcoal (0-4 g.) at 260—280°, gave 1-ethyl-4,5,8-trimethylnaphthalene 
(Ip) (0-2 g.), b. p. 118°/3 mm., m,!* 1-5841 (Found: C, 90-5; H, 9-2. C,;H,, requires C, 90-85; 
H, 915%). Its picrate (brick-red needles from methanol) had m. p. 110° (Found: C, 59-1; 
H, 4:3. C,,H,,O,N,; requires C, 59-0; H, 4-95%). 

1,4-Diethyl-5,8-dimethylnaphthalene (Ir).—1-Ethyl-1,2,3,4-tetrahydro -5,8-dimethyl-4-oxo- 
naphthalene (Vj) (5 g.) in ether (25 c.c.) was added to ethylmagnesium iodide [from ethyl 
iodide (7-7 g.)] in ether (60 c.c.), and the mixture was refluxed for 9 hr. The product was set 
aside for 2 hr. in anhydrous forthic acid (20 c.c.), giving 1,4-diethyl-1,2-dihydvo-5,8-dimethyl- 
pe (VIIn) (1-7 g.), b. p. 101°/1 mm. (Found: C, 89-5; H,9-9. C,,H,, requires C, 89-65; 

, 10-35%). 
This product (1-3 g.) was heated for 4 hr. at 260—280° with palladised charcoal (1-3 g.), 
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giving 1,4-diethyl-5,8-dimethylnaphthalene (Ir) (1 g.), b. p. 107°/1 mm., »,*° 1-5844 (Found: 
C, 90-6; H, 9-3. C,,H requires C, 90-5; H,9-5%). Its picrate (orange needles from methanol) 
had m. p. 135° (Found: C, 59-8; H, 5-1. C,,H,,;0,N, requires C, 59-9; H, 5-25%). 

1-Methoxy-8-methylnaphthalene (Iu) and 8-Methyl-\-naphthol (Iv).—(i) 8-o-Methoxyphenyl- 
butyryl chloride (X; R=Cl). §8-o-Methoxyphenylbutyric acid ** (X; R = OH) (25 g.) was 
refluxed for 1 hr. with thionyl chloride (20 c.c.) and the product distilled. The acid chloride 
was collected as a golden-yellow oil (24-7 g.), b. p. 144—145°/3 mm. 

(ii) y-o-Methoxyphenylvaleramide (XI; R=NH,). The acid chloride (X; R=() 
(26-1 g.) in ether (150 c.c.) was slowly added to a stirred, ice-cold solution of diazomethane 
(12-1 g.) in ether (700 c.c.), and the mixture was set aside for 2 days. The solvent was then 
removed, the residue was dissolved in dioxan (257 c.c.) at 50°, a mixture of 30% aqueous 
ammonia (150 c.c.) and 10% aqueous silver nitrate (40 c.c.) was rapidly added and the whole 
was then heated on the water-bath for 2 hr. After filtration, the dioxan and water were 
removed under reduced pressure, and the oily residue was collected in ether, dried, and 
recovered. It was triturated with light petroleum, giving y-o-methoxyphenylvaleramide (XI; 
R = NH,) (16-2 g.) which crystallised from benzene as needles, m. p. 76° (Found: C, 69-6; 
H, 8-4. C,,H,,0O,N requires C, 69-5; H, 8-3%). 

(iii) y-o-Methoxyphenylvaleric acid (XI; R= OH). The amide (16-2 g.) was refluxed for 
5 hr. with 15% aqueous potassium hydroxide (100 c.c.), then acidified and extracted with 
ether, giving the acid (16 g.) which recrystallised from light petroleum as prisms, m. p. 66—67° 
(Found: C, 69-5; H, 7-8. C,,H,,O, requires C, 69-2; H, 7-7%). 

(iv) 1,2,3,4-Tetrahydro-5-methoxy-4-methyl-l-oxonaphthalene (Vk). The preceding compound 
(15 g.) was heated at 165° for 5 min. with polyphosphoric acid, from phosphoric acid (90%; 
52-6 c.c.) and phosphoric oxide (63-2 g.). The mixture was cooled, poured on ice, and extracted 
with ether. The extract was washed with water, 5% sodium carbonate solution, and water, 
and then dried. When the solvent was removed a solid and an oil remained. The solid (XII) 
was collected and crystallised from ethyl acetate as colourless needles (4-1 g.), m. p. 242° (Found: 
C, 75-5; H, 7-2; OMe, 16-25. C,,H,,O, requires C, 75:8; H, 7-4; OMe, 16-3%). The oil from 
the filtrate was distilled, giving 1,2,3,4-tetrahydro-5-methoxy-4-methyl-1-oxonaphthalene (Vk) 
(5-5 g.), b. p. 107°/1 mm., vmax 1686 cm. (Ar-CO) (Found: C, 75-9; H, 7-5. C,,.H,,O, requires 
C, 75-8; H, 74%). 

(v) 1,2,3,4-Tetrahydro-5-methoxy-4-methylnaphthalene (VId). The tetralone (Vk) (5-5 g.) 
was reduced during 30 hr. with amalgamated zinc (69 g.) in concentrated hydrochloric acid 
(69 c.c.), water (42 c.c.), acetic acid (1-5 c.c.), and toluene (20 c.c.). The methoxytetralin (V1d) 
distilled from sodium as a colourless oil (3-3 g.), b. p. 78° (Found: C, 82-2; H, 8-9. C,,H,,0 
requires C, 81-8; H, 9-15%). 

(vi) 1-Methoxy-8-methylnaphthalene (Iu). (a) The methoxytetralin (3-4 g.), heated for 4 hr. 
at 260—280° with palladised charcoal (3-4 g.), yielded a mixture of 1-methylnaphthalene 
(2-1 g.), b. p. 60°/1 mm. (Found: C, 93-1; H, 7-0. Calc. for C,,Hy»: C, 92-9; H, 7-1%) (picrate, 
m. p. and mixed m. p. 143°), and 1-methoxy-8-methylnaphthalene (lu) (0-1 g.), b. p. 98°/1 mm. 
[picrate (red-orange needles from methanol), m. p. 154° (Found: C, 53-5; H, 3-7. C,,H,,0,N, 
requires C, 53-9; H, 3-8%)]. (b) The tetralin (2-2 g.) was heated for 3 hr. with sulphur (0-4 g.) 
at 220—230°, giving 1-methoxy-8-methylnaphthalene (Iu) (1-2 g.), b. p. 105°/2 mm., ,”* 1-5625, 
Amax. 2290, 2800, 2920, and 3260 A (log ¢ 4-48, 3-54, 3-55, and 2-98 respectively), whose picrate 
was identical with that described above. 

(vii) 8-Methyl-1-naphthol (Iv). 1-Methoxy-8-methylnaphthalene (Iu) was refluxed for 2 hr. 
with hydriodic acid (d 1-7; 30c.c.) and acetic acid (33 c.c.)._ The solution was cooled, diluted, 
and extracted with ether. The ether extract was washed with water and then extracted with 
10% sodium hydroxide solution. The alkaline extract was acidified and the product was 
collected in ether from which the naphthol was obtained as an oil (0-3 g.), b. p. 110°/4 mm. 
Its picrate (red-orange needles from methanol) had m. p. 190° (Found: C, 52:3; H, 33. 
C,,H,,;0,N, requires C, 52-7; H, 3-3%). 

The authors thank the Government of the Republic of Ireland for Research Maintenance 
Grants awarded to L. O. H. and J. McC. 
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449. Aromatic Fluoro-compounds. Part I. Synthesis of - 
2,4,6-T rinitrobenzotri fluoride. 


By D. N. Gray, J. J. E. Scumipt, and C. D. Situ. 


2,4,6-Trinitrobenzotrifluoride has been prepared by conversion of the 
known 3-hydroxy-2,4,6-trinitrobenzotrifluoride into 3-chloro-2,4,6-trinitro- 
benzotrifluoride followed by reduction. In general, 2,4,6-trinitrobenzo- 
trifluoride forms molecular addition compounds in the same manner as 
2,4,6-trinitrotoluene. 


Direct ordinary nitration of benzotrifluoride gives only the m-nitro-derivative,! or under 
more drastic conditions 3,5-dinitrobenzotrifluoride.2 In attempting to prepare 2,4,6-tri- 
nitrobenzotrifluoride two routes were investigated. It was contemplated that 2,4,6-tri- 
nitrobenzotrichloride could be prepared by Ganguly’s method * and converted into the 
corresponding trifluoro-material by metathetical exchange with anhydrous hydrogen 
fluoride. However, in a number of attempts, Ganguly’s work could not be repeated. 
Jones # has prepared both o- and p-nitrobenzotrifluoride and VanderWerf et al.° has nitrated 
3-acetamidobenzotrifluoride to obtain 5-acetamido-2-nitrobenzotrifluoride a and tetra- 
nitro-derivative of 3-acetamidobenzotrifluoride. 

The only reference to a clean, symmetrical trinitration of a substituted benzotrifluoride 
is Whalley’s preparation ® of 3-hydroxy-2,4,6-trinitrobenzotrifluoride from 3-hydroxy- 
benzotrifluoride which contains the strongly ortho-para-orienting hydroxyl group. 

3-Hydroxy-2,4,6-trinitrobenzotrifluoride is converted via its pyridine salt into the 
3-chloro-derivative with phosphorus oxychloride.? This method is a marked improve- 
ment over the classic method, wherein phosphorus pentachloride is used, without a 
solvent, which gives rise to large quantities of intractable materials.® 

It was thought that 3-chloro-2,4,6-trinitrobenzotrifluoride could be easily reduced with 
copper powder and ethanol-water by a method similar to that used for the preparation of 
1,3,5-trinitrobenzene from picryl chloride. However, under these conditions the starting 
material was recovered quantitatively. The chloride was, however, reduced by sodium 
iodide-acetic acid in acetone.!° 

In contrast to the very ready nitration of m-hydroxybenzotrifluoride, under similar 
conditions o-nitro- and m-chloro-benzotrifluoride yielded no nitration products, the 
trifluoromethyl group being hydrolysed as reported by LeFave." In a similar fashion 
2,4,6-trinitrobenzotrifluoride yielded 1,3,5-trinitrobenzene, decarboxylation following 
hydrolysis of the trifluoromethyl group. 


EXPERIMENTAL 


m-Hydroxybenzotrifluoride.—This compound was prepared by diazotization and subsequent 
hydrolysis of m-aminobenzotrifluoride. After steam-distillation the material had b. p. 55— 
57°/3 mm., n,** 1-4572. Carpenter ef al. give n,* 1-4570. 


? Swarts, Bull. Sci. Acad. roy. belge, 1920, 6, 389; Chem. Zentr., 1921, 92, II, 32. 
* Finger and Reed, J. Amer. Chem. Soc., 1944, 66, 1952. 

* Ganguly, Ber., 1925, 58, 708. 

* Jones, J. Amer. Chem. Soc., 1947, 69, 2346. 

* VanderWerf, Helin, and Sveinbjornsson, J. Amer. Chem. Soc., 1951, 78, 1189. 
* Whalley, J. 1950 2592. 

* Boyer, Spencer, and Wright Canad. J. Res. 1946 24, B, 200. 

* Jackson and Gazzolo, Amer. Chem. J., 1900, 28; 376. 

* Desvenques, Chim. et Ind., 1931, 25, 291. 

* Blatt and Tristram, ]. Amer. Chem. Soc., 1952, 74, 6273. 

" LeFave, J. Amer. Chem. Soc., 1949, 71, 4148. 

* Carpenter, Easter, and Wood, J. Org. Chem., 1951, 16, 586 
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3-Hydroxy-2,4,6-trinitrobenzotrifluoride.—m-Hydroxybenzotrifluoride (60 g.) was dropped 
into nitric acid (180 ml.) at the rate of 20 drops per min. at room temperature without cooling, 
Nitrogen oxides were evolved. Near the end of the addition the product began to crystallize. 
Next a mixture of fuming acid (10 ml.) and concentrated sulphuric acid (40 ml.) was added ang 
stirring continued for another hour. The whole was then poured on ice and the solids were 
filtered off. After drying in air the compound was recrystallized by adding hexane to its 
alcoholic solution, to give pale yellow crystals (81%), m. p. 122—123° (Whalley ® reports 122% 
(Found: C, 28-4; H, 0-6. Calc. for C,H,F,;N,0,: C, 28-3; H, 0-7%). 

Pyridine Salt of 3-Hydroxy-2,4,6-trinitrobenzotrifluoride.—Pyridine (7-9 g., 0-1 mole) was added 
to 3-hydroxy-2,4,6-trinitrobenzotrifluoride (29-7 g., 0-1 mole) in 95% alcohol (200 ml.). The 
salt was precipitated as large yellow crystals, m. p. 179—180°. Whalley ® reports 179°. 

3-Chloro-2,4,6-trinitrobenzotrifluoride.—The pyridine salt (37-6 g., 0-1 mole) was suspended in 
sodium-dried benzene (50 ml.) to which phosphorus oxychloride (15-3 g., 0-1 mole) was then 
added. After 2 hours’ refluxing the now homogeneous solution was washed with cold water 
and evaporated, to give a slightly yellow solid. Recrystallization from 95% alcohol yielded 
the chloro-compound as white needles (28-0 g., 89%), m. p. 89—90° [Found: C, 26-8; H, 0-62: 
N, 13-2; Cl, 11-3; F, 18-0%; M (Rast), 309. C,HCIF,N,O, requires C, 26-6; H, 0-3; N, 13-3: 
Cl, 11-2; F, 186%; M, 315). 

2,4,6-Tvinitrobenzotrifluoride.—The 3-chloro-compound (20 g.) was dissolved in dry acetone 
(40 ml.) and added to sodium iodide (24 g.) and glacial acetic acid (8 ml.) in dry acetone (80 ml), 
and the whole was refluxed for 3 hr., then cooled and poured into cold aqueous sodium sulphite 
(10 g. in 200 ml.), a brown oil being precipitated. The water—acetone layer was decanted and 
crushed ice (50 g.) was added to the oil. After several minutes’ stirring the oil solidified and 
was dissolved in hot 95% alcohol. Crystallization occurred after addition of several drops of 
water and the crystals were filtered off. After drying under a vacuum at room temperature 
for 6 hr., the material was recrystallized from benzene three times, to yield white crystals 
(16-2 g., 92%), m. p. 88-5—89° (negative Beilstein test) [Found: C, 30-1; H, 1-1; N, 149; 
F, 19-1%; M (Rast), 276. Calc. for C,H,F;N,O,: C, 29-9; H, 0-7; N, 14-9; F, 20-3%; M, 281]. 

Hydrolysis of 2,4,6-Trinitrobenzotrifluoride.—2,4,6-Trinitrobenzotrifluoride (2 g.) and concen- 
trated sulphuric acid (15 ml.) were sealed in a tube cvoled in solid carbon dioxide and acetone, 
then heated at 250° for 72 hr. Pouring the product on ice gave plates which, recrystallized 
from 95% alcohol, melted at 60—61° and so correspond to the «-form of 1,3,5-trinitrobenzene. 
A sample recrystallized with an equal amount of authentic 1,3,5-trinitrobenzene melted at 
120-0—120-5° which corresponds to the 8-form. 

Molecular Addition Compounds of 2,4,6-Trinitrobenzotrifluoride.—Addition compounds with 
the following were prepared from 0-01 mole each of the amine and 2,4,6-trinitrobenzotrifluoride 
in alcohol and allowing the compound to crystallize: N-methylaniline, m. p. 56—57°, violet 
needles; a-naphthylamine, m. p. 110°, violet needles; aniline, m. p. 80—81°, dark red needles; 
o-phenylenediamine, m. p. 85—86°, dark red needles. 


This work was supported under AF 08(603)-4505, Project 2858. 


DENVER RESEARCH INSTITUTE, DENVER UNIVERSITY, 
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450. The Diazo-exchange Reaction. 
By P. F. Hott, B. I. Hopson-Hit1t, and C. J. McNae. 


Reactions in which a diazonium group appears to interchange with an 
amino-group have been studied. The !5N of isotopically labelled nitrite which 
was added to diazonium salts was not incorporated in the diazonium ion. 
This invalidates a suggested mechanism requiring an equilibrium between 
diazonium salts and nitrous acid. 


In the so-called diazo-exchange reaction a diazonium group appears to change places with 
an amino-group. The reaction occurs in dilute acid, for example in dilute hydrochloric 
acid or in hydrochloric acid buffered with sodium acetate. The first example of a diazo- 
exchange reaction was described by Griess* who found that diazotised ~- or m-nitro- 
aniline and diazotised sulphanilic acid will diazotise #-toluidine, and that diazotised 
sulphanilic acid will also diazotise aniline. The same reaction is presumably involved in 
cases where pure diazonium salts couple with amines to give mixtures of aminoazo- 
compounds.? Norman,’ in fact, obtained o-tolylazo-2-naphthylamine from o-toluidine 
and naphthalene-2-diazonium chloride. 

Tauber’s method * for the preparation of diazonium salts from diamines relies on the 
exchange of diazonium and amino-groups when a tetrazonium salt is mixed with a diamine 
dihydrochloride. For example, tetrazotised benzidine and benzidine dihydrochloride 
produce 4’-aminobiphenyl-4-diazonium chloride. 

Two mechanisms have been proposed to explain these reactions. One® postulates 
the formation and subsequent decomposition of an intermediate triazen: 


—2H+ a , , . 
ReNH,* -+ R’*N,* —— ge R¢NH*NINR’ == R“NIN‘NHR’ — > ReN,t + R“NH,* 


Saunders questioned this mechanism because it is difficult to split a triazen once it has 
been formed, even with cold concentrated acid. Triazen formation is favoured by 
alkaline or neutral conditions, and it has been noted in at least one case that diazo- 
exchange does not take place in strong acid.6 This is circumstantial evidence for this 
mechanism. 

The alternative mechanism? assumes an equilibrium between primary aromatic 
amines and nitrous acid: 


R*NH,* + HNO, == R‘N,*t + 2H,O 


The suggested equilibrium is assumed largely to favour the diazonium salt, but the 
trace of nitrous acid would diazotise an added amine, a new equilibrium eventually being 
established in which the two amine salts and the two diazonium salts take part. In 
support of this theory Bucherer and Wolff ® claimed to have demonstrated nitrous acid 
in a solution of p-nitrobenzenediazonium chloride produced by acidifying sodium /-nitro- 
benzeneisodiazoate, the only apparent mechanism for its production being hydrolysis of 
the diazonium salt. 

Meldola and Eyre ® showed that certain nitro-derivatives of aniline can lose a nitro- 
group as nitrous acid when diazotised, and Sihlbom ! demonstrated that nitrous acid thus 


! Griess, Ber., 1882, 15, 2184. 

* Saunders, ‘‘ The Aromatic Diazo-compounds,”’ Arnold, London, 1949, p. 223. 
* Norman, J., 1912, 101, 1914. 

* Tauber, Ber., 1894, 27, 2628. 

5 Bayer, D.R.-P., 1890, 51,576; Vaubel and Scheuer, Z. Farb. Ind., 1906, 5, 61. 
* Schraube and Fritsch, Ber., 1896, 29, 287. 

* Bamberger, Ber., 1895, 28, 827. 

* Bucherer and Wolff, Ber., 1909, 42, 881. 

* Meldola and Eyre, J., 1902, 81, 988. 

%” Sihlbom, Acta Chem. Scand., 1953, 7, 1197. 
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produced could lead to “ self-diazotisation ’’ when certain nitroanilines were dissolved jn 
concentrated acids, the nitro-group being replaced by the acid anion. We therefore 
considered the possibility that the nitrous acid observed by Bucherer and Wolff was 
derived from the nitro-group of sodium #-nitrobenzeneisodiazoate, although Sihlbom’s 
evidence refutes such an explanation in this case. 

To confirm the absence of replacement of the nitro-group by anions, sodium #-nitro- 
benzeneisodiazoate in 30°, hydrochloric acid was kept at 0—3° for a day. The product 
formed with $-naphthol was washed with water, and tested for chlorine with a negative 
result. 

Bucherer and Wolff's result is anomalous and further work is in progress, using }N, 
to investigate it. 

Evidence for the nitrous acid—diazonium salt equilibrium has been sought by mixing 
labelled diazonium salts with unlabelled nitrous acid and normal diazonium salts with 
(J8Njnitrous acid at acidities comparable with those used previously in diazo-exchange, 
If an equilibrium exists it will be shown by modification of the ®N abundance in the 
diazonium ion. For example, a benzenediazonium chloride formed from unlabelled aniline 
diazotised by [*N]nitrous acid would be hydrolysed back to unlabelled aniline, then 
available for diazotisation by added unlabelled nitrous acid. 

Hantzsch and Perkin™ noticed that benzenediazonium chloride could diazotise 
p-bromoaniline, since benzenediazonium chloride mixed with #-bromoaniline gave a 
mixture of triazens which included 4,4’-dibromodiazoaminobenzene. We therefore 
looked first for the nitrous acid—diazonium equilibrium in the case of benzenediazonum 
chloride. Aniline was diazotised with [®N]nitrous acid, and the diazonium salt was 
mixed with unlabelled nitrous acid. After 19 hr. the diazonium salt was coupled with 
2-naphthol and the ®N content of the nitrogen obtained from the resulting azo-compound 
was measured in the mass spectrometer. The work was repeated with aniline diazotised 
with unlabelled nitrous acid, the later addition being of [#°N]nitrous acid. 

The 5N abundance of the azo-compound was found to be that expected if the nitrogen 
were derived equally from the aniline and the nitrite primarily added, indicating that no 
measurable equilibrium exists between the diazonium ion and the nitrite ion. In parallel 
experiments water instead of nitrous acid was added to the diazonium solution to ensure 
that spurious results due to other products of similar mass : charge ratio to those measured 
were absent. 

Two other amines, #-toluidine and benzidine, which had been used in work previously 
quoted, were also diazotised and left in contact with N-enriched nitrous acid, and the 
mixture was treated in the same way as that derived from aniline. In both cases, the 


Atom % !N in Atom % ™N calc. 
Diazonium ion Nitrite added azo-compound for equilibrium 
eo H,0 (control) 16-6 BE: 
NN HONO 16-7 103 
lye oaeh emenin ta HO™NO 0-56 10-3 
SN sevsccnisessuinkancnsibne HO™NO 0-35 (1) * 2-85 
ET IE eee HO™NO 0-51 (2) * 1-56 


Normal abundance of *N 0-36—0-37 atom %. 


* These figures represent values obtained after repeated recrystallisation. Less pure samples gave 
the values (1) 0-42 and (2) 0-54, indicating that these slightly high values are due to some nitrosation of 
the benzene ring. 


azonaphthols contained the normal abundances of *N. This indicates again that there 
is no interchange of nitrogen between the added nitrite and these diazonium ions and that 
the action of nitrous acid on aniline, f-toluidine, and benzidine is irreversible. 

The results are given in the Table. It is concluded that the mechanism suggested for 
1 Hantzsch and Perkin, Ber., 1897, 30, 1412. 
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the diazo-exchange reaction which involves an equilibrium between a diazonium salt and 
nitrous acid is not permissible. The other suggested mechanism which assumes the 
intermediate formation of a triazen is in keeping with our results. 

For some specimens of the azo-compound a small difference in the 5N-abundance from 
the value expected if no interchange occurred was observed in the nitrogen obtained. 
This was apparently due to nitrosation of the aromatic ring. The divergence was 
eliminated or reduced by repeated recrystallisation of the azo-compound. 


EXPERIMENTAL 


Potassium [}5N]Nitrite—Potassium [/*N]nitrite was at first made by the method of Holt 
and Hopson-Hill !* by fusing together potassium [15N]nitrate (atom % 15N 32-7) and sodium 
sulphite, the yield of nitrite being estimated by a colorimetric method. Heath's method,” 
in which the nitrate is heated with lead powder, was used later, as it gave better yields (up to 
91%). The nitrite was then estimated by titration against potassium permanganate. 

Phenyl[}®N]azo-2-naphthol.—Aniline (0-20 g. in 40 ml. of 0-25m-hydrochloric acid) was 
diazotised with a slight excess of 2% potassium[}*N]nitrite solution (atom % N 32-7). To 
half of the solution was added unlabelled potassium nitrite (0-13 g. in 6-3 ml. of water) and to 
the other water (6-3 ml.). The solutions were kept at 0—3° for 19 hr. and were then coupled 
with 2-naphthol (0-20 g. in 20 ml. of 0-5m-sodium hydroxide). The azo-compounds were filtered 
off, washed with water, and dried in vacuo. 

The experiment was repeated, the aniline being diazotised with unlabelled nitrite. 
Potassium[*N]nitrite was then added to one half of the diazonium solution. The rest of the 
procedure was as above. 

p-Tolylazo-2-naphthol.—p-Toluidine (0-387 g. in 10 ml. of 2-3m-hydrochloric acid was 
diazotised with excess of sodium nitrite (0-388 g. in 10 ml. of water). Aqueous potassium 
[SNjnitrite (0-0816 g. in 5 ml.) (atom % ™N 32-7) was added, and the mixture kept at 0—3° 
for a week, then coupled with 2-naphthol (0-55 g. in 55 ml. of 0-5m-sodium hydroxide). Excess 
of urea was added and the precipitate washed with water, recrystallised from acetone, and a 
sample, m. p. 130—132° (lit., 134°), taken for assay. After further recrystallisation (twice) 
from acetone a further sample, m. p. 130-5—133°, was taken for assay. 

4,4’-Biphenylenebis(azo-2-naphthol).—Benzidine (0-543 g. in 10 ml. of 2-3M-hydrochloric acid) 
was tetrazotised with sodium nitrite (0-612 g. in 10 ml. of water). Potassium[!*N]nitrite 
solution (0-0816 g. in 5 ml.; atom % N 32-7) was added and the mixture kept at 0—3° for 
66 hr., then coupled with 2-naphthol (0-45 g. in 45 ml. of 0-5m-sodium hydroxide). Excess of 
urea was added, and the precipitate washed with water and acetone. The sample, m. p. 292— 
294° (lit., 302°), gave a high N abundance. Recrystallisation from nitrobenzene and repeated 
washing with acetone gave a sample, m. p. 296—297°, with a lower 5N content. 

Determination of the *N Abundance.—The Rittenberg procedure, as modified by Holt and 
Hopson-Hill,!2 was used to prepare nitrogen samples. 


We are grateful to Dr. D. H. Tomlin who assayed our nitrogen samples, and to the Depart- 
ment of Scientific and Industrial Research for grants (to C. J. M. and B. I. H.). 


THE UNIVERSITY, READING. [Received, December 21st, 1959.] 


1 Holt and Hopson-Hill, J., 1952, 4251. 
1 Heath, J., 1957, 4152. 
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451. The Reactivity of Organophosphorus Compounds. Part II]* 
The Decomposition of 2-Diethylaminoethyl Diethyl Phosphate and of 
8-2-Diethylaminoethyl Diethyl Phosphorothioate (“‘ Amiton’’). 


By J. I. G. CapoGan and (in part) L. C. THomas. 


The decomposition, under various conditions, of the compounds named in 
the title have been investigated. In general, 1,1,4,4-tetraethylpiperazinium 
salts are formed. Novel reactions of the piperazinium salts which are 
described include a rearrangement of the bis-(OO-diethyl phosphorothioate). 


GuosH and NEwMaN ! have described the preparation of an extremely toxic ® insecticide, 
S-2-diethylaminoethyl diethyl phosphorothioate, ‘‘ Amiton ” 3 (III), by the isomerisation 
of the thiono-isomer (I). The mechanism of the isomerisation has been investigated by 
Fukoto and Stafford,? and that of the analogous 2-dimethylaminoethyl compound by 
Tammelin.£ The former workers demonstrated the participation of an ethyleneiminium 
ion (II) and also reported the formation of a solid decomposition product which contained 
the 1,1,4,4-tetraethylpiperazinium cation. This was presumably formed by dimerisation 
involving the ion (II), thus resembling the dimerisation of the “ nitrogen mustards.”5 


EtO\, Vg EtO.. y Et\ + /Et EtO\ Oo 
sie | va | Ve a 
EO“ O-CH,CH,NEt, EO” ‘o H,c2—ScH, EtO” S*CH,*CH,*NEt, 
() (Il) (III) 


Tammelin,* on the other hand, suggested that the product might have contained a 
quaternary salt of the type (IV). None of these workers, however, established the 
structure of the decomposition product of ‘‘ Amiton,”’ or the course of the reaction. 


eae 1<T « 


RO” Ns-CHy-CHgrNEtyCHy'CH,NEt, | LRO” s 

We have investigated the decomposition of “ Amiton”’ (III) and of the related, 
relatively non-toxic 2-diethylaminoethyl diethyl phosphate. 

At room temperature, 2-diethylaminoethyl diethyl phosphate, prepared by the con- 
densation of diethyl phosphorochloridate and sodium 2-diethylaminoethoxide, slowly 
deposited hygroscopic colourless crystals of the same elemental composition as the ester. 
The conversion was faster when the phosphate was heated, alone or with methanol. Since 
an aqueous solution of the compound gave 1,1,4,4-tetraethylpiperazinium dipicrate, the 
product is formulated as 1,1,4,4-tetraethylpiperazinium bis(diethyl phosphate) (V). This 
was confirmed by comparison with a specimen synthesised from potassium diethyl 
phosphate and 1,1,4,4-tetraethylpiperazinium dichloride. This decomposition is similar 
to that of 2-dimethylaminoethyl diphenyl phosphate recently reported by Durrant, 
Turnbull, and Wilson. At 180° and above, an additional reaction, which gave triethyl 
phosphate (2 equivalents) and 1,4-diethylpiperazine (1 equivalent), occurred. Since the 
piperazinium salt (V) also gave these products under these conditions, it is concluded that 
the decomposition of 2-diethylaminoethyl diethyl phosphate at the higher temperature 
again proceeds through the piperazinium salt (V). This, in turn, is assumed to decompose 
by a reverse Menschutkin reaction to give the observed products. This reaction closely 


* Part II, J., 1957, 4154; J., 1957, 1079 is regarded as Part I. 

1 Ghosh and Newman, Chem. and Ind., 1955, 118; cf. Calderbank and Ghosh, /., 1960, 637. 
* Fukoto and Stafford, J. Amer. Chem. Soc., 1957, 79, 6083. 

* Baldit, Chem. and Ind., 1958, 89. 

* Tammelin, Acta Chem. Scand., 1957, 11, 1738. 

5 Bartlett, Ross, and Swain, ]. Amer. Chem. Soc., 1947, 69, 2971. 

* Durrant, Turnbull, and Wilson, Chem. and Ind., 1958, 157. 
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simulates the decomposition of 1,1,4,4-tetra-alkylpiperazinium dihalides to the corre- 
sponding 1 4-dialkylpiperazines. 3 

“ Amiton ”’ is more stable than its oxygen analogue and can be stored at room temper- 
ature without appreciable decomposition. Prolonged storage at higher temperature 
caused considerable decomposition to a solid, which by analogy was expected to be 1,1,4,4- 
tetraethylpiperazinium bis-(OO-diethyl phosphorothioate) (VI). It was found, however, 
that the isomeric 1,1,4,4-tetra-ethylpiperazinium bis-(OS-diethyl phosphorothioate) (VII) 
was the main product, formed with small amounts of the bis-(OO-diethyl phosphorothioate) 
(VI). Complementary experiments showed that the authentic OO-isomer (VI) rearranged 


EO. 07 EO. 40 - ES. 40 
1 PZ | Et,’ NEC, | D4 | Et,N’ © NEt, >| \p7 | Et.’ NER, 
0“ ‘Oo i ee EtO \s ae EO“ ‘o Neb 
(V) (VI) (VII) 


under the above conditions of storage of ‘“‘ Amiton ’’ to the OS-isomer (VII). It is there- 
fore concluded that the decomposition of “‘ Amiton ” proceeds by the initial formation of 
the salt (VI) which rearranges to the OS-isomer (VII). Although no direct evidence 
concerning the mechanism of this rearrangement is available, the observed stability of 
potassium OO-diethyl phosphorothioate under these conditions suggests that intraionic 
rearrangement of the anion does not occur, and that the tetraethylpiperazinium cation is 
involved in the reaction as an alkylating agent. 

Traces of 1,4- -diethylpiperazine and triethyl phosphorothiolate also found in the product 
of decomposition of ‘‘ Amiton’”’ are attributed to slight decomposition by a reverse 
Menschutkin reaction of the piperazinium. salt, thus resembling the high-temperature 
decomposition of 2-diethylaminoethyl diethyl phosphate. 

The decomposition reactions of “‘ Amiton ” and 2-diethylaminoethyl diethyl phosphate 
described in this paper are therefore assumed to proceed via the piperazinium ion. This 
is at variance with Tammelin’s suggestion. In our experiments, no evidence was found for 


the formation from ‘‘ Amiton ” of the salt (IV). The structure of the solid decomposition 
product is accommodated by its infrared spectrum and by the absence of free 
basic groups. Further, alkaline degradation of the salt (IV) would give ‘‘ Amiton”’ 
and/or products of its hydrolysis. Under these conditions the salt isolated from the 
decomposition of “‘ Amiton”’ gave only products arising from the degradation of the 
tetraethylpiperazinium ion. 


EXPERIMENTAL 


“ Amiton "’ (S-2-diethylaminoethyl diethyl phosphorothioate) is an insecticide of very high 
toxicity and precautions against personal contamination are needed. 

The infrared spectra in the region 2—15 u were obtained by using a Perkin-Elmer Model 21 
double-beam spectrophotometer fitted with a rock-salt prism. Those in the region 15—25 pu 
were recorded on a Hilger H 800 double-beam spectrophotometer fitted with potassium bromide 
prism. Liquids were examined as capillary films between potassium bromide plates, and solids 
as Nujol mulls or in potassium chloride or bromide discs. 

The reported m. p. determinations on the anhydrous piperazinium salts were carried out in 
sealed tubes. The hydrated salts exhibited lower m. p.s in sealed tubes but in open tubes two 
m. p.s were observed, the higher corresponding to that of the anhydrous salt in a sealed tube. 

“ Amiton,” prepared as described by Ghosh and Newman,’ had b. p. 88°/0-04 mm., n,,*6 
1-4666 (purity 99%, by titration). 

Diethyl phosphorochloridate * had b. p. 95°/12 mm. Triethyl phosphorothiolate * had b. p. 
100°/12 mm., »,*5 1-4555. Triethyl phosphorothionate, prepared by the addition of sulphur to 
triethyl phosphite, had b. p. 98—100°/13 mm., n,?> 1-4460. 1,1,4,4-Tetraethylpiperazinium 
dichloride and 1 ,4-diethylpiperazine were prepared by the methods described by Cadogan.’ 

* Cadogan, J., 1955, 2971. 

* McCombie, Saunders, and Stacey, J., 1945, 380. 

® Stirling, J., 1957, 3597. 
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2-Diethylaminoethyl Diethyl Phosphate-—Sodium (14-5 g.) in dry benzene (250 ml.) was boiled 
with 2-diethylaminoethanol (72 g.) for 2 hr. The solution of the sodium salt was decanted 
from unchanged sodium, and diethyl phosphorochloridate (104 g.) in dry benzene (200 ml.) was 
added at room temperature in 1 hr. Precipitation of sodium chloride was induced by addition 
of light petroleum (b. p. 40—60°), and the mixture was filtered through kieselguhr. Removal 
of the solvents followed by distillation gave a forerun of triethyl phosphate followed by a 
fraction, b. p. 75—80°/0-01 mm., which on redistillation gave 2-diethylaminoethyl diethyl 
phosphate (80 g.), b. p. 87°/0-02 mm., n,*” 1-4288 (Found: C, 47-2; H, 9-6. C,H,,NO,P 
requires C, 47-4; H, 955%). The product deposited colourless crystals on prolonged storage 
at room temperature. 

Preparation of 1,1,4,4-Tetraethylpiperazinium Bis(diethyl Phosphate).—Potassium diethyl 
phosphate (7 g.), dissolved in the minimum amount of methanol, was added to 1,1,4,4-tetra- 
ethylpiperazinium dichloride (5 g.) in methanol (15 ml.). The mixture was boiled for 5 min., 
cooled, filtered, evaporated to a small volume, and diluted with acetone (300 ml.)._ This solution 
was reduced to 25 ml. by evaporation and allowed to cool. The resultant hygroscopic needles 
were recrystallised from acetone—methanol and dried over P,O, at 70°/0-1 mm., to give 1,1,4,4 
tetraethylpiperazinium bis(diethyl phosphate) as hygroscopic prisms (7 g.), m. p. 205—206° 
(decomp.) (Found: C, 47-0; H, 9-4. Cy 9H,,N,O,P, requires C, 47-4; H, 9-55%). 

Preparation of 1,1,4,4-Tetraethylpiperazinium Bis-(OO-diethyl Phosphorothioate).—Potassium 
OO-diethyl phosphorothioate was prepared by the hydrolysis of triethyl phosphorothionate as 
described by Martin.!° The product, recrystallised from ethanol, had m. p. 196—197°. The 
potassium salt (20-6 g.) in methanol (30 ml.) was added to 1,1,4,4-tetraethylpiperazinium 
dichloride (13-5 g.) in methanol (60 ml.). The mixture was boiled for a few minutes, cooled, 
filtered, evaporated to a small volume, diluted with acetone (400 ml.), and again evaporated toa 
small volume. When cool, colourless needles (m. p. 90—116°) of a dihydrate separated. The 
m. p. was not improved by recrystallisation (Found: C, 42-7; H, 9-0. C, 9H, ,N,O,P.S,,H,0 
requires C, 43-1; H, 9-0%). The product was dried over P,O,; at 70°/0-1 mm. to give anhydrous 
1,1,4,4-tetraethylpiperazinium bis-(OO-diethyl phosphorothioate) (50%), m. p. 148° (Found: C, 
44-8; H, 9-2; N, 5-6. C.,>H4ggN,O,P.S, requires C, 44-6; H, 9-0; N, 5-2%). 

Preparation of 1,1,4,4-Tetraethylpiperazinium ‘Bis-(OS-diethyl Phosphorothioate).—Tni- 
ethyl phosphorodithiolate. Ethyl phosphorodichloridate (27 g.) in ether (dried over Na; 50 ml) 
was added dropwise during 30 min. to an ice-cold stirred mixture of ethanethiol (20 g.) and 
anhydrous triethylamine (50 ml.) in dry ether (100 ml.). The mixture was boiled under reflux 
for 2 hr. and left at room temperature overnight. Evaporation of the filtered solution gave 
triethyl phosphorodithiolate (28 g.), b. p. 102—103°/0-3 mm., m,** 1-5160 (Found: C, 33-7; H, 
7:05. C,H,,0,PS, requires C, 33-6; H, 7-05%). 

Sodium OS-diethyl phosphorothioate was prepared by a modification of the method of 
Hudson and Keay: ' the above ester (2 g.) was shaken at 20° with sodium hydroxide (1 g.) in 
water (25 ml.). After 30 min., the almost homogeneous mixture was extracted with ether 
and the aqueous portion was treated with 1,1,4,4-tetraethylpiperazinium dichloride (1-25 g). 
The pH was adjusted to 8 and the solution evaporated to dryness. The residue was extracted 
with hot methanol (2 x 75 ml.), and the extracts were evaporated to a small volume and 
diluted with acetone. Crystallisation from this mixture of solvents gave 1,1,4,4-t¢etraethyl- 
piperazinium bis-(OS-diethyl phosphorothioate) as needles (2 g.), m. p. 203° (after drying over 
P,O, at 50°/0-01 mm. for 12 hr.), whose infrared spectrum indicated the presence of the 
[EtS-P(O,)-]- moiety and the absence of the (>POS)~ ion (Found: C, 44:7; H, 9-3; N, 5-4. 
CypH4sN,O,P,.S, requires C, 44-6; H, 9-0; N, 5-2%). 

Decomposition of 2-Diethylaminoethyl Diethyl Phosphate.—(i) At 100°. After 1 hr. at 100° 
the product was semisolid. The hygroscopic solid so formed was filtered off, washed with cold 
acetone, and dried (P,O;/1mm.). It had m. p. 205° and its infrared spectrum was identical with 
that of 1,1,4,4-tetraethylpiperazinium bis(diethyl phosphate) prepared as described above. 
Treatment with aqueous calcium picrate gave 1,1,4,4-tetraethylpiperazinium dipicrate (m. p. 
> 250°, correct infrared spectrum). 

(ii) At 180°. After 2 hr. the dark product was allowed to cool, giving a semisolid mass; 
filtration left crystals which were washed with cold acetone and dried (P,O,;). These were 


1© Martin, J]. Amer. Chem. Soc., 1945, 67, 1663. 
11 Hudson and Keay, /., 1956, 3269; cf. Thain, /., 1957, 4694. 
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1,1,4,4tetraethylpiperazinium bis(diethyl phosphate). The filtrate was distilled (b. p. 50— 
100°/10 mm.) and was shown by infrared analysis to be a mixture of triethyl phosphate (2 mol.) 
and 1,4-diethylpiperazine (1 mol.). This was confirmed by isolation of the neutral and basic 
portions. The triethyl phosphate had b. p. 86—90°/10 mm., »,** 14040. The base had b. p. 
5°/47 mim., n,* 1-4515 [dimethiodide, m. p. and mixed m. p. 250° (Found: C, 28-2; H, 5:3. 
Calc. for CypHagNel,: C, 28-2; H, 5-7%)). 

Decomposition of 1,1,4,4-Tetraethylpiperazinium Bis(diethyl Phosphate).—(i) At 180°. After 
4hr., the product afforded unchanged piperazinium salt, triethyl phosphate, and 1,4-diethyl- 
a. pa Be 

(ii) By dry distillation. Distillation under slightly reduced pressure gave a 75% conversion 
into 1,4-diethylpiperazine (1 part) and triethyl phosphate (2 parts). The residue was an 
intractable gum. 

Isomerisation of 1,1,4,4-Tetraethylpiperazinium Bis-(OO-diethyl Phosphorothioate).—The salt 
(m. p. 148°), in a sealed tube, was kept at 105° for 10 days and then at 115° for a 
further 7 days. After this time the salt had m. p. 169—178° (Found: C, 44-3; H, 9-3. Calc. 
for CapHysN.O¢P2S,: C, 44-6; H, 9-0%). Recrystallisation from acetone gave needles, m. p. 
204° (Found: C, 44-7; H, 9-3; N, 5-4. Calc. for CygH,,N,O,P,S,: C, 44-6; H, 9-0; N, 5-2%). 
The infrared spectrum indicated the presence of the P*SEt and >PO,- groups and the absence 
of the >POS- anion. This compound was identical (mixed m. p. 203°, and infrared spectrum) 
with 1,1,4,4-tetraethylpiperazinium bis-(OS-diethyl phosphorothioate) prepared as described 
above. The interpretation of the infrared spectra is, in part, based on unpublished work by 
one of us (L. C. T.) which has resulted in the following correlations: [>POs]- 1105—1143 and 
580—645 cm. ?; P*SEt 1258—1271 cm."1. 4 

Decomposition of S-2-Diethylaminoethyl Diethyl Phosphorothioate (‘‘ Amiton ’’).—(i) At 100°. 
“ Amiton was kept at 100° under nitrogen, samples being withdrawn at intervals for infra- 
red spectroscopy and refractive-index determinations. Some solid was soon deposited but the 
supernatant liquid showed little change during 20 hr. After a further 29 hr. the sample was 
semisolid. The solid was water-soluble and gave a good yield of 1,1,4,4-tetraethylpiperazinium 
dipicrate (m. p. >250°; correct infrared spectrum). The liquid portion was mainly unchanged 
“ Amiton.” In another experiment it was shown that “‘ Amiton”’ was almost completely 
(80—90%) converted into the piperazinium salt after 18 days at 90°. 

(ii) At 60°. ‘‘ Amiton’’ was stored for 6 months at 60°, after which time it had turned 
almost completely into a yellow hygroscopic solid. The infrared spectrum was very different 
from that of “‘ Amiton’’ or that of 1,1,4,4-tetraethylpiperazinium bis-(OO-diethyl phosphoro- 
thioate) and indicated the presence of the P‘SEt and >PO, moieties. A portion (6 g.), which 
was not a truly representative sample because of the heterogeneity of the mixture, was treated 
with water and extracted with ether. The aqueous portion gave 1,1,4,4-tetraethylpiperazinium 
dipicrate in good yield. The ether solution was extracted with dilute hydrochloric acid and the 
extracts were combined (A). The ether portion on evaporation left an oil (m,,** 1-4412; 0-1 g.) 
which had the infrared spectrum of triethyl phosphorothiolate contaminated with ca. 5% of 
triethyl phosphorothionate. The extracts (A) were basified and extracted with chloroform. 
Evaporation left a red oil (1-65 g.) which had an infrared spectrum interpreted as showing the 
presence of “‘ Amiton’’ contaminated with 1,4-diethylpiperazine. This was confirmed by 
chromatography on paper of this mixture and of a synthetic mixture of the pure components 
(the solvent system was dimethylformamide and heptane). 

Another portion of the decomposition mixture was washed with acetone and filtered, to give 
colourless crystals which after being dried (P,O, at 80°/18 mm.) had m. p. 140—159°. The 
infrared spectrum indicated the presence of the P-SEt and SPO,- moieties and was identical 
with the spectrum of the product of isomerisation of 1,1,4,4-tetraethylpiperazinium bis-(OO-di- 
ethyl phosphorothioate). , 

A further portion of the decomposition product of ‘‘ Amiton,’”’ dissolved in water, was 
extracted with ether to remove non-ionic material. The aqueous portion was boiled under 
reflux with 2n-potassium hydroxide for 4 hr. Ether-extraction gave a red oil, shown to be 
mixture of 2-diethylaminoethanol and tetraethylethylenediamine, by infrared spectra and by 
isolation of the methiodides as described below. 

Action of Alkali on 1,1,4,4-Tetraethylpiperazinium Dichloride.—The salt (30 g.) was treated 
with 2n-potassium hydroxide (4 equiv.) under reflux for 20 min. The mixture was extracted 
with ether to give a mixture of bases (12 g.; b. p. 67—100°/20 mm.) which was converted into a 
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mixture of methiodides. These were resolved by fractional crystallisation from methanol into 
2-diethylaminoethanol methiodide, m. p. and mixed m. p. 263°, and NNN’N’-tetraethy, 
ethylenediamine dimethiodide, m. p. and mixed m. p. 203°. 

Action of Alkali on 1,1,4,4-Tetraethyipiperazinium Bis-(OO-diethyl Phosphorothioate).—The 
salt (6-0 g.) was treated with 2n-potassium hydroxide solution (2 equiv.) and warmed. A gas 
was evolved and the mixture was worked up as described in the previous experiment, to give the 
methiodides of 2-diethylaminoethanol and NNN’N’-tetraethylethylenediamine. The aqueons 
portion was acidified and continuously extracted with ether. The extracts gave OO-diethy| 
hydrogen phosphorothioate (correct infrared spectrum). 


The microanalyses were carried out by Mr. F. E. Charlton and his staff. The advice ang 
encouragement of Professor D. H. Hey, F.R.S., and of Mr. T. F. Watkins are gratefully 
acknowledged. 

KinG’s COLLEGE, STRAND, Lonpon, W.C.2 (J. I. G. C.). 


CHEMICAL DEFENCE EXPERIMENTAL ESTABLISHMENT, 
Porton Down, Wits. (L. C. T.). [Received, July 29th, 1959,} 


452. The Synthesis and Irradiation of Polyborosiloxanes. 
By R. L. VALE. 


The preparation and properties of a series of condensation products of 
boric acid and organo-chlorosilanes are described. From the compositions 
and molecular-weight measurements a structure is proposed for the resulting 
polymers. Irradiation of the borosiloxanes induced a linking reaction, 
giving higher-melting materials with improved hydrolytic and heat stability. 





THE work now described was initiated in an attempt to prepare high-temperature, stable, 
semi-inorganic polymers and to determine whether the cross-linking of polymer chains, 
containing hydrolysable atoms or groups, with ionising radiation would decrease the 
hydrolytic susceptibility of the polymers. The B-O-Si linkage has good thermal stability 
and therefore the preparation and properties of polyborosiloxanes were selected for this 
study. 

Several methods have been reported for the synthesis of borosiloxanes. Henglein, 
Lang, and Scheinost } trans-esterified triethyl borate with diacetoxydimethylsilane which 
caused elimination of ethyl acetate to form a boron-oxygen-silicon bond. This reaction 
has been studied in more detail by Andrianov * eé¢ al., using 1*O-labelled esters. 

Voronkov and Zgonnik® studied the reaction between boric acid and alkylchlorosilanes 
and described their products as liquids of various viscosities, and also soluble or insoluble, 
plastic or brittle solids, but no molecular weights or structures were given. 

In the present study the reaction between boric acid and dichlorodimethylsilane was | 
investigated with and without solvent. The quantitative yields of hydrogen chloride 
were measured, and the effects of catalysts on the rate and extent of reaction determined. 
From a knowledge of the composition of the polymers and their molecular weights a possible 
structure was deduced. The effect of ionising radiation on the polymers was examined by 
subjecting samples to varying doses of electrons from a 4 Mev linear accelerator. 


EXPERIMENTAL 


Materials.—‘‘ AnalaR”’ boric acid was finely powdered and dried in a vacuum desiccator 
(CaCl,). Commercial tetrahydrofuran was purified by distillation over sodium hydroxide, and 
then sodium wire, in an atmosphere of oxygen-free nitrogen. The distillate was stored over 
calcium hydride. 

' Henglein, Lang, and Scheinost, Makromol. Chem., 1955, 15, 177. 


* Andrianov, Kudriavtsev, and Kursanov, Zhur. obshchei Khim., 1959, 29, 1497. 
* Voronkov and Zgonnik, Zhur. obshchei Khim., 1957, 27, 1476. 
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Dichlorodimethylsilane was purified by fractional distillation through a column of 35 
theoretical plates, and the fraction of b. p. 69-7°/754-5 mm. was used for all experiments. 

Procedure-—Condensation polymerisation. Boric acid and dichlorodimethylsilane were 
mixed in the molar ratios 1: 3, 2: 3, 1: 1, 3: 2, or 3: 1 and heated ina flask fitted with a calcium 
chloride tube at 90° until the evolution of hydrogen chloride ceased. 

Solution polymerisation. Boric acid (5-804 g., 0-094 mole) was mixed with dichlorodi- 
methylsilane (18-166 g., 0-141 mole) and various quantities of tetrahydrofuran (1—50 ml.). 
The reactants were magnetically stirred in a conical flask attached to a glass-spiral condenser, 
consisting of six 4 in. diam. turns and surrounded by solid carbon dioxide. The other end of 
the spiral was connected to two traps containing 1-0N-sodium hydroxide. The rate of evolution 
of hydrogen chloride at various temperatures was measured by titrating aliquot parts of alkali 
at selected time intervals. A continuous stream of dry nitrogen was passed into the mixture to 
ensure rapid removal of the hydrogen chloride. In a blank experiment in which the boric acid 
was omitted, no dichlorodimethylsilane was carried over by the nitrogen stream, even when 
the temperature of the reaction mixture was 60°. When the evolution of hydrogen chloride 
had ceased, tetrahydrofuran (50 ml.) was added, and the mixture shaken until a clear solution 
was obtained. The solvent and any unchanged silane were then removed by vacuum distil- 
lation. The residue was heated in vacuo (<1 mm.) at 80—100° for 3 hr., or until a constant 
weight of residue was obtained. 

Analysis.—(i) Boron. The borosiloxane (ca. 0-2 g.) was dissolved in neutral methanol 
(20 ml.), and water (5 ml.) was added to hydrolyse the polymer. The resulting solution was 
titrated to the neutral point of Methyl Red, mannitol (2 g.) was then added, and the solution 
titrated to the phenolphthalein end-point. The first titre was equivalent to any acidity arising 
from hydrolysable chlorine in the polymer, and the second titre to the boric acid formed on 
hydrolysis of the boron-oxygen-silicon link. 

(ii) Silicon. Polymer (ca. 0-1 g.) was digested, in a long tube fitted with a reflux condenser, 
with fuming sulphuric acid (0-5 g.) and fuming nitric acid (2-0 ml.). The mixture was heated 
carefully, and after 1 hr. the condenser was removed, and the solution evaporated to dryness. 
The tube was heated in a furnace at 700° to constant weight, giving the combined weights of 
boric oxide and silica. 

Reverse Reaction.—A borosiloxane (1 g.) was dissolved in carbon tetrachloride (20 ml.) and 
dry hydrogen chloride was passed into the solution for 1 hr. at 0°, 20°, and 60° in three separate 
experiments. The flasks were fitted with reflux condensers surrounded with solid carbon 
dioxide. The solutions were later thoroughly flushed with nitrogen until free from unchanged 
hydrogen chloride, water (10 ml.) was added, and the mixture titrated with standard alkali 
with Methyl Red as indicator. 

Molecular-weight Measurements.—Molecular weights of the polymeric products in solution 
in cyclohexane were determined ebullioscopically by means of a differential ebulliometer, using 
thermistors as the temperature-sensitive elements. Measurements were also made cryo- 
scopically in dioxan solution. All measurements were made at several concentrations, and the 
results extrapolated to infinite dilution. 

Irradiation.—Samples of borosiloxane were irradiated in sealed glass tubes in vacuo with 
4 Mev electrons, from a linear accelerator. The dose rate was 5 x 10* rads/hr., and during the 
irradiation the temperature was kept below 60°. 

Heat Stability Tests—Samples were heated in a small desiccator containing phosphoric 
oxide at 210°. 


RESULTS 


In the bulk polymerisations, for which various molar ratios of boric acid to dichlorodimethyl- 
silane were used, the products ranged from viscous liquids to white, opaque solids. A molar 
ratio of 2: 3 gave clear, viscoelastic solids containing a small amount of trapped boric acid, and 
this ratio was used for all subsequent work. The polymers could be stored indefinitely in 
stoppered flasks but hydrolysed rapidly in the atmosphere to give white, opaque solids. 

When the polymerisation was.performed in certain solvents, e.g., tetrahydrofuran, the rate 
of reaction, as determined by hydrogen chloride evolution, was greatly increased (see Fig. 1). 
The rate of condensation increased on dilution and passed through a maximum, decreasing at 
higher solvent concentrations. Very large quantities of solvent absorbed hydrogen chloride 
and apparently gave low rates and low conversions. This difficulty was overcome by using a 
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very high flow rate of nitrogen. Not all solvents had this marked catalytic effect, however. 
ethers and ketones appear to be specific. Benzene, carbon tetrachloride, and ethyl acetate 
which are solvents for the borosiloxanes, have no effect on the rate of reaction. Organic 
bases, ¢.g., pyridine and tertiary aliphatic amines, have a slight retarding effect. The rate of 
polymerisation is not greatly increased by a rise in temperature, and high conversions were 
obtained at 20—30° when using tetrahydrofuran as a solvent (Fig. 2). 

Abel and Singh * found that tristrimethylsilyl borate, B(O-SiMe,);, reacts rapidly and 
completely with hydrogen chloride at 0° to produce boric acid and trimethylchlorosilane. py 
the borosiloxane synthesis this would represent a reverse reaction leading to the following 
equilibrium: 

2B(OH)s + MegSiCl, =—=B= “B*O-SiMe,*O-B- + 2HCI A 


The solutions of the borosiloxanes in carbon tetrachloride contained no dichlorodimethylsilane 
after hydrogen chloride had been passed in for 1 hr. at 0°, 20°, and 60°, and no hydrolysable 


Fic. 1. Effect of increasing solvent (tetrahydro- Fic. 2. Effect of temperature on the rate of 
furan) concentration. condensation. 
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a= 5,b = 10, c = 30, d = 50 ml., e = no a = 60°, b = 50°, c = 40°, d = 30°, e = 60° (no 
solvent. B(OH), : SiMe,Cl, = 2: 3. solvent). B(OH),:SiMe,Cl, = 2:3. Tetra- 
hydrofuran = 8 ml. 


chlorine was detected in the samples. Carbon tetrachloride was chosen in preference to tetra- 
hydrofuran for the reverse reaction as it was easier to remove excess of hydrogen chloride from 
this solvent. 

Extent of reaction. With a molar ratio B(OH), : SiCl,Me, = 2: 3, the complete reaction of 
all the hydroxyl groups may be represented by 


2B(OH), + 3SiMe,Cl, —2 [B,O,,3SiMe,0] + 6HCI 


The maximum yields of hydrogen chloride observed (6HCl = 100%) were 90—95% and the 
difference could be accounted for as unchanged dichlorodimethylsilane. The reaction products 
were isolated by adding solvent to the mixture and distilling under vacuo. Unchanged dichloro 
dimethylsilane was determined by titrating the distillate, after the addition of water, with 
standard alkali. Chlorine could not be detected in the polymeric residues, whereas free 
hydroxyl groups were detected by infrared analysis. In two experiments (K33 and K37) 4 
large excess (20 ml.) of dichlorodimethylsilane was added to the mixture when the evolution 
of hydrogen chloride had ceased, i.e., 95°, conversion. This addition caused a further evolution 
of hydrogen chloride and a yield of 100% was obtained. The products from these two 
* Abel and Singh, /., 1959, 690. 
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experiments were viscous liquids containing chlorine end groups, and furthermore, no hydroxyl 
groups could be detected by infrared analysis. 

Composition. The boron and silicon contents of several polymers of varying deguent of 
condensation are shown in Table 1. The weight of polymer residue per chlorine atom for 


TABLE 1. 


HCl yield Wt. per Cl M 
Sample No. B(%) Si (% (%) atom (ip) (bp) 
K37, viscous liquid “3! 28-5 100 335 750 813 
K33, viscous liquid 17 — 100 284 620 — 
K42, solid “92 26-6 89-9 _ -— 940 
K18, solid P 24-9 68-2 -- 477 — 
K37, hydrolysed and heated . — oe ae aod 1040 
K25, solid . 27-1 92 — 760 — 


K33 and K37 is the experimentally determined value. Two chlorine end groups being assumed 
per molecule, the corresponding molecular weights are 670 and 568. 
Infrared analyses. Solid samples prepared in solution were analysed both in dioxan solution 
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and also as films cast from dry dioxan. The solutions gave a series of absorption peaks at 3400, 
3350, 3300, and 3240 cm.}, in which the 3400 absorption band was the strongest. The films 
gave a strong diffuse band at 3235 cm.7}. 

Molecular weights. The measurement of the molecular weights was difficult owing to the 
ease of hydrolysis of the borosiloxanes and their association in solution. Anomalous results 
were obtained by ebulliometry in acetone and isopropyl ether, but cyclohexane solutions were 
more satisfactory. Table 1 gives a selection of values obtained by two independent methods. 

Effects of radiation. Sample K42 was irradiated with a 4 Mev electron beam from a linear 
accelerator and received doses of 10’, 5 x 107, 108, 5 x 108, 10°, and 5 x 10®rads. The samples 
showed an increased rigidity with increasing dose and became brittle with doses >5 x 108. 
On irradiation, the m. p. increased from 105° to 145° at 10° rads, and at higher doses became 
infusible. Samples left in the laboratory atmosphere were compared with non-irradiated 
samples, and there was no apparent difference in hydrolytic susceptibility for samples receiving 
doses up to5 x 10’ rads. At higher doses, however, the samples showed a progressive inertness 
to water, and the sample at 5 x 10° rads was infusible, insoluble, and could be kept in contact 
with water without significant hydrolysis. 

In Table 2 the analyses (in volume %) of the gaseous products of irradiation are compared 


TABLE 2. 
Charlesby St. Pierre e¢ al. 
Component Borosiloxane (irradiated siloxane) (irradiated siloxane) 
34-1 41-0 31-0 
54-2 47-0 47-0 
11-7 12-0 22-0 


with those obtained by Charlesby ° and St. Pierre e¢ al.* for irradiated polydimethylsiloxanes. 
The two systems have in commen the -SiMe,* grouping. 

Thermal stability. The thermal stability of these polymers has not been thoroughly 
investigated. The results at 210° are shown in Fig. 3. It can be seen that the irradiated 

* Charlesby, Proc. Roy. Soc., 1955, A, 280, 120 

* St. Pierre, Dewhurst, and Bueche, J. Polymer Sci., 1959, 36, 105. 
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sample showed a smaller loss when heated, probably owing to bonding together of the more 
volatile low-molecular-weight species in the polymers. It was not possible to follow the 
molecular-weight changes as the polymers became insoluble in cyclohexane after irradiation, 
The sample which had received a dose of 5 x 10° rads. lost 4-6% in weight at 420° after 3 hours’ 
heating in air. 

The loss in weight may be accounted for largely on the basis of dehydration of unchanged 
hydroxyl groups on the polymers. On heating, the intensity of the hydroxyl absorption in the 
infrared region falls, and traces of water can be recovered. On the basis of the structures 
proposed in the Discussion, the maximum calculated losses on dehydration are given in Table 3, 


TABLE 3. 


M Loss on dehydration (%) M Loss on dehydration (%) 
Monomer ... 236 7-6 820 2-2 
3-4 Tetramer ... 1112 1-6 


DISCUSSION 

The solid polymers show remarkable viscoelasticity (80°, rebound) and behave like 
“bouncing putty,” the substance formed on mixing polydimethylsiloxane and boric 
oxide or acid. This is a property normally associated with substances of high molecular 
weight and it is surprising that materials of such low molecular weight behave in this 
manner. The explanation probably lies in the extensive hydrogen bonding between 
terminal hydroxyl groups in the solid polymer, as shown by infrared absorption spectra. 
The characteristic absorption frequency usually found at 3600 cm.+ for non-associated 
hydroxyl groups is shifted to a broad maximum in the solid polymer at 3235 cm.71, whereas 
in solution a band at 3400 cm.* is found, and also smaller bands at 3350, 3450, 3330, and 
3240 cm., representing varying degrees of association. When the hydroxyl groups are 
removed by reaction with an excess of dichlorodimethylsilane, as in samples K33 and K37, 
hydrogen bonding is no longer possible and the polymers are viscous liquids. Controlled 
hydrolysis of these liquids reconverts them into viscoelastic solids. 

The reaction of boric acid with dichlorodimethylsilane in the mole ratio of 2 : 3 may be 
generalised as 

2B(OH), ++ 3SiMegCl, ——B B,(OH)z[SIMezOg]g—21/2 + (6 — x)HCI. 

This includes intermediate condensation products having unchanged hydroxyl groups but 
no chlorine, ¢.g., (HO),B-O-SiMe,°O-B(OH),. Since in all the polymerisations the yields 
of hydrogen chloride were greater than 4 mols. (663% of theory) the linear structure 
*-B(OH)-O-SiMe,°O-B(OH)- must be excluded. The cyclic structure (I) is postulated on 
the basis of the molecular weights, composition, and end-group analysis of the polymers. 


O:SiMe,*O O-SiMe,-O. O:SiMe,°O 
4 \ 4 ‘\ 
HO-B B-O-| SiMe,-O-B B-O}- SiMe,-O-B ' B-OH 
\ a \ 7 
O-SiMe,°O O-SiMe,-O n O-SiMe,-O 


(I) 


As chlorine groups were not detected in the solid polymers, the chains must be terminated 
by hydroxyl groups, measured by infrared analysis. The liquid samples, K33 and K3j, 
did possess chlorine end-groups. 

Table 4 gives the calculated boron contents, molecular weights, and hydrogen chloride 
yields for compounds (I) of various degrees of polymerisation. The ring size is not known, 


TABLE 4. 
B, calc. Yield of HCl B, calc. 
Structure (%) M (%), calc. *SiMe,Cl end groups (%) 
Monocyclic 9-34 235-9 66-5 Monocyclic 
Dicyclic (mn = 0) ... 8-20 527-9 80-0 Dicyclic 
Tricyclic (nm = 1) ... 7:92 819-9 88-8 Tricyclic 
Tetracyclic (n = 2) 7-80 1112-0 91-7 
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put larger rings containing more than two boron atoms would not be consistent with the 
analytical data. On comparison of these values with the experimentally determined 
values for K42 and K25 it can be seen that the solid polymers correspond to a mixture of 
tri- and di-cyclic polymers, and K18 to a mixture of mono- and di-cyclic. 

Conclusions.—Although the polyborosiloxanes have desirable thermal and elastic 
properties, yet the low molecular weights obtained give inferior mechanical properties 
and also make the radiation cross-linking an inefficient process. The increase in hydrolytic 
stability following irradiation could be applied to other inorganic polymeric systems which 
are too easily hydrolysed. 


The author is grateful to Miss S. Miller for experimental assistance and Mr. P. J. Fydelor 
for the infrared measurements. 


IsoTopE RESEARCH Division, U.K.A.E.A. RESEARCH GROUP, 
WANTAGE RADIATION LABORATORIES, WANTAGE, BERKS. ([Received, November 20th, 1959.] 





453. Chemistry of the Higher Fungi. Part XI.* Polyacetylenic 
Metabolites of Drosophila subatrata. 


By E. R. H. Jongs,. P. R. LEEMING, and (in part) W. A. REMERs. 


Five of the many polyacetylenic metabolites of the Basidiomycete 
Drosophila (Psathyrella) subatrata have been isolated in a crystalline state and 
investigated in detail. Drosophilin C is shown to be the cis-ethylenic tri- 
acetylenic C,, acid (I), containing the novel HC=C-*CH,°C=C- system, con- 
verted by sodium hydrogen carbonate at 20° into drosophilin D (III) with a 
terminal allenic group. Drosophilin D also occurs in the fungal cultures and 
both compounds isomerise in 10% aqueous sodium carbonate to the con- 
jugated ene-triyne acid (IV), still containing the cis-ethylenic linkage. 
Drosophilin E is the C, acid (VII): The more polar fractions contain the 
dicarboxylic acids (VIII) and (IX); the latter is exceptional in containing an 
odd number of carbon atoms and no free ethynyl (or equivalent) group. 


Tue Basidiomycete fungus Drosophila (Psathyrella) subatrata was originally investigated 
by Kavanagh, Hervey, and Robbins } in 1952 and by Anchel.? Several metabolic products 
were recognised and characterised by their absorption spectra, including two polyacetylenic 
acids termed drosophilin C and D. The ultraviolet absorption data quoted are compatible 
with the presence of an ene-diyne chromophore in the former and probably an ene-diyn- 
ene system in drosophilin D. Isomerisation of both compounds with alkali resulted in the 
production of materials with identical absorption, 7.e., that of an ene-triyne system. The 
spectral changes when drosophilin C was treated with alkali are strongly reminiscent of 
the isomerisation of nemotin.® 

We have grown Drosophila subatrata in surface culture on a malt medium; fractionation 
of the ethereal extract of the culture fluid showed that a very complex mixture of poly- 
acetylenes was present. Extensive counter-current distributions between phosphate 
buffers and ether-benzene mixtures eventually resolved this mixture into five main 
fractions. The first four, in order of increasing polarity, consisted mainly of drosophilin 
F, D, C, and E while the fifth, a much more polar fraction, was still a complex mixture of 


* Part X, J., 1960, 691. 


* Kavanagh, Hervey, and Robbins, Proc. Nat. Acad. Sci. U.S.A., 1952, 88, 555. 
* Anchel, Arch. Biochem., 1953, 48, 127. 
* Bu’Lock, Jones, Leeming, and Thompson, J., 1956, 3767. 
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polyacetylenes. The simpler procedures of Kavanagh et al. had resulted in the isolation 
of only two polyacetylenes, drosophilin C and D. 


c c 
(I) HC=C*CHy*C=C*C=C*CH==CH'CH,"CO,H (V) HyC=C=CH*CH==CH'CSC‘C=C-CH, CO, 


c 
(II) HC=C*CHy*CH==CH:C=C-C=C-CH,°CO,H (VI) HCSC*C=C*CH=C=CH*CH=CH-CH,:CO,H 
c c 
(IIT) HyC=C=CH*C=C-C=C*CH==CH'CH,'CO,H (VII) HC=C*C=C*-CH=*CH*CHy°CH,*CO,H 
c 
(IV) CHyC=C*C=C*C=C*CH=CH'CH,"CO,H 


Drosophilin C formed stable needles, gave analyses for C,,H,O,, and yielded undecanoic 
acid on hydrogenation. Its ultraviolet absorption suggested a disubstituted ene-diyne 
chromophore while the infrared spectrum revealed the presence of free acetylenic hydrogen, 
cis-ethylenic hydrogen, and an unconjugated carboxyl group, the last fact being confirmed 
by the formation of an unconjugated methyl ester (infrared spectrum) with methanol and 
sulphuric acid. These facts are compatible only with structure (I) or (II) for drosophilin(¢ 
and a study of its behaviour on alkali-isomerisation permitted a choice to be made between 
them. 

Drosophilin C was found to undergo a two-stage isomerisation in alkali. In sodium 
hydrogen carbonate solution, the ultraviolet absorption spectrum rapidly changes and the 
reaction is complete in 2 hours. The product forms colourless, low-melting needles and 
the new chromophore is typical of an ene-diyne-ene (longest-wavelength maximum at 
3085 A). The infrared absorption spectrum indicated an unconjugated acid (confirmed by 
the formation of a methyl ester with carbonyl absorption at 1745 cm.“). There was no 
free acetylenic hydrogen band, but bands at 1960, 1930, and 838 cm.“ indicated a terminal 
allenic structure.* cis-Ethylenic hydrogen absorption was also present. Hydrogenation 
followed by reduction with lithium aluminium hydride gave undecanol. These facts 
establish the structure (III) unequivocally for the isomerisation product. 

A second stage of isomerisation occurs in 10% sodium carbonate solution or, more 
rapidly, in sodium hydroxide solution. The product is a colourless crystalline compound 
which readily forms a methyl ester. The ultraviolet absorption spectrum is typical of the 
ene-triyne chromophore and bands were present in the infrared spectrum showing cis- 
ethylenic hydrogen and an unconjugated carboxyl group. No bands attributable to free 
acetylenic hydrogen or an allene were present. Undecanoic acid was formed on hydrogen- 
ation and structure (IV) follows for this product which is the “ drosophilin C alk” of 
Anchel.? 

These isomerisations make it clear that drosophilin C is correctly represented by (|). 
A compound of structure (II) would probably isomerise in alkali but with difficulty, and 
the product would be the diene-diyne (V) which would show ultraviolet absorption ® quite 
different from that of either of the isomerisation products actually obtained; the acid (V) 
would not be expected to isomerise further unless very strongly basic conditions were used‘ 

Several attempts were made to convert acids (I), (III), and (IV) or their esters into the 
known trans-isomer? of (IV) by more vigorous alkali-treatment. All such experiments 
resulted largely in destruction of the polyacetylenes and any surviving ene-triyne material 
still showed cis-double-bond absorption in the infrared spectrum. 

Mention must be made of the structure (VI) which has recently been proposed as 4 
possibility for drosophilin C.8 Such a structure is now precluded on three grounds. 
Drosophilin C contains no allenic group. A compound of structure (VI) would show strong 


* Wotiz and Mancuso, J. Org. Chem., 1957, 22, 207. 
5 Bohlmann and Herbst, Chem. Ber., 1958, 91, 1631. 
* Bertrand, Compt. rend., 1958, 247, 824. 

7 Bohlmann and Viehe, Chem. Ber., 1954, 87, 712. 

® Anchel, Science, 1957, 126, 1229. 
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diene absorption in the 2300 A region superimposed upon the ene-diyne spectrum and it 
would isomerise directly to (IV) without affording any isolable intermediate (ref. 9). 

Drosophilin D proved exceedingly difficult to purify, three successive counter-current 
distributions giving only an oil. Crystallisation was eventually accomplished (see p. 2261) 
and drosophilin D proved to be identical with the product (III) from the first stage of 
jsomerisation of drosophilin C. Isomerisation in sodium carbonate solution gave the 
ene-triyne acid (IV), the same as the product obtained from drosophilin C. 

Drosophilin E was discovered as an impurity contaminating the later drosophilin C 
fractions in the counter-current purification of Drosophila extracts. The two compounds 
are of closely similar polarity and no distribution system could be found which effected 
complete separation. Drosophilin E is unaffected by treatment with 0-1N-sodium 
hydroxide and hence fractions containing C mixed with E showed incomplete isomerisation 
when treated with base. This principle was used to follow the distribution of drosophilin C 
(see p. 2261). Further, the products of isomerisation of drosophilin C are appreciably less 
polar than drosophilin E, so that when a mixture of C and E was treated with sodium 
hydrogen carbonate solution the resulting drosophilin D and E were readily separated by 
counter-current distribution. 

Drosophilin E was rather less stable than C and D. It formed colourless prisms giving 
fairly good analyses for CjH,O,. The ultraviolet absorption spectrum indicated a mono- 
substituted ene-diyne chromophore while the infrared spectrum revealed the presence of 
free acetylenic hydrogen, cis-ethylenic hydrogen, and an unconjugated carboxyl group. 
Since hydrogenation gave nonanol these data establish its structure as cis-non-4-ene-6,8- 
diynoic acid (VII). 

Drosophilin F, an acidic ene-diyne, was the least polar polyacetylene fraction and 
occurred only in traces (40 mg. from 400 1. of culture medium). Unfortunately chrom- 
atography of the methyl esters resulted in decomposition and no further work was possible. 

The most polar compounds from the culture medium of D. subatrata moved very slowly 
in the phosphate buffer-ether/benzene mixture and so were well separated from the other 
metabolic products. They occurred in only very small quantities, some 300 mg. being 
obtained from 400 1. of culture medium. Moreover, they were accompanied by a great deal 
of oily, pigmented material which hinderéd purification. Some improvement was effected 
by alumina chromatography of the methyl esters, and careful re-chromatography of the 
material eluted with benzene revealed the presence of four compounds which for con- 
venience were designated by their longest-wavelength absorption maxima. 

The first eluted compound had maxima at 2950, 2780, and 2650 A, but as less 
than 1 mg. of material was isolated no further work was possible. The next fractions 
contained a mixture of two compounds (longest-wavelength maxima at 3390 and 3040 A 
respectively) which were separated by counter-current distribution. The “ 3390” com- 
pound was identified as the diester of (VIII), already known to be a fungal metabolite.” 
The “ 3040 ” compound proved to be the diester of the hitherto unknown diacid (IX). It 
possesses the diyne-ene-carbonyl chromophore, and infrared examination showed the 
presence of both conjugated and unconjugated ester groupings and trans-ethylenic hydrogen. 
Chain-length determination on a micro-scale posed a new problem which was solved by 
conversion into the dimethyl ether of the saturated diol and comparison with authentic 
specimens by gas chromatography. Catalytic hydrogenation was followed by reduction 


t t 
(VIIT) HO,C*CH==CH:C=C*C=C-CH==CH'CO,H 


(IX) HO,C*CHy*CHyCHy'C=C*C=C*CH==CH'CO,H 
with lithium aluminium hydride and methylation of the resultant diol. Gas chrom- 
atography showed the dimethyl ether to have a retention time intermediate between those 


* Celmer and Solomons, J. Amer. Chem. Soc., 1952, 74, 1870 and subsequent papers. 
F a * haa Jones, and Turner, J., 1957, 1607; (b) Gardner, Jones, Leeming, and Stephenson, 
” , 691. 
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of the dimethyl ethers of 1,10-decanediol and of 1,12-dodecanediol and the same as that of 
the derivative of 1,1l-undecanediol. The diacid (IX) was then synthesised by Mr. R, E, 
Bew from hexynoic acid and trans-bromopentenynoic acid, and its dimethyl ester had 
properties identical with those of the derivative of the natural acid. 

The fourth compound to be eluted had its longest-wavelength maximum at 2820 4 
(ene-diyne chromophore). However, counter-current distribution failed to remove a high 
proportion (75%) of non-polyacetylenic impurity. 

This investigation has furnished the first exception to the generalisation made in 
Part IX," and known to hold good for nearly fifty examples, that fungal polyacetylenes 
containing an odd number of carbon atoms possess a free ethynyl grouping. The terminal 
allenic unit in drosophilin D (III) is closely related to and simply derived from the 
HC=C-CH, system, but the C,, diacid (IX) is a clear exception. More instances of non- 
conformity with the rule have now been encountered in work ” with other fungi. 


EXPERIMENTAL 


See Part V (J., 1955, 4270) for general directions regarding the handling of these natural 
polyacetylenes. Evaporations did not need to be carried out under nitrogen in this case. 

Ultraviolet absorption spectra were measured for ethanol solutions on a Cary double-beam 
recording spectrophotometer. Infrared spectra were recorded for carbon disulphide solutions, 
M. p.s (corrected) were determined on a Kofler block. Alumina for chromatography was 
Peter Spence grade ‘‘ H,”’ deactivated by treatment with 5% of 10% acetic acid unless other- 
wise stated. Gas chromatography of the perhydro-alcohols utilised a column of 5% 
polyethylene glycol and 2% stearic acid on firebrick (50—90 mesh), with hydrogen as carrier 
gas at a flow rate of 60 c.c./min. and a flame ionisation detector. The column measured 
102 x 0-45 cm. and was kept at 120°. The perhydro-dimethyl ethers were chromatographed 
on a column of Apiezon L on firebrick (50—90 mesh) with hydrogen at a flow rate of 70 c.c./min. 
and the same detector. The column measured 100 x 0-45 cm. and was kept at 200°. 

Isolation of Polyacetylenes.—The fungus, obtained through the courtesy of Dr. M. Anchel of 
the New York Botanical Garden, was grown in surface culture on malt medium. During the 
growth, aliquot parts were withdrawn periodically from sample flasks, and the polyacetylenes 
present estimated by ultraviolet absorption measurement (at 2805 A) of an ethereal extract. 
When the concentration reached a maximum, generally between 28 and 35 days after inocul- 
ation, the medium was withdrawn. Several batches were grown and a typical purification 
procedure is described. 

The medium (80 1.) was continuously extracted with ether for 36 hr. The ethereal con- 
centrate, containing 900 mg. of mixed polyacetylenes, was cautiously evaporated and the 
residue, a thick brown oil, was immediately dissolved in benzene (80 c.c.) and ether (20 c.c.). 
Insoluble material was removed and the filtrate placed in the first two tubes of a 120-plate 
Craig-type counter-current distribution apparatus (volumes of upper and lower phases, 40 c.c.). 
The system used for fractionation was M/15-phosphate buffer of pH 6-64 and 1 : 4 ether—benzene. 
Generally about 250 transfers were employed. The various polyacetylenes, detected by their 
light absorption properties, appeared in the eluted fractions in the following order: droso- 
philin F (10 mg.) after 130 transfers; drosophilin D (220 mg.) after 145 transfers; drosophilin C 
(350 mg.) after 180 transfers; drosophilin E (140 mg.) after 200 transfers. More polar com- 
pounds were distributed in the terminal 40 tubes of the apparatus. 

The separation of the compounds was sharp except for drosophilins C and E, where several 
mixed fractions were obtained, their compositions being determined as follows. The two 
compounds have virtually identical ultraviolet absorption spectra, and use was made of their 
differing behaviour with alkali in order to follow the separation: 0-1 c.c. of N-sodium hydroxide 
was added to an aliquot part of an aqueous solution of the fraction under investigation. 
Drosophilin C is instantly converted into a substance with ene-triyne absorption, i.e., maxima 
at longer wavelengths than C, whereas drosophilin E remains unchanged. 

Drosophilin C (cis-Undec-3-ene-5,7,10-triynoic Acid) (I).—Fractions from the above distribu- 
tion which contained drosophilin C free from drosophilin E were combined and evaporated and 


11 Jones and Stephenson, J., 1959, 2197; Jones, Pedler Lecture, 1959, Proc. Chem. Soc., in the press. 
12 Bew and Jones, unpublished observations. 








ee ae ae ae ee 


-_ 


Cokes ff «&¢ 


OBsawieasepneeavwemakws 








ad 


yA 
igh 


nes 
nal 
the 


on- 


iral 
am 


was 
her- 
5% 
Tier 
ired 
hed 
nin, 


al of 
the 
ones 
‘act. 
cul- 
tion 


con- 


yt 
late 
be). 
rene. 
their 


lin C 
com- 


veral 


their 
oxide 
tion. 
xima 


ribu- 
1 and 


press. 








[1960] Chemistry of the Higher Fungi. Part XI. 2261 


the residue redistributed in the same buffer—solvent system in a 50-plate Craig-type apparatus. 
A sharper distribution curve was obtained and the purest fractions were combined, evaporated 
to dryness, taken up in ether, and decolorised with a little Norite. The filtered solution which 
contained ca. 100 mg. of drosophilin C was evaporated and the residue taken up in hexane 
(30 c.c.). The solution was decanted from a small amount of insoluble brown oil and then kept 
at —40° for 2hr. Drosophilin C formed colourless needles (80 mg.) which became yellow slowly 
in light at 20°. Two further crystallisations gave cis-undec-3-ene-5,7,10-triynoic acid, m. p. 
97-5—99° (Found: C, 76-7; H, 4-8. C,,H,O, requires C, 76-75; H, 4-7%), Amax 2805 (e 15,900), 
2645 (c 19,700), 2505 (e 13,600), 2380 (c 7800), 2265 (c 6100), and 2105 A (e 46,800), vimax. 3300 
(free ethynyl hydrogen), 1760 and 1712 (unconjugated CO,H), 738 and 718 cm." (cis-ethylenic 
hydrogen). 

: Drosophilin C Methyl Ester.—A solution of drosophilin C (20 mg.) and sulphuric acid (0-4 
c.c.) in methanol (9-6 c.c.) was kept in the dark at 20° for 3days. The solution was poured into 
water and extracted with ether, and the ether solution was thoroughly washed with water and 
dried. The ester crystallised from hexane at —40° as colourless needles, m. p. below 20°. Its 
low m. p. precluded analysis. It had Amy, 2810, 2655, 2510, 2385, 2265, and 2115 A, Vmax, 3300 
(free ethynyl hydrogen), 1745 (unconjugated ester C=O), 755 and 718 cm. (cis-ethylenic 
hydrogen). 

Hydrogenation of Drosophilin C.—Drosophilin C (10 mg.) was hydrogenated in ethanol 
(20 c.c.) with Adams platinum catalyst (43 mg.). Evaporation of the solution yielded 
undecanoic acid, identified as the p-toluidide, m. p. and mixed m. p. 76—78°. A further 
sample of drosophilin C was hydrogenated as above and the product treated with an excess of 
lithium aluminium hydride in ether to give undecanol. This was shown to be identical with an 
authentic sample by gas chromatography. 

Drosophilin D (cis-Undeca-3,9,10-triene-5,7-diynoic Acid) (II1).—Crude drosophilin D (400 
mg.), obtained from several purification runs, was redistributed in M/15 phosphate buffer of 
pH 7:38 and 9:1 ether—benzene in a 120-tube apparatus and 260 transfers were employed. 
A trace of a new polyacetylene (longest ultraviolet max. 3420 A) was eluted first, followed by 
drosophilin D which appeared after 210 transfers. The drosophilin D (300 mg.) in ether 
(200 c.c.) was extracted with sodium hydrogen carbonate solution (1 x 200c.c.; 3 x 100 c.c.) 
followed by acidification, re-extraction into ether, and decolorisation of the ether solution with 
Norite. Spectrographic assay and evaporation and weighing of aliquot parts showed the 
drosophilin D to be only 50% pure at this stage. Crystallisation proved difficult as most of the 
impurity was a brown oil which was rather less soluble than drosophilin D in hexane. The 
mixture was dissolved in hexane (20 c.c.) and then cooled to —40° for a few minutes. The oil 
was precipitated, and the supernatant hexane was decanted and kept for 2 hr. at —40°. Droso- 
philin D then separated as colourless plates (40 mg.). Further crystallisations afforded the pure 
cis-undeca-3,9,10-triene-5,7-diynoic acid, m. p. 22—28°. Light absorption properties and 
isomerisation behaviour were identical with those of drosophilin D obtained from drosophilin 
C (see below). 

Isomerisation of Drosophilin C (1).—(a) With sodium hydrogen carbonate solution. A mixture 
of drosophilin C and E in ether (500 c.c.) containing 550 mg. of polyacetylenes, obtained by the 
purification procedure described above, was extracted with saturated sodium hydrogen 
carbonate solution (2 x 500 c.c.) and the aqueous extract was kept for 5 hr. at 20°. No further 
change in the ultraviolet absorption spectrum took place after this period. The resulting 
mixture of drosophilin D and E was resolved between m/15-phosphate buffer of pH 6-64 and 
1:4 ether—benzene in a 50-plate apparatus. Drosophilin D appeared in the eluted fractions 
after 60 transfers in 15 fractions, sharply separated from drosophilin E (350 mg.) which 
appeared after 80 transfers. The drosophilin D (200 mg.) was further purified by extraction 
into saturated sodium hydrogen carbonate solution followed by acidification and re-extraction 
into ether. Crystallisation from hexane afforded cis-undeca-3,9,10-triene-5,7-diynoic acid as 
colourless plates, m. p. 21—28° (Found: C, 76-5; H, 4-7. C,,H,O, requires C, 76-75; H, 4-7%), 
Imax. 3085 (¢ 18,200), 2905 (c 22,000), 2745 (c 15,100), 2590 (c 9000), and 2170 A (ce 34,900), 
Vmax, 1960 and 1930 (allene), 1760 and 1715 (unconjugated CO,H), 838 (terminal allene), 738 and 
720 cm.*! (cis-ethylenic hydrogen). The methyl ester, which was a liquid, showed identical 
ultraviolet absorption with that of the parent acid and had infrared carbonyl absorption at 
1740 cm.!. Hydrogenation (platinum) of drosophilin D followed by reduction with lithium 
aluminium hydride gave undecanol, identified by gas chromatography. 
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(b) With sodium carbonate solution. Drosophilin C (46 mg.) in ether (35 c.c.) was extracted 
into 10% sodium carbonate solution (35 c.c.) and left for 2 hr. at 20°. No change in the ultra. 
violet absorption spectrum occurred after this period. The solution was acidified and the 
product isolated via ether. cis-Undec-3-ene-5,7,9-triynoic acid (IV) crystallised from methylene 
chloride-hexane at —40° as pale yellow needles, m. p. 115—120° (decomp.) (Found: C, 76-]. 
H, 45%; equiv., 172. C,,H,O, requires C, 76-75; H, 4-7%; equiv., 172), Amax. 3295 (e 12,000), 
3075 (¢ 17,600), 2885 (< 13,300), 2725 (¢ 7170), 2575 (¢ 3920), 2410 (< 97,500), 2300 (e 63,800), 
2105 (c 37,600), and 2040 A (e 37,000), vmax. 1760 and 1710 (unconjugated CO,H), and 740 cm. 
(cis-ethylenic hydrogen). The methyl ester, after chromatography on alumina, formed rosettes 
of needles, m. p. 27—31°. It showed ultraviolet light absorption identical with that of the 
parent acid, and infrared carbonyl absorption at 1745 cm.7}. 

Hydrogenation (platinum) of the acid gave undecanoic acid, identified as the p-toluidide, 
m. p. and mixed m. p. 77-5—79°. 

Isomerisation of Drosophilin D (II1I).—Drosophilin D (19 mg.) was dissolved in 10% sodium 
carbonate solution (30 c.c.). After 2 hr. at 20° the solution was worked up in the usual way, 
The product crystallised from methylene chloride—hexane and was shown to be identical in m. p, 
and ultraviolet and infrared absorption spectra with cis-undec-3-ene-5,7,9-triynoic acid (IV). 

Drosophilin D (5 mg.) was hydrogenated (platinum), and the product reduced with lithium 
aluminium hydride to undecanol, identified by gas chromatography. 

Drosophilin E (cis-Non-4-ene-6,8-diynoic Acid) (VII).—The purification of this constituent 
has been described under the isomerisation of drosophilin C with sodium hydrogen carbonate 
solution (see above). cis-Non-4-ene-6,8-diynoic acid crystallised from hexane as light-sensitive 
prisms, m. p. 35° (Found: C, 72-2; H, 5-6. C,H,O, requires C, 72-95; H, 545%), Amax 2795 
(c 13,000), 2640 (ec 15,100), 2500 (e 11,600), 2380 (c 6950), 2270 (c 4650), and 2100 A (e 35,800), 
Vmax, 3300 (free ethynyl hydrogen), 1717 (unconjugated CO,H), and 740 cm. (cis-ethylenic 
hydrogen). Hydrogenation (platinum) and reduction by lithium aluminium hydride gave 
nonanol, identified by gas chromatography. 

The Polar Compounds.—The accumulated total of polar polyacetylenes from 400 1. of culture 
fluid amounted to approx. 300 mg. This material was esterified with 5% sulphuric acid in 
methanol (100 c.c.) for 3 days at 20°. The mixture was then poured into water (500 c.c.), isolated 
via ether, and chromatographed on alumina (50 g.) in benzene. Elution with benzene gave a 
series of fractions which were obviously mixtures; these were recombined and resolved further 
(see below). Ether eluted material showing ene-diyne absorption but repeated chromatography 
failed to effect purification. 

The benzene eluates were carefully rechromatographed on alumina (50 g.). Light 
petroleum—benzene (9: 1) eluted traces of a compound with ultraviolet maxima at 2950, 2780, 
and 2650 A, but there was insufficient material for further work. Light petroleum—benzene 
(1: 1) eluted first a mixture of the “ 3390” and “‘ 3040’ compounds and then “‘ 2820” com- 
pound. The first mixture was distributed between light petroleum and 60% aqueous ethanol 
in a 50-plate Craig-type counter-current apparatus. The ‘“ 3390 ’’ compound appeared in the 
eluted fractions after 62 transfers and the “‘ 3040 ’’ compound after 75 transfers. 

The “‘ 3390” compound crystallised from hexane as off-white needles (10 mg.), m. p. 103— 
106°, identical with dimethyl trans, trans-deca-2,8-diene-4,6-diyne-1,10-dioate [the diacid corre- 
sponding to (VIII)].% 

The ‘‘ 3040’ Compound (Dimethyl trans-Undec-2-ene-4,6-diyne-1,11-dioate, the Diester of 
IX).—(a) The distribution fractions containing the ‘‘ 3040 ’’ compound were chromatographed 
twice on alumina and then crystallisation from hexane afforded the diester as colourless plates 
(10 mg.), m. p. below 20°, Amax, 3040 (e 19,900), 2860 (c 20,500), 2700 (e 12,300), 2550 infl. (e 6250), 
2230 (e 32,300), and 2160 A infl. (e 25,300), vinx. 1738 and 1725 (unconjugated and conjugated 
ester C=O) and 955 cm."! (tvans-ethylenic hydrogen). The diester (6 mg.) was hydrogenated 
(platinum) in ethanol, then reduced with lithium aluminium hydride, and the resulting diol was 
methylated. Potassium (100 mg.) was dissolved in t-butyl alcohol (5 c.c.), and the diol (4 mg.) 
was added in t-butyl alcohol (2 c.c.). Methyl iodide (1 c.c.) was poured in and the mixture 
refluxed for 30 min., cooled, and diluted with water. The product was extracted with light 
petroleum (b. p. 30—40°) which was then thoroughly washed with water and dried. The 
solution was reduced to small bulk and chromatographed on alumina (Grade H; 15 g.) in 4% 
ether-light petroleum (b. p. 30—40°). 120 c.c. of eluate were collected and this was then con- 
centrated to dryness. The residue was submitted to gas chromatography and had a retention 
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time of 6-75 min. Retention times for the dimethyl ethers of 1,10-decanediol, 1,11-undecanediol 
and 1,12-dodecanediol were 4-5, 6-75, and 10 min. respectively. j 

(b) (with R. E. Bew.) A solution of trans-5-bromopent-2-en-4-yn-l-oic acid 1” (102 mg.) 
in methanol (0-5 c.c.) was added under nitrogen during 10 min. to a stirred solution of hex-5-yn- 
l-oic acid !* (64 mg.) and cuprous chloride (3-4 mg.) in 33% aqueous ethylamine (1-0 c.c.) at 30°. 
Hydroxylamine hydrochloride was introduced in small portions as the reaction proceeded, to 
maintain the copper in the reduced form. After a further 10 minutes’ stirring, dilute hydro- 
chloric acid (10 c.c.) was added and the acid (60 mg.) was isolated via ether. Crystallisation 
from ether—hexane gave pale yellow crystals of trans-undec-2-ene-4,6-diyne-1,11-dioic acid (IX), 
softens at 130°, m. p. 157—159° (decomp.) (Found: C, 64-6; H, 4:6. C,,H,,O, requires C, 
64:1; H, 485%), Amax, 3020 (¢ 18,500), 2840 (¢ 19,300), 2680 (£13,200), 2540 infil. (« 7900), 2215 
(c 35,300), and 2150 A infl. (¢ 29,800), vmax. (in CCl,) 3480 (CO,H), 2230 (C=C), 1710 (CO,H), 
1620, 1137, and 960 cm.*! (¢vans-ethylenic hydrogen). Treatment with methanolic 5% sulphuric 
acid (30 c.c.) overnight at 20° and isolation via ether gave the dimethyl ester which after chrom- 
atography on alumina and crystallisation from hexane formed crystals, m. p. 15—16° (Found: 
C, 66-0; H, 6-1. C,,H,,O,4 requires C, 66-65; H, 6-0%), Amax, 3040 (¢ 19,500), 2860 (< 19,600), 
2700 (e 11,500), 2550 infl. (c 5450), 2225 (e 35,700), and 2160 A infl. (c 27,650), Vmax. identical 
with those of diester from natural acid. 


This investigation was greatly facilitated by financial support from the Rockefeller Found- 
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454. Sesquiterpenoids. Part XII.* Further Investigations on 
the Chemistry of Pyrethrosin. 
By D. H. R. Barton, O. C. BOcKMAN, and P. DE Mayo. 


Further work on the chemistry of pyrethrosin has confirmed the presence 
of a 1,2-epoxide and of a ten-membered carbocycle. As a result of further 
degradations the positions of the acetoxyl residue and of the alkyl-oxygen 
atom of the y-lactone function, assigned in an earlier paper, have been inter- 
changed, but the constitution proposed before for pyrethrosin has been 
confirmed in every other detail. 

The acid-catalysed cyclisation of pyrethrosin has been investigated and 
the stereochemistry of some of the centres of asymmetry in the molecule 
defined. 


Ix an earlier part of this series! the constitution (I) was proposed for pyrethrosin, the 
sesquiterpenoid lactone from “ pyrethrum.” Pyrethrosin was the first sesquiterpenoid 
shown to have a ten-membered carbocyclic ring and its ready cyclisation made it of obvious 
importance in the biogenesis of other bicyclic sesquiterpenoids.? Since the appearance of 
our paper a considerable number of sesquiterpenoids containing a ten-membered ring have 
been discovered 34 and the biagenetic implications 5 of this type of structure now appear 
tobe generally accepted. The present paper reports a more detailed study of the reactions 
* Part XI, J., 1958, 4518. 


? Barton and de Mayo, J., 1957, 150. 

* See also Barton and de Mayo, Quart. Rev., 1957, 11, 189. 

* Inter al., Suchy, Horak, Herout, and Sorm, Chem. and Ind., 1957, 894; Ognjanov, Ivanov, Herout, 
Horak, Pliva, and Sorm, Coll. Czech. Chem. Comm., 1958, 28, 2033; Herout and Sorm, Chem. and Ind., 
1959, 1067; and many other papers by Herout, Sorm, and their collaborators. 

* Bhattacharyya, Kelkar, and Rao, Chem. and Ind., 1958, 1359; 1959, 1069. 
® Ruzicka, Experientia, 1953, 9, 357. 
® Henrickson, Tetrahedron, 1959, 7, 82. 
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of pyrethrosin. The constitution (I) originally proposed has been confirmed except that 
the position of attachment of the lactone ring has been shown to be as in (II). The latter, 
then, is the correct constitution of pyrethrosin and will be used in the sequel. 


oO 


(V) - (VII) 


Hydrogenation of pyrethrosin gave a mixture of stereoisomeric tetrahydropyrethrosins 
(III), one of which was isolated by fractional crystallisation. On treatment with boron 
trifluoride in ethereal solution this rearranged? to give a ketone (IV). This reaction 
confirms the presence of the 1,2-epoxide grouping, a feature already inferred on the basis 
of more circumstantial evidence. 

The presence of the ten-membered carbon ring was confirmed in the following way. 
The stereoisomeric mixture of tetrahydropyrethrosins (see above) was oxidised with 
aqueous chromic-sulphuric acid to @-methyladipic acid (V). This was identified by paper 
chromatography and by pyrolysis of the calcium salt to give 3-methylcyclopentanone, 
isolated as its 2,4-dinitrophenylhydrazone. Because a mixture of stereoisomers was used 
the product was not, of course, optically pure. 

The position of the lactone ring was hitherto assigned! on the basis of the following 
evidence. Cyclisation of pyrethrosin with acetic anhydride—toluene-f-sulphonic acid gave 
a cyclopyrethrosin acetate [now to be formulated as (VI; R = Ac)]. Selective hydrogen- 
ation followed by controlled hydrolysis afforded an acetoxy-alcohol [now to be formulated 
as (VII; R= H)]} which on oxidation by chromic acid furnished an acetoxy-ketone. 
Alkaline hydrolysis of this ketone gave two main products. One of these (m. p. 169—172°) 
could be reacetylated to give back the starting ketone and therefore had the lactone ring in 
the original position. The other product (m. p. 255—260°), more easily purified by 
crystallisation, was shown to have structure (VIII) because on oxidation by chromic acid 
followed by mild treatment with base it gave the conjugated dienone (IX), a substance 
whose constitution and stereochemistry were rigidly defined by an alternative preparation 
from ¥-santonin. Oxidation of the ketol, m. p. 169—172°, followed by mild treatment 
with base also developed ultraviolet absorption indicative of a compound (IX) although 
the small amount of material available at that time! prevented its isolation. We have 
now been able to repeat these experiments on a larger scale. Oxidation of the more easily 
available ketol, m. p. 255—260°, gave a crystalline diketone (X) showing no high-intensity 
ultraviolet absorption. On mild treatment with base this gave the spectrum of the dienone 
(IX), in confirmation of our earlier results. On the other hand, oxidation of the ketol, 
m. p. 169—172°, gave a non-crystalline product which showed no high-intensity ultra- 
violet absorption and gave no dienone maximum on treatment with alkali. Our earlier 
observation on the ketol of m. p. 169—172° is, therefore, in error. The lower-melting 
ketol must now be represented as (XI; R =H). Since it is this compound which can be 
reacetylated to its precursor and thus related directly to pyrethrosin, the position of the 


7 House ef al., J. Amer. Chem. Soc., 1954, 76, 1235; and many later papers; Henbest and Wrigley: 
J., 1957, 4596, 4765. 
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lactone ring in the latter must be as in (II), not (I). The designation 4 “ 11-iso ’- for the 
ketol, m. p. 255—266°, is no longer justified. : 
Because of the importance of this conclusion we undertook further experiments to place 
the position of the lactone ring beyond question. The hydrogenation and selective 
hydrolysis of cyclopyrethrosin acetate (VI; R = Ac) to (VII; R = H) has already been 
referred to above. The ketone (XI; R = Ac) obtained from this by chromic acid oxid- 
ation (see above) was first selected for further study. We found that treatment with 


fcr, Oo, Ce Oot 


(IX) X) (XII) 
ae 


(e) 
oe Me 9 4 wi Me 4 ai 20 ol 
AcO 


(X11) (XIV) (XV) (XVI) 


aqueous-ethanolic sodium hydrogen carbonate under controlled conditions gave an acid 
(XII; R =H) which with diazomethane afforded the methyl ester (XII; R = Me). 
Oxidation of the latter with chromic acid furnished a crystalline diketone (XIII) which on 
mild treatment with base gave the dienone (IX), fully characterised as in our earlier work 1 
as the methyl ester bis-2,4-dinitrophenylhydrazone. Similarly dihydrocyclopyrethrosin 
acetate (VII; R = Ac) gave the desired methyl ester (XIV; R = H) which on oxidation 
afforded a crystalline diketone (XV). On mild treatment with base this likewise gave the 
characteristic dienone ultraviolet absorption spectrum. The methyl ester (XIV; R = H) 
was further converted into its toluene-p-sulphonate (XIV; R = toluene-p-sulphony]) 
which when heated with pyridine and piperidine furnished a lactone stereoisomeric with 
(VII; R = Ac). Further reference to this compound is made below. 

We have continued our study! of the influence of acidic reagents on pyrethrosin.® 
Treatment of pyrethrosin with aqueous sodium hydrogen carbonate and then with an 
excess of aqueous hydrochloric acid gave an acetoxy-acid (XVI; R = R’ = H, R” = Ac) 
affording the triacetate (XVI; R= R’ = R” = Ac) with pyridine-acetic anhydride. 
This triacetoxy-acid was also obtained by hydrolysis of cyclopyrethrosin acetate (VI; 
R = Ac) with an excess of sodium hydrogen carbonate solution. In contrast, hydrolysis 
under controlled conditions gave the diacetoxy-acid (XVI; R= R” = Ac, R’ = H) 
which on methylation with diazomethane followed by oxidation with chromium trioxide 
afforded the crystalline diacetoxy-ketone (XVII). Mild treatment with alkali produced 
the usual dienone spectrum [as (IX)]. 

Treatment of pyrethrosin with boron trifluoride-ether complex and then with water 
gave the diol (XVIII; R = H) converted into the acetate (XVIJi; R = Ac) on acetyl- 
ation. The constitution of the diol was established by oxidation with chromic acid to the 
hydroxy-ketone (XIX) of ‘established structure. Digestion. with acetic anhydride- 
toluene-p-sulphonic acid afforded cyclopyrethrosin acetate (VI; R = Ac). The diacetate 
(XVIII; R = Ac) also gave diene-lactone (VI; R = Ac) on treatment with pyridine and 
thionyl chloride. Hydrogenation of the monoacetate (XVIII; R = Ac) gave a dihydro- 
derivative which, with the same dehydrating agent, furnished dihydrocyclopyrethrosin 
acetate (VII; R = Ac). 

We have also been able to make experiments which shed some light on the stereo- 
chemistry of the pyrethrosin molecule. It can be shown that the stereochemistry of 

* Cf. Rose and Haller, J. Org. Chem., 1937, 2, 484. 
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cyclopyrethrosin (VI; R = H) is probably as already represented in (VI; R=H). The 
absolute configuration ($) at position 10 is, of course, already established by our earlier 
work.! Treatment of dihydrocyclopyrethrosin (VII; R =H) with toluene-p-sulphony] 
chloride in pyridine gave the expected toluene-p-sulphonate (VII; R= toluene-p- 
sulphonyl). The corresponding methanesulphonate was prepared in the same way, 
Heating either of these derivatives with collidine gave a non-conjugated diene. This 
compound is formulated as (XX) because it showed a strong infrared band at 893 cm. 
(CC=CH,) which disappeared on conversion into the monoepoxide on treatment with 
perphthalic acid. There is excellent precedent ® to show that this rearrangement requires 
that the I-hydroxyl group be equatorial, an assignment in agreement with its lightly 
hindered nature.! 


AcO 


HO OAc 
(XXIII) (XXIV) (XXV) 


For purposes of molecular-rotation comparison the ketone (XI; R= Ac) was con- 
verted into the thioketal with ethanedithiol and then desulphurised to give the deoxo- 
compound (XXI). The [M], of this substance showed that the hydroxyl of dihydrocyclo- 
pyrethrosin acetate (VII; R = H) made a contribution of +60 [M], units. The analogous 
contributions for the groups OAc and OBz [based on the newly prepared benzoate (VII; 
R = Bz)} can be calculated to be +35° and +206°. Prior correlation ” requires that, 
if the 10-methyl group is 8, then the l-hydroxyl group in (VII; R = H) must be « in order 
that these contributions to the [M], shall pertain. The 1-hydroxyl group can only be 
both equatorial and « if the ring fusion of the decalin system is cis. The stereochemistry 
at positions 1, 5, and 10 of cyclopyrethrosin (VI; R = H) is thus established. 

The configurations at positions 7 and 8 were next investigated. For this purpose the 
ketol (VIII) was converted into its benzoate which was then pyrolysed in the gas phase 
under (unimolecular) cis-elimination conditions. This gave an olefin which showed three 
vinyl hydrogen atoms on examination by nuclear magnetic resonance.* It must, therefore, 
be formulated as (XXII). There is adequate precedent ™-!2 to suggest that such a clear 


* We are much indebted to Dr. L. M. Jackman of this Department for the measurement and for 
helpful discussion. 


® Barton, Experientia, 1950, 6, 316; Hirschmann, Snoddy, and Wendler, J. Amer. Chem. Soc., 1952, 
74, 2694. 

10 Klyne and Stokes, J., 1954, 1979. 

1 Barton, J., 1949, 2174. 

#2 Barton and Rosenfelder, J., 1949, 2459. 
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dimination away from position 7 is only possible if the 7-hydrogen atom and the 8-hydroxy] 
group of (VIII) are trans to each other. 

The formation of an 8-epi-lactone (VII; R = Ac) has already been described above. 
The formation of both 8-lactones is only possible, chair conformations being accepted, if 
the C,side-chain is equatorial and thus § as in all other sesquiterpenoid lactones whose 
stereochemistry at this centre has been established. 

The results described in the present paper could, in principle, give information about 
the stereochemistry at position 4 in compound (XVIII; R = Ac) and its dihydro-derivative 
(XXIII). Dehydration of both of these with thionyl chloride-pyridine furnished 
exclusively the endocyclic olefins. Analogy } suggests that this is only possible if the 
4-hydroxyl group is axial; if a chair conformation is retained this hydroxyl group would 
then be « in orientation. With this fact and with the established stereochemical configur- 
ations (see above) in mind one can deduce the configuration of the endocyclic ethylenic 
linkage of pyrethrosin provided, of course, that the acid-catalysed cyclisations are truly 
stereospecific.’ Thus a 4«-hydroxyl group in (XVIII; R= Ac) or in (XXIII) would 
indicate a cis-configuration, a 48-hydroxyl group would indicate a ¢rans-configuration for 
the double bond. In fact, we do not consider that a final conclusion can be reached with 
the evidence available. In an earlier paper } we showed that the thionyl chloride—pyridine 
dehydration of the ketone (XIX) gave exclusively the exocyclic olefin in spite of the fact 
that the 4-hydroxyl group is of the same configuration as in (XVIII; R= Ac) and 
(XXIII). Since a ketone group is more likely to cause conformational anomalies and 
electronic disturbance than a non-enolic acetoxyl group we believe that the results of the 
present paper may have more significance than those reported earlier. We, therefore, 
favour, but with considerable reserve, a cis-configuration for the endocyclic linkage of 
pyrethrosin {see (II)]. The configuration of the centre of asymmetry at position 6 is at 
present unknown. 

We describe in the Experimental section a convenient isomerisation of the ketone 
(XI; R = Ac) to its conjugated form (XXIV), and hydrogenation of the latter to the 
saturated derivative (XXV). 


EXPERIMENTAL 

M. p.s were taken on the Kofler block. Unless specified to the contrary, [a], refer to CHCI;, 
ultraviolet absorption spectra to EtOH solutions, and infrared absorption spectra to Nujol 
mulls. For chromatographic elutions the term “ light petroleum ’’ refers to the fraction of b. p. 
40—60°; for all other purposes this term implies the fraction of b. p. 60—80°. The alumina for 
chromatography was acid-washed, neutralised, and standardised according to Brockmann’s 
method.® Silica gel for chromatography was supplied by Messrs. B.D.H. Microanalyses were 
carried out by Mr. J. M. L. Cameron (Glasgow) and Miss J. Cuckney (Imperial College) and their 
respective associates. 

Tetrahydropyrethrosin (I11).—Pyrethrosin (4 g.) in ethyl acetate (150 ml.) was hydrogenated 
over platinum oxide (2 g.) until saturated. On digestion with ether the product gave in poor 
yield tetrahydropyrethrosin (III). Recrystallised from ethyl acetate-light petroleum this had 
m. p. 130—131°, [a], —44° (c 1-07), Amax. 208 my (¢ 400) (Found: C, 66-0; H, 8-6. C,,H,,0; 
requires C, 65-8; H, 8-4%). Schechter and Haller? describe a tetrahydropyrethrosin of 
m. p. 231—232°. 

Isotetvrahydropyrethrosin (1V).—Tetrahydropyrethrosin (2-5 g.) in dry benzene (2-0 ml.) was 
treated with boron trifluoride-ether complex (7-0 ml.) and left overnight at 0°. The product 
was filtered in benzene-ether (1:1) through silica gel (31 g.). Crystallisation from ethyl 
acetate-light petroleum then afforded isotetrahydropyrethrosin (IV), m. p. 210—212°, [aJ,, +23° 
(¢ 1-00) (Found: C, 66-1; H, 8-1. C,,H,,O; requires C, 65-8; H, 8-4%). The compound gave 
a positive Zimmermann test. , 


8 Barton, Campos-Neves, and Cookson, J., 1956, 3500. 

M4 Stadler, Eschenmoser, Schinz, and Stork, Helv. Chim. Acta, 1957, 40, 2191. 
% Brockmann and Schodder, Ber., 1941, 74, 73. 

© Schechter and Haller, J. Amer. Chem. Soc., 1939, 61, 1607. 
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Characterisation of ®-Methyladipic Acid as an Oxidation Product of Tetrahydropyrethrosin.— 
(a) B-Methyladipic acid (500 mg.) (kindly supplied by Dr. J. A. Elvidge, Imperial College) was 
ground with calcium hydroxide (600 mg.) and a few drops of water in a mortar to furnish a 
slurry. This was dried in a desiccator, powdered, and pyrolysed at 350—400° in a U-tube in a 
slow stream of nitrogen. The gas stream was passed into aqueous-ethanolic 2,4-dinitrophenyl- 
hydrazine. The precipitate formed was collected and chromatographed over bentonite. 
Celite.17 Elution with chloroform and crystallisation from ethyl acetate-light petroleum 
furnished racemic 3-methylcyclopentanone 2,4-dinitrophenylhydrazone, m. p. 117—119° (Found: 
C, 51-8; H, 5-0; N, 20:7. C,,.H,,N,O, requires C, 51-8; H, 5-1; N, 20-2%). 

(6) Tetrahydropyrethrosin (total hydrogenation product; 1-0 g.) was refluxed with aqueous 
chromic-sulphuric acid [75 ml.; solution prepared by dissolving chromium trioxide (33 g.) in 
water (200 ml.) and concentrated sulphuric acid (20 ml.)] for 105 min. The excess of chromic 
acid was destroyed with sulphur dioxide, and the solution saturated with sodium sulphate and 
then continuously extracted for 15 hr. with chloroform. This gave a gum (367 mg.). Paper 
chromatography on Whatman No. 1 paper, development with propan-1l-ol (25 ml.)—2Nn-aqueous 
ammonia (7 ml.), and spraying with Bromocresol Green in ethanol—formaldehyde 1° showed the 
presence of $-methyladipic acid (Rp 0-19). The product (350 mg.) was ground with calcium 
hydroxide (420 mg.), then pyrolysed and further processed as described under (a) above. This 
gave partly racemic 3-methylcyclopentanone 2,4-dinitrophenylhydrazone, m. p. 114—124°, 
[a], —9° (c 0-45) (Found: C, 51-4; H, 5-1; N, 205%), undepressed in m. p. on admixture with 
racemic material as described under (a) and of identical infrared spectrum (CHCl, solution). 
For comparison, pulegone was oxidised as under (b) to give (+)-$-methyladipic acid which on 
cyclisation gave (+)-3-methylcyclopentanone 2,4-dinitrophenylhydrazone, m. p. 137—139°, 
(a), +35° (c 0-88), with an identical infrared spectrum (in CHCl) with that of the materials 
described under (a) and (b). The (+)- and (-)-2,4-dinitrophenylhydrazones were mixed 
in such proportions as to give a product of [a], +9°. This had the same m. p. as the material 
described under (5). . 

Hydrolysis of 6-Acetoxy-1-oxoeudesm-3-en-8,12-olide (XI; R = Ac).—The acetoxy-ketone 
(4-0 g.) in ethanol (20 ml.) was added to aqueous 0-8N-sodium hydroxide (120 ml.) previously 
heated on the steam-bath to 90° and the heating was continued for 15 min. After rapid cooling, 
the solution was acidified with aqueous 2N-sulphuric acid and left at room temperature over- 
night. Thorough extraction with chloroform afforded a gum which, on digestion with ethyl 
acetate, gave 8-hydroxy-1l-oxoeudesm-3-en-6,12-olide (17%), m. p. (from ethyl acetate—ethanol- 
chloroform) 260—265° (Barton and de Mayo ! recorded m. p. 255—260°). The residual material 
was chromatographed over silica to give 6-hydroxy-1-oxoeudesm-3-en-8, 12-olide, m. p. 169—172’. 

8-Hydroxy-l-oxoeudesm-3-en-6,12-olide (34 mg.) in ‘“‘ AnalaR ”’ acetone (4 ml.) and alcohol- 
free chloroform (1 ml.) was treated with 50% v/v sulphuric acid (1 ml.) previously mixed with 
chromium trioxide (9 mg.) in water (0-6 ml.) at room temperature for 10 min. Dilution with 
water and extraction into chloroform gave 1,8-dioxoeudesm-3-en-6,12-olide (X). Recrystallised 
from ethyl acetate-light petroleum this had m. p. 180° (decomp.), [aJ,, +192° (¢ 0-70) (Found: 
C, 68-5; H, 6-7. C,;H,,O, requires C, 68-7; H, 6-9%). Treatment in ethanol solution with a 
drop of aqueous N-sodium hydroxide brought out a band, Agax, 305 my. (e 13,000), in agreement 
with the results of Barton and de Mayo. 

6-Hydroxy-1-oxoeudesm-3-en-8,12-olide, oxidised in the same way, gave a gum. This gave 
no ultraviolet maximum in ethanolic alkali near 300 my (cf. Barton and de Mayo ?). 

Methyl 6-Acetoxy-8-hydroxy-1-oxoeudesm-3-en-12-oate (XII; R = Me) and Derived Com- 
pounds.—6-Acetoxy-l-oxoeudesm-3-en-6,12-olide (XI; R = Ac) (339 mg.) was refluxed on the 
steam-bath for 30 min. with sodium hydrogen carbonate (95 mg.) in water (7 ml.) and ethanol 
(10 ml.). The solution was cooled and aqueous 0-1N-hydrochloric acid (10-6 ml.) was added 
slowly with agitation. Extraction into chloroform and evaporation at room temperature 
in vacuo gaveagum. This was treated with an excess of ethereal diazomethane. The product, 
crystallised from ethyl acetate-light petroleum, afforded methyl 6-acetoxy-8-hydroxy-1-ox0- 
eudesm-3-en-12-oate (XII; R = Me), m. p. 162—164°, {a),, +29° (c 1-10) (Found: C, 63-8; H, 
7-6. C,gH,,O, requires C, 63-9; H, 7-7%). This ester (106 mg.) in acetic acid (15 ml.) contain- 
ing sodium dichromate (120 mg.) was left at room temperature for 8 hr. Dilution with water, 

17 Elvidge and Whalley, Chem. and Ind., 1955, 584. 


18 Inter al., Duncan and Porteous, Analyst, 1953, 78, 641; Isherwood and Hanes, Biochem. J., 1953, 
55, 824; Reid and Lederer, ibid., 1951, 50, 60. 
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reduction of the excess of oxidant with sulphur dioxide, and extraction into chloroform furnished 
methyl 6-acetoxy-1,8-dioxoeudesm-3-en-12-oate (XIII). Recrystallised from ethyl acetate- 
light petroleum this had m. p. 134—136°, [aj,, — 16° (c 1-27) (Found: C, 64-3; H, 7-6. C,,H,,O, 
requires C, 64-3; H, 7-2%). This diketone (32 mg.) in ethanol (1 ml.) was treated with aqueous 
y-sodium hydroxide (0-5 ml.) at room temperature [ultraviolet control of band at 305 mu 
(e 12,000)). After 3 min. 2,4-dinitrophenylhydrazine (63 mg.) in aqueous 6N-sulphuric acid 
(6 ml.) was added and the suspension heated on the steam-bath for 4-5 hr. The precipitate was 
collected and chromatographed over bentonite-Celite. Elution with chloroform-—ethanol 
(14: 1) gave a crystalline acid which on treatment with excess of ethereal diazomethane, afforded 
the bis-2,4-dinitrophenylhydrazone of methyl 1,8-dioxoeudesma-4,6-dien-12-oate identical 
(m. p., mixed m. p., crystal form, {«j,, ultraviolet and infrared spectra) with authentic material 
obtained earlier ! from -santonin. 

Methyl 1,6-Diacetoxy-8-hydroxyeudesm-3-en-12-oate (XIV; R = H) and Derived Compounds.— 
1,6-Diacetoxyeudesm-3-en-8, 12-olide (469 mg.) in water (10 ml.) and ethanol (7 ml.) was refluxed 
on the steam-bath with sodium hydrogen carbonate (114 mg.) for 1 hr. The solution was 
cooled and neutralised with aqueous 0-1N-hydrochloric acid (10 ml.). Extraction into chloro- 
form, careful evaporation, and methylation as above, gave methyl 1,6-diacetoxy-8-hydroxy- 
eudesm-3-en-12-oate (XIV; R=H). Recrystallised from ethyl acetate-light petroleum this 
had m. p. 135—137°, [a], —3° (c 1-00) (Found: C, 62-7; H, 8-1; Ac, 23-6. Cy oH 5 90, requires 
C, 62-8; H, 7-9; Ac, 22-6%). This compound (74 mg.) was left at room temperature for 8 hr. 
with acetic acid (9 ml.) containing sodium dichromate (54 mg.). Working up as in the section 
above and crystallisation from ethyl acetate-light petroleum gave methyl 1,6-diacetoxy- 
8-oxoeudesm-3-en-12-oate (XV), m. p. 113—116°, [J], —19° (c 0-69) (Found: C, 63-3; H, 
76; Ac, 22-0. Cy 9H,,0, requires C, 63-1; H, 7-5; Ac, 226%). On addition of a drop 
of aqueous N-sodium hydroxide to an ethanolic solution the usual band at 305 my (¢ 15,600) 
appeared. 

Methyl 1,6-diacetoxy-8-hydroxyeudesm-3-en-12-oate (157 mg.) in dry pyridine (2 ml.) 
containing toluene-p-sulphonyl chloride (351 mg.) was left at room temperature for 3 days. 
Crystallisation of the product from ethyl acetate—light petroleum gave the desired toluene-p- 
sulphonate (XIV; R = toluene-p-sulphonyl), m. p. 156—158°, [a], +25° (¢ 1-10) (Found: C, 
60-2; H, 7-0. C,,H,,0,S requires C, 60-4; H, 6-7%). This toluene-p-sulphonate (99 mg.) in 
pyridine (7 ml.) containing piperidine (0-2 ml.) was refluxed overnight. Crystallisation of the 
product from ethyl acetate-light petroleum gave 1,6-diacetoxyeudesm-3-en-8«,12-olide, m. p. 
168—170°, [a],, +92° (c 1-04) (Found: C, 65-4; H, 7-4. C,,H,,O0, requires C, 65-1; H, 7-5%). 
The compound showed an infrared band at 1770 cm." (y-lactone) and gave a pronounced m. p. 
depression on admixture with dihydrocyclopyrethrosin acetate of m. p. 183—185°.! 

6-Acetoxy-1,8-dihydroxyeudesma-3,11(13)-dien-12-0ic Acid (XVI; R= R’ = H, R” = Ac) 
and Related Compounds.—(a) Pyrethrosin (1 g.) in ethanol (40 ml.) and water (20 ml.) was 
heated on the steam-bath for 1-5 hr. with saturated aqueous sodium hydrogen carbonate 
(30 ml.). The solution was acidified with 2N-hydrochloric acid and evaporated to 4 ml. on the 
steam-bath in vacuo. Extraction with chloroform gave a gum which was chromatographed 
over silica gel (7 g.). Elution with ether and crystallisation from ethanol-light petroleum gave 
6-acetoxy-1,8-dihydroxyeudesma-3,11(13)-dien-12-0ic acid (XVI; R = R’ = H, R” = Ac), m. p. 
223—226°, [a],, +32° (c 1-07 in EtOH) (Found: C, 62-8; H, 7-6; Ac, 13-6. C,,H,,O, requires 
C, 63-0; H, 7-5; Ac, 133%). Treatment with pyridine~acetic anhydride overnight at room 
temperature furnished 1,6,8-triacetoryeudesma-3,11(13)-dien-12-oic acid (XVI; R=R’= 
R” = Ac). Recrystallised from ethyl acetate-light petroleum this had m. p. 176—178°, [a], 
+33° (c 0-52) (Found: C, 61-7; H, 6-9; Ac, 32-6. C,,H,,O, requires C, 61-7; H, 6-9; Ac, 
316%). This triacetate (50 mg.) in chloroform (20 ml.) was treated with ozone at —65° for 
l5hr. Decomposition of the ozonide with water and steam-distillation into aqueous dimedone 
gave the formaldehyde derivative (35 mg.), identified by m. p. and mixed m. p. The corre- 
sponding control gave less than 3 mg. of this derivative. 

(b) Pyrethrosin (1 g.) in ethanol (35 ml.) and water (25 ml.) was refluxed on the steam-bath 
for 3-5 hr. with saturated aqueous sodium hydrogen carbonate (25 ml.). The solution was con- 
centrated in vacuo to 50 ml. and filtered through Amberlite I.R.-120 (50 g.; acid form). The 
column was washed with water (500 ml.), and the combined eluates were evaporated to a gum. 
A portion (65 mg.) was heated with n-hydrochloric acid (6 ml.) on the steam-bath for 10 min. 
(aj, change from +16° to +40°). Concentration at room temperature in vacuo and ether 
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extraction gave 6-acetoxy-1,8-dihydroxyeudesma-3,11(13)-dien-12-oic acid identical with the 
material described under (a) above. 

(c) 1,6-Diacetoxyeudesma-3,11(13)-dien-8,12-olide (cyclopyrethrosin acetate) (VI; R= 
Ac) (300 mg.) in ethanol (12 ml.) and water (10 ml.) was refluxed on the steam-bath for 1 hr. 
with saturated aqueous sodium hydrogen carbonate solution (8 ml.). Filtration through 
Amberlite IR-120 (15 g.; acid form) and processing as under (b) gave 6-acetoxy-1,8-dihydroxy. 
eudesma-3,11(13)-dien-12-oic acid, identical with material described under (a) above. The 
identity was confirmed by acetylation to the 1,6,8-triacetate. 

(d) 1,6-Diacetoxyeudesma-3,11(13)-dien-8,12-olide (VI; R= Ac) (319 mg.) in ethanol 
(9 ml.) and water (15 ml.) containing sodium hydrogen carbonate (100 mg.) was refluxed on the 
steam-bath for 2 hr. The solution was concentrated in vacuo, acidified with 2N-hydrochloric 
acid, and extracted with chloroform, to furnish 1,6-diacetoxy-8-hydroxyeudesma-3,11(13)-di- 
en-12-0ic acid (XVI; R = R” = Ac, R’ = H) (105 mg.). Recrystallised from ethyl] acetate- 
light petroleum this had m. p. 188—201°, [a],, +39° (c 0-62) (Found: C, 62-7; H, 6-9; Ac, 23-1, 
C,,H,,O0, requires C, 62:3; H, 7-1; Ac, 23-4%). Acetylation in the usual way gave the 1,6,8- 
triacetate described under (a). The 1,6-diacetoxy-acid (240 mg.), on treatment with excess 
of diazomethane, gave a neutral gum. This, left for 10 hr. in acetic acid (30 ml.) containing 
sodium dichromate (180 mg.), afforded methyl 1,6-diacetoxy-8-oxoeudesma-3,11(13)-dien-12- 
oate (XVII), m. p. 165—169° (from ethyl acetate-light petroleum), {«),, +3° (c 0-86) (Found: C, 
63-2; H, 7-0. Cy 9H,,0, requires C, 63-5; H, 7-0%). Addition of one drop of aqueous y- 
sodium hydroxide to an ethanolic solution gave the usual band at 305 mu (ce 11,300). 

6-Acetoxy-1,4-dihydroxyeudesm-11(13)-en-8,12-olide (XVIII; R=H) and Derivatives— 
Pyrethrosin (250 mg.) in chloroform (4 ml.; ethanol-free) and dry benzene (15 ml.) was kept at 
room temperature with boron trifluoride-ether complex (1 ml.) for 7 min. The resultant gel 
was treated with excess of aqueous sodium hydrogen carbonate, then extracted into chloroform, 
and the product crystallised from ethyl acetate-light petroleum to furnish 6-acetoxy-1,4-di- 
hydroxyeudesm-11(13)-en-8,12-olide (XVIII; R=H), m. p. 190—195°, [a], —46° (c 1-00) 
(Found: C, 63-0; H, 7-2. (C,,H,,O, requires C, 63-0; H, 7-5%). Treatment with pyridine- 
acetic anhydride overnight at room temperature gave_1,6-diacetoxy-4-hydroxeudesm-11(13)-en- 
8,12-olide (XVIII; R = Ac), m. p. 167—169° (from ethyl acetate-light petroleum), {«),, —38° 
(c 1-10) (Found: C, 62-6; H, 7-5; Ac, 23-7. C,,H,,O, requires C, 62-3; H, 7-2; Ac, 23-4%). 

6-Acetoxy-1,4-dihydroxyeudesm-11(13)-en-8,12-olide (135 mg.) in acetic acid (40 ml) 
containing sodium dichromate (120 mg.) was kept at room temperature for 4-5 hr. (optimum 
time). Crystallisation of the product from ethyl acetate-light petroleum gave 6-acetoxy- 
4-hydroxy-1l-oxoeudesm-11(13)-en-8,12-olide, identical with material prepared earlier 
Hydrogenation of this compound, as described earlier, and the subsequent dehydration with 
thionyl chloride and pyridine to give the exocyclic methylene compound, were also confirmed. 

The acetoxy-diol was also treated with acetic anhydride and toluene-p-sulphonic acid as in 
the cyclisation of pyrethrosin by these reagents.1 The product was identified as cyclo- 
pyrethrosin acetate (VI; R = Ac). 

1,6-Diacetoxy-4-hydroxyeudesm-11(13)-en-8,12-olide (XVIII; R = Ac) (600 mg.) in ethyl 
acetate (10 ml.) was hydrogenated over 10% palladised charcoal (200 mg.). One mol. of 
hydrogen was rapidly absorbed. Crystallisation of the product from ethyl acetate-light 
petroleum gave 1,6-diacetoxy-4-hydroxyeudesman-8,12-olide, m. p. 210—212°, [a],, +24° (c 1-08) 
(Found: C, 62-1; H, 7-6. C,,H,.O, requires C, 61-9; H, 7-7%). This diacetate (109 mg.) in 
pyridine (5 ml.) was treated at 0° with thionyl! chloride (0-5 ml.) for 5 min. The solution was 
poured into ice and excess of dilute hydrochloric acid, and the product was extracted into 
chloroform and crystallised from ethyl acetate-light petroleum to give 1,6-diacetoxyeudesm-3- 
en-8,12-olide (dihydrocyclopyrethrosin acetate) identical with material described earlier.* 

8-Benzoyloxy-1-oxoeudesm-3-en-6,12-olide and its Pyrolysis.—8-Hydroxy-1-oxoeudesm-3-en- 
6,12-olide (300 mg.) in dry pyridine (4 ml.) was treated with benzoyl chloride (1 ml.) at room 
temperature for 40 hr. Filtration of the product through alumina (Grade V) in benzene- 
chloroform and crystallisation from ethyl acetate-light petroleum gave 8-benzoyloxy-1-0x0- 
eudesm-3-en-6,12-olide, m. p. 231—232°, [a],, + 213° (c 1-33) (Found: C, 71-8; H, 6-7. Cy.H.,0; 
requires C, 71-7; H, 6-6%). 

The pyrolysis of this benzoate was carried out as described ! for an analogous elimination. 


1® Barton and de Mayo, /., 1954, 887. 





—_—>——_- on oe quay 


—_—- oa vy 


a ee oh a ont Ge ae 


a. At Be ie ae 


13)-di- 
-etate~ 
>, 23-1, 
» 1,6,8- 
excess 
taining 
ien-12- 
nd: C, 
ous N- 


ives, — 
cept at 
unt gel 
oform, 
1,4-di- 


-1-0%0- 


HH, 


ation. 


1960] Sesquiterpenoids. Part XII. 2271 


The benzoate (450 mg.) was pyrolysed at 1 mm., the temperature of the empty tube being 550— 
580°. The product, in benzene-chloroform (1:1; 10 ml.), was filtered through alumina 
(grade III; 5 g.). Removal of the solvent and crystallisation from benzene-light petroleum 
(seeding with the original benzoate) afforded some unchanged starting material (210 mg.). 
Crystallisation of the remaining material from ethyl acetate-light petroleum furnished 1-ox0- 
eudesma-3,8-dien-6,12-olide (XXII) (55 mg.) as prisms, m. p. 168—170°, [a], +310° (c 1-02) 
(Found: C, 72-8; H, 7-3. C,;H,,0, requires C, 73-1; H, 7-4%). 

Derivatives of 6-Acetoxy-1-hydroxyeudesm-3-en-8,12-olide (VII; R = H).—(a) The acetoxy- 
alcohol (116 mg.) in pyridine (0-5 ml.) and acetic anhydride (0-2 ml.) was left at room 
temperature overnight. Crystallisation of the product from ethyl acetate-light petroleum 
gave back 1,6-diacetoxyeudesm-3-en-8,12-olide (dihydrocyclopyrethrosin diacetate). 

(b) The acetoxy-alcohol (1-17 g.) in pyridine (15 ml.) and benzoyl chloride (2-5 ml.) was kept 
at room temperature for 40 hr. Crystallisation of the product from ethyl acetate-light 
petroleum afforded 6-acetoxy-1-benzoyloxyeudesm-3-en-8,12-olide (VII; R = Bz), m. p. 193— 
195°, {a],, + 131° (c 0-70) (Found: C, 69-9; H, 6-7. C,,H,,O, requires C, 69-9; H, 6-8%). 

(c) The acetoxy-alcohol (156 mg.) in pyridine (5 ml.) containing toluene-p-sulphony] chloride 
(415 mg.) was kept at room temperature for 3 days. Crystallisation of the product from ethyl 
acetate-light petroleum gave 6-acetoxy-1-toluene-p-sulphonyloxyeudesm-3-en-8,12-olide (VII; 
R = toluene-p-sulphony]) (161 mg.), m. p. 175—176°, [a], +70° (c 0-44) (Found: C, 62-3; H, 
6-4. C,H 3 ,0,S requires C, 62-3; H, 6-6%). 

(d) The acetoxy-alcohol (148 mg.) in pyridine (5 ml.) containing methanesulphonyl] chloride 
(0-5 ml.) was left overnight at room temperature. Crystallisation of the product from ethyl 
acetate-light petroleum furnished 6-acetoxy-1-methanesulphonyloxyeudesm-3-en-8,12-olide (VII; 
R = methanesulphony]) (143 mg.), m. p. 169—170°, [a], +75° (c 1-10) (Found: C, 56-1; H, 6-6. 
C,sH.,9,S requires C, 56-0; H, 6-8%). 

6-Acetoxyguaia-3,10(14)-dien-8,12-olide (XX).—6-Acetoxy-1-toluene-p-sulphonyloxyeudesm- 
3-en-8,12-olide (320 mg.) in collidine (5 ml.) was heated in a sealed tube at 210° overnight. 
Crystallisation of the product from carbon tetrachloride-light petroleum gave 6-acetoxyguaia- 
3,10(14)-dien-8,12-olide (XX) (109 mg.), m. p. 156—157°, [aJ,, + 60° (c 1-07) (Found: C, 70-5; H, 
81. C,,H..O, requires C, 70-3; H, 7:6%). Treatment of the corresponding methane- 
sulphonate in the same way also afforded this diene in the same yield. 

Treatment of the diene (34 mg.) in chloroform (11 ml.) with a three-fold excess of perphthalic 
acid for 17 hr. at room temperature gave (1-05 equiv. uptake) 6-acetoxy-10(14)-epoxyguai-3-en- 
8,12-olide. Recrystallised from ethyl acetate—light petroleum this had m. p. ca. 170°, [aj,, +43° 
(c 0-33) (Found: C, 67-0; H, 7-3. C,,H..O, requires C, 66-7; H, 7-2%). 

6-Acetoxyeudesm-3-en-8,12-olide (X X1).—6-Acetoxy-1-oxoeudesm-3-en-8,12-olide (XI; R = 
Ac) (122 mg.) was treated at room temperature for 1 hr. with ethanedithiol (0-2 ml.) and boron 
trifluoride-ether complex (0-2 ml.). The oily product was refluxed in dioxan (35 ml.) with 
Raney nickel (W4) (excess) for 20 hr. The excess of nickel was removed by filtration through 
Celite, and the dioxan evaporated in vacuo. Crystallisation of the product from ethyl acetate— 
light petroleum furnished 6-acetoxyeudesm-3-en-8,12-olide (XXI), m. p. 131—133°, [a], +80° 
(c 1-08) (Found: C, 69-8; H, 8-0. C,,H,,O, requires C, 69-8; H, 8-3%). 

6-Acetoxy-1-oxoeudesm-2-en-8,12-olide (X XIV).—6-Acetoxy-1-oxoeudesm-3-en-8, 12-olide (XI; 
R = Ac) (190 mg.) in acetic acid (8 ml.) was heated on the steam-bath with acetic anhydride 
(1 ml.) and aqueous 60% perchloric acid (15 min.). The product, chromatographed over silica 
(5g.), and eluted with benzene, gave 6-acetoxy-1-oxoeudesm-2-en-8,12-olide (XXIV). Recrystal- 
lised from ethyl acetate-light petroleum this had m. p. 179—181°, [a],, +200° (c 1-19), Amax. 
226 my (¢ 8700) (Found: C, 66-8; H, 7-1. C,,H,.0, requires C, 66-7; H, 7-2%). Hydrogen- 
ation of this compound (29 mg.) in ethyl acetate (7 ml.) over 5% palladised charcoal (90 mg.) 
gave (0-9 mol. uptake) 6-acetoxy-1-oxoeudesman-8,12-olide (XXV). Recrystallised from ethyl 
acetate-light petroleum this had m. p. 164—165°, [a),, +60° (c 0-76) (Found: C, 66-5; H, 7-6. 
C,,;H,,O, requires C, 66-2; H, 7-9%). 
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Part III.* Influence of Substitution on 
Quinone Formation from Naphthyldiphenylmethane Derivatives. 


In the formation of the quinonoid naphthafuchsones from naphthy]l- 
diphenylmethyl chlorides, an o-methyl group in a phenyl group inhibits 


formation of the carbonium ion and thus of the fuchsone. 


p-Methoxyl 


groups favour this reaction by their tautomeric effect; and o-methoxy]l 
groups form hydrogen bonds which restore planarity and so permit the re- 
action to proceed. 


Tue formation and stability of naphthafuchsones from naphthyldiphenylmethy] chlorides 
depend on the position and nature of the substituents in the rings.»? In this paper 


@ a = ‘S 
(A) 


Come 


* OMe 


CPh, 


(B) 


we report a study of the effects of some substituents, basing our interpretation upon what 
we consider the probable mechanism of the reaction, as follows: A #-methoxytriarylmethyl 
chloride dissociates, owing to hyperconjugative effects ** as in (A), into a chloride ion 


OMe 


CRR‘X 


(a) X= OH. (6b) X=Cl. 


R 
(I) Ph 
(Il) o-HO*CgH, 
(Ill) Ph 
(IV) Ph 
(V) o-MeC,H, 
(VI) Ph 
(Vil) p-MeO*CgH, 
(Vill) p-MeO*CgH, 
(IX) Ph 
(X) o-Me*CgH, 
(XI) p-MeO*C,H, 
(Xl) o-MeO*CgH, 
(XII) Ph 


Ph (XVI) 
Me 

CH:CHPh 
o-Me*CgH, 
o-Me*CgH, 
p-MeO*C,H, (XVII) 
p-MeO*CgH, (XVIII) 
o-Me*CgH, 
o-MeO*CgH, (XIX) 
o-MeO’CgH, (XX) 
o-MeO*CgH, (XX!) 
o-MeO’CgH, (XXIl) 
o-HO*CgH, (XXill) 


° 


0 


CRR’ 


so OMe 


OMe 


X 


g6> 


(XV) 


and a positive ion whose predominant resonance form ® is as in (B); the methyl group 
then separates with a positive charge, yielding methyl chloride and the product (C).’ 
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We studied compounds (1)—(XV). These, either as alcohols or chlorides, gave the 
naphthafuchsones (XVII)—(XXIiI). We explain the failures in the other cases as follows. 
The two aryl groups in the alcohol (IIa) do not provide sufficient electron density at the 
methyl-carbon atom for ionisation, so in glacial acetic acid this compound loses water 
and yields the ethylene. In compound (IIIa) the resonance form (D) prevents reaction, 
and similarly for compound (XIV). Compound (XVa) gives, as predominant form, the 
jon (E) and here the charge does not involve the methoxyl group. In compounds (IV8), 
(Vb),? and (VIII6), the failure is due to the o-methyl groups which prevent co-planarity 
of the molecules.” 


+OMe 
OMe 
- oo 
_ —_ 
HO-CPh: CH:CH <_\s € S gs 
+ C~ 
(D) 0 * 
(E) ~~ © 


It is noteworthy that when methoxyl groups are present in a phenyl group, it is the 
methoxyl group from the naphthalene residue that is lost in fuchsone formation. We 
explain this by the predominance of the form (F). 


+ OMe 


OMe OMe 
Foe S oes 
OMe OMe OH 
Cc 
mm <) Qik) 
x | 
(H) (I) 


(G) Me Hy? 


It remains only to explain why o-methoxyl and o-hydroxyl groups do not have the 
same inhibiting effect as the o-methyl group. For this we postulate hydrogen-bonding, 
as in (G), (H), and (I). The transformation of the alcohol (XIa) directly to the fuchsone 
(XXI) involves the formation of a second hydrogen bond as in (H) which facilitates the 
ionisation of the alcoholic hydroxy] group, the alcohol (XIIIa) then passing into a fuchsone 
(XXIII) by forming a hydrogen bond between the same phenolic hydroxyl group and 
a naphthalene hydrogen atom as in (I). 

The #-methoxynaphthafuchsone (XVII) exists in two (cis and trans) forms. Each, 
when recrystallised, reverts to a mixture of the two, presumably owing to the partial 
single-bond nature of the ethylenic linking. The o-methoxy-isomer was obtained in only 
one form, and this too may be explained if hydrogen-bonding is assumed. 


EXPERIMENTAL 


4-Methoxy-1-naphthyl o-Tolyl Ketone.—o-Toluoyl chloride (15-4 g.) in carbon disulphide 
(equal volume) was added to anhydrous aluminium chloride (13-5 g.) and 1-methoxynaphthalene 
(15-8 g.) in carbon disulphide (300 c.c.) with stirring at <10°. The next day the mixture was 
stirred and refluxed for 2 hr., then cooled and poured into ice and water acidified with hydro- 
chloric acid. The organic layer was separated and washed and the solvent driven off in steam. 
The solid residue crystallised (15 g.) from ethanol containing little ether. Recrystallised from 


* Gomberg, Chem. Rev., 1925, 1, 125. 
® Elkaschef, Egypt. J. Chem., 1959, 2, 311; Thesis, Paris, 1953. 
” Lewis, Magel, and Lipkin, J. Amer. Chem. Soc., 1942, 64, 1774. 
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ethanol, it gave the ketone, m. p. 92—93°, giving a blood-red colour with sulphuric acid (Found: 
C, 82-3; H, 5-6. C,,H,,O, requires C, 82-6; H, 5-8%). 

a-(4-Methoxy-1-naphthyl)-2-methyl-a-phenylbenzyl Alcohol (IVa).—To a solution of phenyl- 
magnesium bromide [from bromobenzene (3-14 g.)] in dry ether, a benzene solution of the above 
ketone (2-76 g.) was added. The mixture was left overnight, refluxed for 3 hr., then decomposed 
with ammonium chloride and ice. The organic layer and an ethereal extract of the aqueous 
layer were united, washed, dried (Na,SO,), and evaporated. The resulting alcohol solidifieg 
(2-1 g.) nnder cold ethanol containing a few drops of ether and crystallised from ethanol in 
yellow prisms, m. p. 132°, giving a yellow colour with concentrated sulphuric acid (Found: 
C, 84-9; H, 6-0. C,;H,,O, requires C, 84-7; H, 6-3%). 

a-(4-Methoxy-1-naphthyl)-2-methyl-a-phenylbenzyl Chloride (IVb).—An ethereal solution of 
the alcohol (IVa) (1-7 g.) and acetyl chloride (1-2 g.), on being refluxed for 2 hr., afforded, on 
cooling, the crystalline chloride, which was washed with light petroleum (b. p. 70—80°), melted 
at 138°. The yield was almost quantitative. 

This chloride (IVb), when fused at 180° (bath-temperature) for 15 min. and then crystallised 
from light petroleum (b. p. 110—120°), gave the alcohol (IVa), m. p. and mixed m. p. 132°, 
presumably owing to hydrolysis by moisture. 

a-(4-Methoxy-1-naphthyl)-a-p-methoxyphenyl-2-methylbenzyl Alcohol (VIIIa).—The above 
ketone (2-76 g.) and p-methoxyphenylmagnesium bromide (from p-bromoanisole, 3-74 g.), in 
reaction as above, afforded an oil that solidified (1-5 g.) under ethanol containing drops of ether on 
cooling. Recrystallised from ethanol, this alcohol had m. p. 185° and gave an orange-yellow 
colour with concentrated sulphuric acid (Found: C, 80-8; H, 6-0. C,gH.,O; requires C, 81-3; 
H, 6-3%). 

With acetyl chloride (1-2 g.) this alcohol (1-8 g.) gave the chloride (1-5 g.), m. p. 186°. When 
fused at 190° (bath-temperature) and crystallised from light petroleum (b. p. 110—120°) it gave 
back the alcohol, m. p. and mixed m. p. 185°. 

Similar reactions gave «a-(4-methoxy-1-naphthyl)-¢-o-methoxyphenyl-2-methylbenzyl alcohol, 
pale yellow, m. p. 161° (from ethanol), giving a blood-red colour with concentrated sulphuric 
acid (Found: C, 81-7; H, 64%). It gave a colourless chloride (Xb), m. p. 172°. 

o-Methoxy-o’-methyl-a-naphthafuchsone (XX).—The chloride (Xb) was fused at 180° (bath- 
temperature) till evolution of methyl chloride ceased (ca. 15 min.). The fused mass crystallised 
from light petroleum (b. p. 110—120°), then from ethanol; the fuchsone was obtained in nearly 
theoretical yield as yellow prisms, melting at 175° and giving a violet colour wbth concentrated 
sulphuric acid (Found: C, 85-5; H, 5-8. C,;H,.O, requires C, 85-2; H, 5-7%).i 

4-Methoxy-1-naphthyl p-Methoxyphenyl Ketone.—Prepared as its analogue, but from a- 
methoxynaphthalene (15-8 g.) and p-anisoyl chloride (17-0 g.), this ketone, obtained from the 
carbon disulphide layer, crystallised from ethanol (charcoal) as pale yellow needles (15-0 g,), 
m. p. 107°. It gives blood-red colour with concentrated sulphuric acid (Found: C, 781; 
H, 5-6. Cy, gH,,O, required C, 78-1; H, 5-5%). 

a-(4-Methoxy-1-naphthyl)-4-methoxy-a-phenylbenzyl Alcohol (V1a).—Phenylmagnesium 
bromide [prepared from bromobenzene (15-7 g.)] and the preceding ketone (14-6 g.) in a reaction 
as above with 3 hours’ boiling and decomposition with ammonium chloride gave an oil that 
on washing with light petroleum (b. p. below 50°) and cooling under ether afforded a solid 
alcohol (10 g.) which, recrystallised from ethanol, had m. p. 124° and gave a blue colour in con- 
centrated sulphuric acid (Found: C, 81-3; H, 6-2. C,;H,.0, requires C, 81-1; H, 5-9%). It 
gave a chloride, m. p. 156° (decomp.). 

p-Methoxy-a-naphthafuchsone (XVII).—The chloride (VIb) (3-4 g.) was fused at 180° (bath- 
temperature) until evolution of gas ceased (ca. 15 min.). Crystallisation from ether-light 
petroleum (b. p. <50°) gave a mixture of brown and bright red crystals. This mixture could 
not be resolved by fractional crystallisation or chromatography, but only mechanically. The 
red fuchsone (1 g.) melted at 142° (Found: C, 84-8; H, 5-3. C,,H,,O, requires C, 85-2; H, 
54%); the brown isomer (1 g.) melted at 157° (Found: C, 85-0; H, 5-5%). A rapidly cooled 
solution in light petroleum (b. p. 70—80°) afforded an apparently homogeneous solid with 
m. p. 136° similar to that of the mixed m. p. of the separate isomers. Both isomers gave 
a brownish-red colour with concentrated sulphuric acid. 

a-(4-Methoxy-1-naphthyl)-axx-di-p-methoxyphenylmethanol (VIla).—The ketone (146 §.) 
with a Grignard reagent from p-bromoanisole (18-7 g.) in a reaction as above gave an oil. When 
washed with light petroleum (b. p. <50°) and cooled under ether this gave a solid alcohol 
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(85 g.) that, crystallised from methanol, had m. p. 145° and gave a deep violet colour with 
concentrated sulphuric acid (Found: C, 77-8; H, 6-4. C,.,H,,O, requires C, 78-0; H, 6-0%). 
It gave a chloride, m. p. 148°. 

pp’-Dimethoxy-a-naphthofuchsone (XVIII).—Fusion of the chloride (VIIb) (4-0 g.) at 170° 
gave an oil that failed to crystallise. A solution of the oil in 1:1 benzene-light petroleum 
(b. p. 70—80°) was chromatographed through alumina. Elution of the red band and evapor- 
ation afforded a solid fuchsone that crystallised from the solvent mixture in bright red 
aggregates (2-0 g.), m. p. 196°, giving a rose-red colour with concentrated sulphuric acid 
(Found: C, 81-4; H, 5-3. C,5H»9O; requires C, 81-5; H, 5-4%). 

4-Methoxy-a-o-methoxyphenyl-a-(4-methoxy-1-naphthyl)benzyl alcohol, similarly prepared and 
recrystallised from ether—ethanol, had m. p. 135—136° and gave a bluish-green colour with 
concentrated sulphuric acid (Found: C, 77-5; H, 6-3. C,g.H.O, requires C, 78-0; H, 6-0%). 
It gave an oily chloride and thence, at 170—180°, a fuchsone which recrystallised from methanol 
in deep orange needles, m. p. 139—140°, giving a deep violet colour with concentrated sulphuric 
acid (Found: C, 81:2; H, 5-5. C,;H,9O, requires C, 81-5; H, 5-4%). 

a-(4-Methoxy-1-naphthyl)-2-methoxy-a-phenylbenzyl Alcohol (IXa).—A Grignard reagent 
from o-bromoanisole (18-7 g.) and 1-benzoyl-4-methoxynaphthalene ™ (13-1 g.) gave an oil 
that, after being washed with light petroleum (b. p. below 50°), solidified (13 g.) under ether 
at 0°. This alcohol recrystallised from ether—ethanol in pale yellow crystals, m. p. 160°, giving 
a bluish-violet colour with concentrated sulphuric acid (Found: C, 80-8; H, 6-3%). 

o-Methoxy-a-naphthafuchsone (XIX).—The oily chloride (IXb) (3-7 g.) was heated at 170— 
180°. The oil obtained was purified by chromatography; it slowly crystallised (1-5 g.) under 
methanol-ether and recrystallised from ether-light petroleum (b. p. <50°) in bright yellow 
prisms, m. p. 118°, giving a violet colour with concentrated sulphuric acid (Found: C, 85-4; H, 
54%). 

POTD 4-Methoxy-1-naphthyl Ketone.—To 1-methoxynaphthalene (15-8 g.) and 
aluminium chloride (27-0 g.) in carbon disulphide (ca. 300 c.c.) at —5°, salicyloyl chloride 
(15-7 g.) was added at <2°, and the whole was stirred for 5 hr. The next day it was stirred 
for 2 hr. at room temperature. It was decomposed as usual. The carbon disulphide layer 
was filtered from a by-product, m. p. 249° (from chloroform), and the carbon disulphide was 
removed in steam. The oily residue solidified (15-0 g.) under cold ether-ethanol (1:1 v/v). 
Recrystallised from light petroleum (b. p. 100—120°) this ketone gave pale yellow leaflets, 
m. p. 128°, giving a red colour with sulphuric acid (Found: C, 77-7; H, 4-9. Calc. for C,,H,,0;: 
C, 77-7; H, 5-1%). 

Using only one mol. of aluminium chloride gave products which melted at 138° (from 
ethanol) and 249° (from chloroform). 

2-Hydroxy-a-(4-methoxy-1-naphthyl)-a-phenylbenzyl Alcohol (XIIIa).—The preceding ketone 
(2:78 g.) with phenylmagnesium bromide [prepared from bromobenzene (4-71 g.)] in a reaction 
as before, with decomposition with acetic acid, afforded a solid alcohol (2 g.) which, crystallised 
from benzene, had m. p. 180° (decomp.), containing one mol. of benzene (Found: C, 82-4; 
H, 6-0. C.4H 903,C,H, requires C, 82-9 H, 6-0%), or crystallised from ethanol, had m. p. 174° 
(decomp.) with 0-5 mol. of ethanol (Found: C, 79-7; H, 5:7. C,gH,90O3,4C,H,°OH requires 
C, 79-2; H, 6-1%), giving a violet colour with concentrated sulphuric acid. 

o-Hydroxy-a-naphthafuchsone (XXIII).—Refluxing a solution of the alcohol (XIIIa) (1 g.) 
in glacial acetic acid (25 c.c.) for 15 min. and cooling afforded a solid fuchsone (0-5 g.) which 
crystallised from light petroleum (b. p. 70—80°) in pale yellow prisms, m. p. 170°, giving a 
greenish-yellow colour with concentrated sulphuric acid (Found: C, 84-9; H, 5-2. C,3H,,O, 
requires C, 85-2; H, 5-0%). 

2-Hydroxy-a-(4-methoxy-1-naphthyl)-a-methylbenzyl Alcohol (IIla).—In a reaction as before, 
o-hydroxyacetophenone (4-5 g.) and a Grignard reagent from 1-bromo-4-methoxynaphthalene 
(23-7 g.) in ether only and after decomposition with acetic acid, afforded the alcohol (3-2 g.) 
which recrystallised from benzene-light petroleum (b. p. below 50°) as prisms, m. p. 167° 
(decomp.). It does not dissolve in alkali, and it gives an orange-brown colour with concentrated 
sulphuric acid (Found: C, 77-4; H, 6-3. C,gH,,O, requires C, 77-5; H, 6-2%). 

2-Hydroxy-a-(4-methoxy-1-naphthyl)styrene (XXIV).—A solution of the alcohol (IIa) (1 g.) 
in acetic acid (25 c.c.) was refluxed for 20 min., diluted with water, and cooled, give a styrene 
(0-7 g.) that, crystallised from ether-light petroleum (b. p. <50°) and then from light petroleum 


1 Julian and Gist, J. Amer. Chem. Soc., 1935, 57, 2030. 
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(b. p. 70—80°), had m. p. 110° and gave a reddish-brown colour with sulphuric acid (Found: 
C, 82-3; H, 5-9. C,gH,,O, requires C, 82-6; H, 5-8%). 

9-(4-Methoxy-1-naphthyl)xanthhydrol (XV).—A solution of xanthone (3-92 g.) in dry benzene 
(50 c.c.) and a Grignard reagent from 1-bromo-4-methoxynaphthalene (9-56 g.) in dry ether 
(60 c.c.) in a reaction as before gave a precipitate that was collected and added to a solid isolated 
from the organic layer. The solid xanthhydrol (4 g.) crystallised from benzene in needles, 
m. p. 245° (Found: C, 81-4; H, 5-1. C,,H,,O, requires C, 81-3; H, 5-1%). 

9-Chloro-9-(4-methoxy-1-naphthyl)xanthen (XVb).—Obtained as above, this chloride, m., p, 
205°, was obtained in nearly theoretical yield. On fusion, this product gave a mixture of a 
black and a white compound that could not be separated. 

4-Methoxy-1-naphthyl Styryl Ketone.—Cinnamoyl chloride (16-7 g.), added to 1-methoxy- 
naphthalene (15-8 g.) and aluminium chloride (13-5 g.) in carbon disulphide (ca. 300 C.c.) at 
<10°, gave an oil that crystallised from chloroform-ethanol (1:1 v/v). This ketone (12 g.) 
recrystallised from the same solvent as deep yellow needles, m. p. 93°, which with concentrated 
sulphuric acid give a red colour (Found: C, 83-1; H, 5-5. C,9H,,O, requires C, 83-3; H, 5-6%). 

a-(4-Methoxy-1-naphthyl)-«-phenylcinnamyl Alcohol (II1a).—Phenylmagnesium bromide from 
bromobenzene (6-28 g.) and the styryl ketone (5-76 g.) as before afforded a solid alcohol (5 g.) 
that crystallised from benzene-light petroleum (b. p. 70—80°) as needles, m. p. 141—142°, 
giving an orange-yellow colour with concentrated sulphuric acid (Found: C, 85-5; H, 6-1. 
C.,H,.O0, requires C, 85-2; H, 6-1%). 

This compound, refluxed for 2 hr. with acetyl chloride as before or for 4 hr. with acetic 
anhydride-acetic acid (1 : 2 v/v), gave back the starting substances on cooling in both cases. 

a-(2-Methoxy-1-naphthyl)-a-phenylcinnamyl Alcohol (XIV).—A Grignard reagent prepared 
from bromobenzene (6-28 g.) and 2-methoxynaphthyl styryl ketone }* (5-78 g.) in a reaction 
as above gave an oily alcohol that crystallised (4 g.) from ethanol and recrystallised therefrom 
in colourless needles, m. p. 96°, giving a yellow colour with concentrated sulphuric acid (Found: 
C, 85:0; H, 6:0. C,,H,.O, requires C, 85-2; H, 6-1%). This also yielded no chloride. 


NATIONAL RESEARCH CENTRE, CarIRO, EcyPt. (Received, March 9th, 1959.] 
12 Koelsch and Anthes, J]. Org. Chem., 1941, 6, 558. 


456. Phosphine Oxide Complexes. Part III. Bis(triphenylphosphine 
Oxide)dinitrato-complexes of Cobalt(m), Nickel(), Copper(t), and 
Zince(1). 


By E. BANNISTER and F. A. Cotton. 


The nitrates of cobalt(11), nickel(11), copper(1), and zinc(II) co- 
ordinate with two mols. of triphenylphosphine oxide. The compounds 
(Ph,PO),M(NO,), are non-electrolytes of very high thermal stability. The 
cobalt compound appears to be tetrahedral in the solid; for solutions in 
1,2-dichloroethane the configuration is uncertain but the infrared spectra 
indicate co-ordination of NO,~ via one oxygen atom and are in general accord 
with the findings of Gatehouse, Livingston, and Nyholm for other, generally 
less stable, nitrate complexes. 


In earlier publications !~* we described triphenylphosphine oxide complexes [(Ph,PO),M)]"* 
where M is Mn(11), Fe(111), Co(11), Ni(11), Cu(11), or Zn(11). These are prepared by treatment 
of the metal perchlorates with the phosphine oxide and presumably, since perchlorate ion 
has negligible donor properties, the metals satisfy co-ordination number 4 by co-ordinating 
four molecules of the phosphine oxide. The nitrate ion is generally considered to have 
weak, though not entirely negligible, donor properties and this study was undertaken to 


1 Part II, Bannister and Cotton, J., 1960, 1878. 
2 Cotton, Bannister, Barnes, and Holm, Proc. Chem. Soc., 1959, 158. 
3 Cotton and Bannister, J., 1960, 1873. 
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determine whether the nitrate ion too would be excluded from co-ordination by triphenyl- 

phine oxide; we find that it is not. The nitrate ions enter into the co-ordination 
shell so that the compounds obtained are of the type [M(Ph,PO),(NO,),]. They are listed 
in Table 1 along with their colours, melting points, and analytical data. 


TABLE 1. Colours, melting points, and analyses of the complexes. 
Found (%) Required (%) 
Cc Cc H 


Compound M. p. Colour H 
Co(PhyPO) (NOs)q «-----+++02200 246° Blue-purple (solid) 58-0 4-2 58-5 41 
Ni(PhsPO).(NOg3)q -----+-++2-+++ 266 Yellow 58-4 4-1 58-5 4-1 
Cu(Ph3PO) (NOs) ...-...--.2+0+ 209 Pale blue 57-7 4-1 58-1 4-1 
Zn(PhsPO),(NO )g* .-...-2000+- 226 White 57-1 415 580 4-05 


* Found: N, 3-7. Reqd.: N, 38%. 


Nitrato-co-ordination compounds are far from abundant and the nitrate ion is commonly 
considered a poor ligand. In the measurement of stability constants of complex ions in 
aqueous solution, ammonium and alkali-metal nitrates have often been used to maintain 
constant ionic strength on the assumption that competition of nitrate ions for places in 
the co-ordination sphere would be slight. In view of the paucity of well-characterised 
nitrato-complexes (see Gatehouse e¢ al.‘ for a list of most of them) and the presumed poor 
ligand properties of the nitrate ion, the compounds we have isolated show remarkable 
thermal stability and resistance to dissociation in polar solvents. The melting points 
(Table 1) are all quite high. In fact all of the compounds can be heated as much as 30° 
above their melting points, and, after cooling, the original sharp melting behaviour can be 
repeated. Lack of dissociation in nitrobenzene and nitromethane has been demonstrated 
by the low conductivities in these solvents. According to various authors® the molar 
conductivities expected for uni-univalent electrolytes at concentrations of ~10‘m 
are about 25 Q*+ in nitrobenzene and about 80 Q7 in nitromethane. The values 


TABLE 2. Physical properties of the (Phz,PO),M(NO,), compounds. 
Absorption bands, visible and 


Molar conductivity (Q-*) ultraviolet (mp) 








Magnetic ———— 


= a Liam a ee 
moment in in Molarity Solution (Emax. in 
Metal (B.M.) Me-NO, Ph-NO, (10-%) Temp. Reflectance parentheses) 
Piss 4-69 (solid) * 7-4 _- 1-0 30° 565, 320 557 (128) f 
4-52 (soln.) ° _- 2-3 0- 30 560 (143) 7 
BEE havens 3-45 (solid) ¢ 7-7 s 1-24 25 800, 720(sh), 440 -- 
Cu* 1-97 (solid) ¢ 7-6 -- 0-9 28 920, 350 915 (55) * 
1-7 20-4 28 
2-1 0-8 25 
a Diamagnetic 15-5 ¢ — 11 30 ~ - 
2-6 1-0 30 


* Shown to be monomeric in Ph-NO, by cryoscopy. *’ Measurements by Dr. R. H. Holm on solid 
over a temperature range and on solution in CH,Cl, at room temperature. Solid obeys Curie-Weiss 
law with @ = —8°. Details to be published shortly. * Corrected (—406 x 10~*) susceptibilities 
x 10*: 17,280 (73-7°), 7110 (194-7°), 4790 (299-0°). Curie-Weiss law followed with @ = —12°. 
# Corrected (—406 x 10) susceptibility at 298-3°: 1601 x 10-*. ¢ It appears, visually, that the Zn 
~s magg decomposes slowly in nitromethane. ‘4 CH,Cl, solution. 9% Me*NO, solution. * Ph-NO, 
solution. 


reported in Table 2 are negligibly small in comparison. Also, the molecular weight of 
Cu(Ph,PO),(NO,). was measured cryoscopically in nitrobenzene and found to be 772 +. 30, 
the theoretical value for no dissociation being 744. 

The molecular-weight and, conductivity data indicate that in solution the 


* Gatehouse, Livingstone, and Nyholm, /J., 1957, 4222. 
_. § Morris and Nyholm, J., 1956, 4375; Fergusson and Nyholm, Nature, 1959, 183, 1039; Foss and 
Gibson, J., 1949, 3063; Malatesta and Sacco, Z. anorg. Chem., 1953, 278, 248; Parish, Thesis, University 
of London, 1958. 
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M(Ph,PO),(NO3), complexes contain four co-ordinate metal ions. This conclusion 
receives strong support from the infrared spectra (Table 3) of the compounds both as solids 
and in solution in dichloromethane. For all four compounds bands characteristic of 
co-ordinated nitrate ions, i.e., of the grouping M-O-NO, are found. The assignments are 


TABLE 3. Infrared bands of co-ordinated nitrate. 


Compound Phase ® Frequencies * (cm.~') 
Co(Ph,PO),(NO,), ...... Solid 1497/(s, b) 1290(s, shp) 1024(m, shp) 812(w, shp) 
Soln. 1512(sh) 1258(sh) 1031(sh) 812(w, shp) 
1499(s, shp) 1261(s, b) 1025(m, shp) 


Ni(Ph,PO),(NO3), ° Solid 1492(s, b) 1282(s, shp) 1022(m, shp) 806(w, shp) 
Soln. 1521 (sh) 1285(sh) 1033(sh) 812(w, shp) 
1501(s, shp) 1263(s, b) 1025(m, shp) 
Cu(Ph,PO),(NO,), ...... Solid 1495(s, b) 1283(s, shp) 1012(m, shp) 806(w, shp) 
Soln. 1512(sh) 1283(sh) 1028(w, shp) 807(w, shp) 
1498(s, shp) 1260(s, shp) 1011(m, shp) 
Zn(Ph,PO),(NO,), ...... Solid 1492(s, b) 1301(s, shp) 1026(m, shp) 819(m, shp) 
Assignment ? ............ — Asym NO, str. Sym NO, str. NO str. non-plane def. 
UT. Sisseivecsvesscins 1531— 1290— 1034— 800— 
1481 1253 970 781 


* s, strong; m, medium; w, weak; shp, sharp; b, broad; sh, shoulder. ?° Solid means spectrum 
was taken on mulls in mineral oil and hexachlorobutadiene; solutions were in CH,Cl,. * Also, 
1385(w, b) and 1342(sh) found in hexachlorobutadiene only. 4“ According to Gatehouse et al.‘ 


based upon the correlations developed by Gatehouse, Livingstone, and Nyholm.‘ Con- 
versely, we believe that the excellent agreement of our results with the assignments 
proposed by these authors provides evidence of the general correctness and usefulness of 
their correlations. 

A few details of the infrared spectra merit comment. It will be noted that the band 
assigned by Gatehouse e¢ al. as the out-of-plane deformation of co-ordinated O-NO, occurs 
in all our compounds slightly above the range they proposed. It therefore seems that 
the range limits for this band should be given as 820—780 instead of 800—780 cm.*. 
For the three M(Ph,PO),(NO,), compounds examined in solution the three NO stretching 
bands always appear doubled, usually with one of the two components appearing only 
asashoulder. This may be due to the fact that somewhat better resolution of the solution 
spectra permits observation of a coupling via the metal atom between corresponding 
vibrations in the two ligands. This might then suggest a lack of an inversion centre in 
the complexes either because they are tetrahedral or cis-planar, or because the steric 
requirements of the very bulky triphenylphosphine oxide groups distort an essentially 
trans-planar configuration. We conclude by considering what conclusions may be drawn 
about the configuration of the [M(Ph,PO),(NO,),] compounds from the magnetic and the 
spectral data given in Table 3. Such data provide no evidence in the case of the zinc(t!) 
compound. 

For Cu(Ph,PO),(NO,), the magnetic moment of 1-97 B.M. is in accord with either a 
planar or a “ tetrahedral ’’ configuration, since for the latter the true ligand field symmetry 
would be only C2, and the higher moment expected for a ligand field of true Tz symmetry 
would not be observed (for a discussion of this point with references to the literature see 
ref. 1). However, just as with the [Cu(Ph,PO),]** cation,! the appearance of a broad 
absorption band at 915—920 my indicates a planar configuration. 

The reflectance spectrum of the nickel(11) complex has been measured and found to be 
very similar to that of [Ni(Ph,PO),]** reported previously. For reasons then discussed; 
we believe that this spectrum by itself suggests a planar rather than a tetrahedral configur- 
ation. The magnetic moment of Ni(Ph,PO),(NO,), is 3-45 B.M. from a Curie-Weiss plot 
fitted to data at three temperatures. Again as with [Ni(Ph,PO),]?* (u = 3-51 B.M.) this 
moment is higher than any previously reported for planar or octahedral complexes of 
nickel(11), and might, by itself, suggest a tetrahedral configuration, but the spectrum does 
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not appear to us to bear this out. Again, the tentative hypothesis 3 is suggested that, 
because of crowding due to the very bulky phosphine oxide groups, the NiO, configuration 
may not be completely planar, but rather wrinkled to a configuration of De; symmetry. 
We have only recently noticed that Furlani ® published some theoretical conclusions as to 
the effect upon the spectrum of a planar nickel(i1) complex of pushing two érans-ligands 
up and the other two down from the plane by an angle of 17° (which is the magnitude of 

le considered likely when the suggestion of a Dog configuration of the NO, grouping 
in (Ni(OPPh,),]** was made.* He shows that the expected spectrum in this Dg ligand 
field differs only a little from the spectrum in a Dy, field (same ligands and bond distances 
assumed, of course), while, like the D4, spectrum, the Dez spectrum is qualitatively 
different from the spectrum in a 7, field. Thus Furlani’s results provide excellent support, 
from the spectral side, for our proposal. It is fair to note, however, that there is still no 
further evidence concerning the validity of our assumption that a Dg, field causes the 
nickel(11) ion to have a magnetic moment (3-4—3-5 B.M.) intermediate between those for 
Dy (3-0—3-2 B.M.) and Tq (~3-5—4-2 B.M.) fields. 

It seems quite likely that the solid complex (Ph,PO),Co(NO,), contains tetrahedrally 
co-ordinated cobalt(11). According to rather extensive correlations recently developed 
in this laboratory ? between the magnitude of the orbital contribution to the magnetic 
moment and the position of the ligands (or average position when several different ones 
are present) in the spectrochemical series, cobalt(l1) co-ordinated tetrahedrally by two 
Ph,PO and two NO,~ groups might be expected to have a magnetic moment of 4-6—4-7 
BM. The strong absorption peak at 565 my has the appearance typical of those for 
other? tetrahedral cobalt(11) complexes. It is, however, at a somewhat higher energy 
than might have been expected. In methylene chloride and nitromethane solutions, the 
compound also has a peak at about the same position. Curiously, the intensity is con- 
siderably less than the intensity in the CoCl,?~ ion ® (em.x, ~600). There is also a change 
in the magnetic moment on dissolution in methylene chloride which is large enough 
(~0-17 B.M.) to merit consideration. It appears possible that there is some difference 
between the configurations in the solid and in solution, but we think it unlikely that it 
becomes planar in solution. For a planar species we should expect ® a moment of around 
50 B.M. and a much richer visible spectrum. 


EXPERIMENTAL 


Prepavative Methods.—Triphenylphosphine oxide was prepared by the method of Cox and 
Westheimer 1° and melted 156—157°. 

The complexes (Table 1) were all prepared by mixing alcoholic solutions of the metal nitrate 
(usually hydrated) and an excess of the phosphine oxide. The solutions were then taken to 
dryness on a steam-bath and the solid residues boiled with benzene which removed traces of 
water and excess of phosphine oxide. The complexes were then filtered off, washed with 
sodium-dried benzene and dried in vacuo. 

Physical Measurements.—Electronic absorption spectra in the range 300—1200 my were 
measured for the solid compounds by using a Beckman DU spectrophotometer equipped with 
areflectance attachment and with magnesium carbonate as the reference. Solution measure- 
ments to 800 mu were made on a Cary recording spectrophotometer and from 800 to 1200 mu 
on the Beckman DU instrument. 

Magnetic susceptibilities were measured with a sensitive Gouy balance. The cobalt(11) 
compound was measured by Dr. Rk. H. Holm and details will be published shortly in a general 
correlation of magnetic properties of spin-free cobalt(11) complexes. The solid nickel(1) 
complex was measured over a temperature range and the results fit the Curie-Weiss equation 
u = 2-84[y(T — 6)]#. : 

* Furlani, Gazzetta, 1958, 88, 279. 

* Holm and Cotton, J. Chem. Phys., 1959, $1, 877; ibid., in the press. 

* Ballhausen and Jorgensen, Acta Chem. Scand., 1955, 9, 397. 

* Holm and Cotton, unpublished work. 

” Cox and Westheimer, J. Amer. Chem. Soc., 1958, 80, 5441. 
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Conductivities were measured with a Serfass conductivity bridge and a cell calibrated with 
aqueous potassium nitrate. 

Infrared spectra were recorded on a Perkin-Elmer Model 21 double-beam spectrometer 
equipped with a rock-salt prism. 


We thank the U.S. Atomic Energy Commission for financial support under Contract No, 
AT(30-1)-1965. 
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457. The Structure and Reactions of a Polyacetylenic Glycoside. 
By J. D. Bu’Lock and H. Grecory. 


The polyacetylenic metabolites of Basidiomycete B-841 comprise, not only 
the free hydroxy-acids and lactones (I)—(IV), but also a glycoside fraction 
of which the main component is the 8-p-xylopyranoside of nemotinic acid. 
Both this xyloside and its hydrogenation product are hydrolysed by alkali, 
as well as by acid; the course of these reactions is elucidated and a probable 
configuration assigned to Cy.) of nemotinic acid. 


In 1950, Kavanagh, Hervey, and Robbins! observed that only a part of the antibiotic 
activity in cultures of Agrocybe dura could be extracted by organic solvents, whilst a 
further part, apparently due to the same compound, could be extracted after the culture 
medium had been boiled. Later a similar phenomenon was observed with the antibiotics 
from Polyporus biformis.2 In each case the extractable antibiotics are simple poly- 
acetylenes with alcoholic hydroxyl groups. 

In experiments on the polyacetylenes produced by Basidiomycete B-841 it was the 
usual practice to extract aqueous culture media with organic solvents and to resolve the 
resulting mixture by counter-current distribution in various solvent systems. In this wayit 
proved possible to isolate and characterise the hydroxy-acids (I) (nemotinic acid, the main 
component) and (II) (odyssic acid) and the corresponding lactones (III) (nemotin) and (IV) 
(odyssin).2 During this work it became apparent that an important fraction of the 
polyacetylenes in the medium was not very readily extracted by organic solvents, and 
that some of the extracted material was far more hydrophilic than the pure substances 


f or 
ReC=C*C=C*CH=C=CH*CH(OH)*CH,"CH,°CO,H R*C=C*C=C*CH=C=CH*CH'CH,"CH,"CO-O 
(I) R=H (II) R= Me (Il R=H (IV) R= Me 


(I)—(IV). Remembering the observations cited above, we suspected that the B-841 culture 
medium also contained conjugates, probably of (I) and/or (II), with some more polar 
entity. Since other work on the fungus involved repeated assays of the total polyacetylene 
content, a method for determining this and also the proportion present in conjugated forms 
was devised and is described in the Experimental part. In general only about 40—60% 
of the total polyacetylenes produced by B-841 was in the form of free acids or lactones 
(I)—(IV). 

The conjugate material was most simply isolated by repeated extraction of the culture 
medium with ethyl acetate, until the extracts contained negligible amounts of poly- 
acetylenes; where the yield was not important the first few extracts were discarded, the 
remainder containing almost exclusively the conjugate material. Otherwise the extracts 
were combined and subjected to counter-current distribution, first between benzene and 

1 Kavanagh, Hervey, and Robbins, Proc. Nat. Acad. Sci., U.S.A., 1950, 36, 102. 

* Kavanagh, Hervey, and Robbins, Proc. Nat. Acad, Sci., U.S.A., 1947, 33, 176; Anchel and Cohen, 


J. Biol. Chem., 1954, 208, 319. 
3 Bu’Lock, Jones, and Leeming, J., 1955, 4270; 1957, 1097. 








—" 


nn nim en de ne. fo. on. eee a ae 





ed with 


rometer 


act No, 


1959. } 


le. 


tibiotic 
vhilst a 
culture 
ibiotics 
© poly- 


vas the 
Ive the 
3 Way it 
1e main 
nd (IV) 
of the 
ts, and 
stances 
| 

‘O 


culture 
e polar 
etylene 
d forms 
60% 
actones 


culture 
f poly- 
ied, the 
xtracts 
ne and 


1 Cohen, 








(1960) Reactions of a Polyacetylenic Glycoside. 2281 


water to remove the free compounds (I)—(IV), then between ethyl acetate and water to give 
substantially pure conjugate. Further purification, if required, was effected by redistri- 
bution between ether and water. On such rigorous purification the conjugate material 
was found to comprise two compounds; the greater part of the major constituent could be 
obtained pure, as shown by the shape of the distribution curve (based on spectroscopic 
assay), and the uniformity, through the relevant fractions of the distribution, of ultraviolet 
absorption spectra and, with radioactive material, of specific activity. This component 
proved to be a conjugate of the Cy, compound (I). The minor component was never 
completely resolved, but showed the spectroscopic and partition characteristics which 
could be predicted for a similar derivative of the C,, compound (II); it was not investigated 
further. Much of the work on the conjugate was carried out with less pure material 
containing a small proportion (<5%) of the suspected homologue. 

The ultraviolet absorption spectrum of the conjugate was like that of the ene-diynes 
()—{IV), and the infrared spectrum revealed the presence of allene, carboxyl, and ethynyl 
groups, the latter being more clearly detectable after treatment with diazomethane. 
Evaporation of solutions gave an insoluble brown resin, and the conjugate was therefore 
manipulated by the general techniques used for the compounds (I)—(IV) which avoid the 
isolation of solid material.* In this way it was found that the conjugate behaved as a 
monobasic acid, with pK, similar to that of acid (I); the equivalent weight, and comparison 
of the observed E}%, values with the e values for corresponding peaks in the absorption 
spectrum of acid (I), indicated a molecular weight of ca. 325 [for (I), M = 190). With a 
platinum catalyst 6 mol. of hydrogen were rapidly taken up and after hydrolysis of the 
hydrogenation product y-undecanolactone was isolated and characterised as the optically 
inactive derivative 4-oxoundecanamide.* The reactions of the conjugate with alkali 
(see below) confirmed, what was apparent from the above data, that the conjugate con- 
tained combined acid (I) and that the attached polar group was combined with the 
hydroxyl group of this acid. 

The conjugate contained no nitrogen, phosphorus, or sulphur, and the attached polar 
group was therefore thought likely to be of carbohydrate nature. Moreover, when B-841 
was supplied with [1-C]acetate and an excess of unlabelled glucose the radioactivity of 
the conjugate was due entirely to the combined C,, group. Unlike nemotinic acid the 
conjugate reacted with periodate, and also gave a positive Molisch test for carbohydrate. 
By acid or alkaline hydrolysis of the hydrogenation product, or by direct treatment with 
alkali, D-xylose was split off; this was identified by paper chromatography, determination 
of optical rotation, and conversion into its p-nitrophenylhydrazone, osazone, and oso- 
triazole. The hydrogenation product did not reduce Fehling’s solution (compounds with 
free ethynyl groups react anomalously with this reagent) so that the xylose was combined 
as a xyloside. The molecular weight, periodate uptake, and a pentose determination 4 
showed that only 1 mol. of xylose was combined in the xyloside, and the rate of the 
periodate oxidation, with formation of only 1 mol. of formic acid, showed the compound 
to be a D-xylopyranoside of nemotinic acid. 

The molecular rotations of the xyloside and of nemotinic acid, and of some corre- 
sponding derivatives, are indicated in Chart 1. Because of the unsaturated nature of the 
asymmetric centres no significant comparisons can be made between the rotations of the 
two allenes, but this factor does not operate in the corresponding hydrogenation products. 
Now the molecular rotations of the methyl «- and §-p-xylopyranoside are +253° and 
—108° (i.e, Ma + Mg = +144°) and the a-p-xylopyranosides are the more dextro- 
rotatory; therefore the observed rotations of the hydrogenated xyloside and of (+)-4- 
hydroxyundecanoic acid, from (I), with a difference of —93°, imply that the natural 
product is the B-isomer. 

The difference in sign of rotation between samples of y-undecanolactone derived from 


* Mejbaum, Z. physiol. Chem., 1939, 117, 258. 
5 Jackson and Hudson, J. Amer. Chem. Soc., 1937, 59, 994. 
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acid (I) and from its xyloside (see Chart 1) was surprising since it seemed unlikely that the 
two metabolites should have different configurations at Cy. The explanation lies in the 
mechanism of hydrolysis of the hydrogenated xyloside, which is anomalous since it can be 
effected with equal ease by acid or by alkali. To explain this we suppose that in either 
case the sugar residue is displaced by an intramolecular nucleophilic attack by the carboxy] 











Nemotinic acid xyloside Nemotinic acid 
+760° +610° 
| ml 
Hydrogenated xyloside (+)-4-Hydroxyundecanoic acid 
—8s0° -+-13° 
















H+, OH- 
(—)-4-Hydroxyundecanoic acid 
p- Xylose 
. <x — 22° H+ or heat 
19° OH- 
H* or heat 
v Y 
(—)-y-Undecanolactone (+-)-y-Undecanolactone 
— 67° +57° 


Chart 1. Molecular rotations [M]p observed in ethanol at 20°. 


group (possibly as in A—B), necessarily involving inversion of configuration at C,», and 
giving D-xylose and (—)-y-undecanolactone, the latter subsequently undergoing normal 
hydrolysis under alkaline conditions. 


See _.. 
CH, G CH, 
Pa 4 
sie ela C,H,\s;— CH—CH, 
(A) 6.6-xptese neuen (B) 


Thus the configuration of C,,) in both nemotinic acid and the xyloside is that found in 
(+-)-4-hydroxyundecanoic acid. It is known that alcohols of the series (V), where m > 1, 
are dextrorotatory for the D line; ® by analogy, since introduction of the carboxyl group is 
unlikely to affect the sign of rotation,’ our (+-)-hydroxyundecanoic acid should have the 
configuration (VI). The xyloside of nemotinic acid therefore has structure (VII), in which 
the configuration of the allene group remains unknown. 





CH; COH COH i 

(a an Ca 
H-C—OH H-C—OH H-C O%5 OH 

[CHa] m [CHy]. 

CH, CH, CH=C=CH-[C=C].-H 
(V) m>n (VI) (VIL) 


The xyloside of nemotinic acid exemplifies a new type of natural polyacetylene, though 
it is probably not unique. In B-841 only part of the polyacetylenes produced is converted 
into xylosides, and their formation can hardly be considered as a detoxication since both 


® Klyne, ‘‘ Progress in Stereochemistry,’’ Butterworth, London, 1954, p. 205. 
7 Marker, J. Amer. Chem. Soc., 1936, 58, 976. 
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ides and aglycones pass entirely into the aqueous medium. The process of xyloside 
formation must be relatively specific since the xyloside (VII) is not accompanied by 
glycosides with other sugar residues even when a large excess of glucose is available. The 
route by which the xylose of this material (VII) is formed is known; § it does not appear 
to be of importance in hexose utilisation for respiration, but the formation of xylose may 
be an alternative to the synthesis of ascorbic acid. Simple glycosides are not common 
metabolites of micro-organisms; further, simple xylosides are relatively rare even in 
plants. On the other hand, xylose is very common in vegetable polysaccharides, such as 
the xylans with chains of 8-D-xylopyranosyl units, and since Basidiomycete B-841 is a 
wood-destroying fungus it probably contains appropriate glycosidases which might in 
other circumstances direct the synthesis of material (VII). 

The naturally occurring allenes are all unstable to alkali, with which they react in a 
variety of ways. Nemotinic acid (I) reacts relatively slowly, giving the isomeric acid 
(VIII), whereas nemotin (III) reacts rapidly, the lactone group participating, to give 
nemotin A (IX). This difference can be explained in terms of the electron-attracting 


(VIII) H-[(C=C],*CH*CH(OH)*CH,°CH,*CO,H H+[C=C],*CH=CH'CHy°CH,'CO,H (IX) 
H*[C=C]y*CHy*CH*CHy°CH,*CO,H 


OR (X) (R = B-p-xylopyranosyl) 


powers of the lactone-carbonyl group.? The xyloside (VII) reacted relatively slowly with 
dilute ethanolic alkali, giving as the main product (ca. 80%) a hydrophilic triyne acid 
which is presumably (X), the reaction therefore being analogous to that of the aglycone (I). 
However, with dilute alkali in aqueous solution, though the reaction was still relatively 
slow, only about 35% of the isomer (X) was formed, the other products being nemotin A 
(IX) (60%) and free xylose. This formation of nemotin A appears analogous to the 
isomerisation of the lactone (III), but in this case the driving force of the reaction can 
hardly be an electron-attracting electromeric effect of the eliminated group, and should be 
ascribed instead to an entropy effect, increased solvation in the transition state. This would 
explain the reduced importance of the elimination reaction in ethanol, which is less power- 
fully solvating than water. The question of the importance of this effect in isomerisations 
of (I) and (III) therefore arises. For the lactone (III) the effect might be important, but it 
is the same as that of the electromeric effect of the carbonyl group. For the hydroxy-acid 
(I) the effect should be less than in the xyloside (VII); in fact the reaction of acid (I) with 
alkali regularly gives a small yield of the elimination product (IX), an observation 
originally ascribed to the possible presence ® of traces of lactone (III) but which seems as 
likely to be due to a competing reaction such as that of the xyloside (VII). 

However, it is also possible that the formation of nemotin A by the action of alkali on 
the xyloside (VII) may have another explanation, viz., the intermediate formation of a 
stereoisomer of nemotin (III), by an intramolecular displacement such as occurs with the 
hydrogenated xyloside, followed by rapid alkali-catalysed isomerisation of the product. 


EXPERIMENTAL 


Replacement cultures of B-841 were grown as described previously # and supplied with 
4% aqueous glucose or 1-5% aqueous ethanol as replacement medium. The general experimental 
methods were those described earlier; * evaporation was under reduced pressure in a stream of 
air-free nitrogen. Optical rotations were determined for the sodium p line in ethanol at 20°. 

Isolation of Nemotinic Acid p-p-X ylopyranoside (VII).—The following account of the 
working-up of some “C-labelled material is typical. Three B-841 cultures were each supplied 


* Bu’Lock, Gregory, and Hay, Experientia, 1959, 15, 420. 
* Bu’Lock, Jones, Leeming, and Thompson, /., 1956, 3767. 
” Bu’Lock and Leadbeater, Biochem. J., 1956, 62, 476. 
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with 750 ml. of 15% aqueous ethanol containing 150 uc of sodium [1-™C]acetate (2-7 mg.), ang 
after 9 days the medium was collected and extracted 7 times with 0-1 vol. of ethyl acetate 
The combined extract, containing 1-7 g. of polyacetylenes [as (I)], was evaporated over water 
(320 ml.) and the aqueous residue put into the first 8 tubes of a counter-current-distribution 
apparatus. Distribution between benzene and water (40/40 ml., 60 tubes, 60 transfers) removeq 
free polyacetylenes (I)—(IV), and the material remaining in the first aqueous phases was then 
distributed between ethyl acetate and water (40/40 ml., 40 tubes, 70 transfers). The yield 
of xyloside (VII) was ca. 1-1 g., stored in 1100 ml. of ethyl acetate. When the product was 
purified by further distribution between ether and water a small fraction contaminated with 
the xyloside of acid (II), showing an ultraviolet absorption maximum at slightly longer waye. 
lengths, could be discarded. 

Properties of the Xyloside (VII) [Determined by the methods used for (I)—(IV) *].—Found: 
equiv., 325+ 10. C,,H,,O, requires equiv., 322. pK, (in water) 4-4. [a],*° +237° (¢ 1). 
Partition coefficients, ELOAc-H,O 2-0, Et,O-H,0 0:14. Amax. 211, 237-5, 250, 264, and 279 my 
(10%e 22, 4-5, 8-3, 12-1, 9-9 respectively). 

Like acid (I), the xyloside (VII) gave an unstable brown precipitate of a copper acetylide 
with Fehling’s solution, but, unlike this acid, it gave a positive Molisch test and contained 
1 mol. of pentose according to a pentose determination by the orcinol—ferric chloride method 
For periodate oxidation, a solution of the xyloside (VII) (80 mg.) in water (90 ml.) was treated 
with sodium metaperiodate (428 mg. in 10 ml. of water) in the dark at room temperature, 
and at intervals 5 ml. samples were removed and treated with excess of sodium hydrogen 
carbonate. 5% Aqueous potassium iodide was added, immediately followed by 1-0 ml. of 
0-1N-sodium arsenite, after which the excess of arsenite was titrated with 10-°M-iodine ip 
1:5% aqueous potassium iodide. Samples were also titrated with 0-01N-sodium hydroxide 
(Methyl Red) to measure the formic acid produced. With nemotinic acid there was no reaction; 
with the xyloside (VII) reaction was 50% complete after 2—3 hr. and on completion 2-0 mol. of 
periodate had been consumed and 1-0 mol. of formic acid liberated. 

Hydrogenation of the Xyloside (VII) and Hydrolysis.—When the xyloside (VII) (720 mg.) 
in ethyl acetate was hydrogenated over Adams platinum catalyst (500 mg.), 6 mol. were taken 
up; the solution was filtered and evaporated, giving the xyloside of (+-)-4-hydroxyundecanoic 
acid as a syrup, [a],,2° —25° (c 0-92), which contained carbohydrate (Molisch test) but reduced 
Fehling’s solution only on prolonged heating. 

The hydrogenation product [from 720 mg. of acid (VII)] was heated under reflux with 0-5y- 
hydrochloric acid in 1 : 1 ethanol—water (20 ml.) for 1 hr.; the solution was then extracted with 
ether (2 x 20 ml.), and the ether extracts were washed with water. Evaporation of the 
combined ether extracts and distillation of the residue at 180°/15 mm. gave (—)-y-undecano- 
lactone, [a],,2° —36-5° (c 0-95), converted into 4-oxoundecanamide, m. p. and mixed m. p. 129— 
131°, as previously described for the (+-)-isomer.* The aqueous extracts and washings were 
combined, treated with excess of silver carbonate, filtered, and evaporated; the residue was 
taken up in hot ethanol, filtered through charcoal, and evaporated, giving D-xylose as a colourless 
syrup (61%), identified by paper chromatography in butan-l-ol-acetic acid—water and 
collidine—water and by conversion into the osazone, m. p. and mixed m. p. 158—160°, osotriazole, 
m. p. and mixed m. p. 86-5—87°, and p-nitrophenylhydrazone, m. p. and mixed m. p. 151—159°. 

In another experiment, hydrogenated xyloside (VII) (200 mg.) was heated under reflux with 
a 10% solution of sodium hydroxide in 1: 4 ethanol—water (20 ml.), then acidified with 10% 
sulphuric acid, and extracted with ether; evaporation of the ether extracts gave an oil which 
was taken up in hot ethanol, filtered through charcoal, and evaporated, giving (—)-4-hydroxy- 
undecanoic acid as an oil, [a],2® —11° (c 0-8), which on distillation afforded (—)-y-undecano- 
lactone, [a],,2° —37-5° (c 0-8). 

Hydrogenation of nemotinic acid and evaporation of the filtered reaction mixture gave 
(+-)-hydroxyundecanoic acid, [a] ,,2° +-6-5° (c 1-0), affording the (+-)-lactone, [a],,2° +31° (c 0-95), 
on distillation.® 

Reaction of the Xyloside (V11) with Alkali.—(a) In aqueous solution. To a solution of the 
xyloside (VII) (14 mg.) in water (10 ml.), 2—3 drops of aqueous 10% sodium hydroxide were 
added and after about 12 min. (when the absorption spectrum showed no further change) the 
solution was acidified with 2n-sulphuric acid and subjected to counter-current distribution 
(10 transfers) between benzene and water. The first two benzene fractions were evaporated 
over water, and the aqueous solutions extracted with ether. The ultraviolet spectrum of this 
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ether extract was that of nemotin A (IX) (ca. 60%); the extract was evaporated and the 
residue immediately taken up in carbon disulphide for measurement of the infrared spectrum, 
which confirmed the identification. The first two aqueous fractions were repeatedly shaken 
with ether, which extracted the triyne xyloside (X), with partition coefficient ether—water ca. 
0-15, with the ultraviolet absorption spectrum of isonemotinic acid (VIII), and giving a positive 
Molisch test. 

(b) In ethanol. A similar reaction in absolute ethanol was complete after about 30 min. ; 
the solution was then acidified and diluted with water, and the ethanol was evaporated. The 
aqueous solution was extracted with ether and the ether extracts were washed with water. 
S opic examination of the combined aqueous extracts showed the presence of acid (X) 
(ca. 80%), and examination of the combined ether extracts revealed the free acid (IX) (ca. 15%). 

Estimation of Free and Combined Polyacetylenes in B-841 Culture Media.—The proportion 
of the total polyacetylenes in B-841 culture media combined as xylosides normally varies 
between 35% and 65%, and the partition coefficients of the free and the combined forms are 
different, so that the total concentration bears no simple relation to the amount extracted by 
an aliquot part of organic solvent for spectrophotometric assay. The lactones are completely 
extracted by equilibration of an aqueous solution with an equal volume of ethyl acetate, and 
the hydroxy-acids are almost completely extracted, whereas only about one-half of the xylosides 
js extracted. The concentration of free and combined polyacetylenes in a sample of medium, 
expressed as an equivalent amount of nemotinic acid (I), can therefore be determined by 
spectroscopic assay of two successive extracts of the same sample, with equal volumes of ethyl 
acetate and correction for the volume changes in the first extraction. 

If AD, and AD, are the first and the second measurement of the optical density difference 
between 263 my (maximum) and 271 my (minimum), measured in 1 cm. cells. then since AD 
fora 1% solution of acid (I) is 538, the first extract has a concentration of AD,/53-8 mg./ml. In 
the first extraction 10 ml. of aqueous medium and 5 ml. of ethyl acetate give 4-1 ml. of extract; 
the amount removed from the aqueous phase is 4:1AD,/53-8 mg. This comprises all the 
lactones and hydroxy-acids and part of the xylosides. In a second similar extraction, with no 
further volume change, the amount removed is 5AD,/53-8 mg. and this is one-half of the 
xylosides remaining after the first extraction. The total concentration of the original aqueous 
solution is therefore (4-1AD, + 10AD,)/53-8 mg./ml. = 7-6AD, + 18-6AD, yg./ml., of which 
37-2AD, ug./ml. is present as xylosides. 

This method gave results which agreed closely with the composition of synthetic mixtures 
()—(VII) and gave consistent results with culture media prepared in a variety of ways; but 
in media from cultures severely affected by toxic substances or undergoing degeneration it gave 
anomalous results unless the aqueous sample was brought to pH 5 with acetate buffer before 
extraction. 


We are grateful to Miss M. G. Hay for the mycological work and for help in the analysis of 
culture media, and to Mr. D. C. Allport for a preliminary study of the problem. 


THe UNIVERSITY, MANCHESTER, 13. [Received, December 14th, 1959.) 
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458. Antibiotics of the E129 (Ostreogrycin *) Complex. Part I. The 
Structure of E129B. 


By F. W. Eastwoop, B. K. SNELL, and Sir ALEXANDER Topp. 


The antibiotic E129B is shown to have structure (I; R = NMe,), and 
thus to be closely related to staphylomycin, from which it differs by con- 
taining in place of N-methyl-phenylalanine the hitherto unknown amino- 
acid, p-dimethylamino-N-methyl-phenylalanine. 


WE have been for some time engaged on an investigation of a mixture of synergistic 
antibiotics isolated by workers at Glaxo Laboratories, Ltd., from cultures of a soil strepto- 
mycete, Streptomyces ostreogriseus, and described by them? as the “ E129 complex.” 
The present paper describes the structural elucidation of one member of this complex, the 
colourless, crystalline antibiotic E129B, which has been reported to be identical with the 
antibiotic described in the literature as PAI14B.12 Our results indicate that E129B has 
structure (I; R= NMe,). It is thus a member of the growing group of peptide anti- 
biotics containing a macrocyclic lactone ring of which etamycin ** was the first example, 
and it is closely related to staphylomycin, whose structure was announced ® as (I; R = H) 
when most of the work described in this paper had been completed. 
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Analysis of E129B gave values consistent with a molecular formula C,,H,,0,)N, 
containing three N-Me groups. It was an optically active diacid base, giving no ninhydrin 
reaction. It was phenolic, yielded a crystalline oxime, and was evidently a lactone, since 
it was converted by cold aqueous alkali into an acid having the same ultraviolet absorption 
as the parent antibiotic and giving the same products as the latter on hydrolytic degradation. 
Hydrolysis of E129B with 6N-hydrochloric acid yielded seven compounds which were 
severally isolated by a combination of adsorption and ion-exchange chromatography. 
One of these compounds had strong ultraviolet absorption, but was optically inactive and 
ninhydrin-negative; it was identified by direct comparison as 3-hydroxypicolinic acid. 
Of the remaining six, all of which were ninhydrin-positive, four were readily identified as 
L(—)-threonine, t(—)-proline, D(—)-«-aminobutyric acid, and 1(+)-phenylglycine,® the 
last-named being partially racemised during the hydrolysis and working-up processes. 
The fifth acid, C,,H,,0,N,, contained three N-Me groups and, since it gave a red colour 

* Ostreogrycin is the name which has been approved by the General Medical Council for E129. We 


propose to adopt this nomenclature and, by agreement with the discoverers, will in future publications 
describe E129B as ostreogrycin B. 


1 Ball, Boothroyd, Lees, Raper, and Smith, Biochem. J., 1958, 68, 24p. 
2 Celmer and Sobin, “‘ Antibiotics Annual,’”’ 1955-56, p. 437. 
3 Sheehan, Zachau, and Lawson, J. Amer. Chem. Soc., 1958, 80, 3349. 
* Arnold, Johnson, and Mauger, /J., 1958, 4466. 
’ Vanderhaeghe and Parmentier, XVIIth Internat. Congress Pure Appl. Chem., Munich, 1959, 
Abstracts, Vol. II, p. 56; Bull. Soc. chim. belges, 1959, 68, 716. 
* Rudman, Meister, and Greenstein, J. Amer. Chem. Soc., 1952, 74, 551. 
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with p-nitrobenzoyl chloride in pyridine, was evidently an a-N-methylamino-acid.* In 
alkaline solution the compound showed intense light absorption at 245 my (<« 11,900), while 
in acid solution it showed typical benzenoid absorption; this behaviour is characteristic of 
aniline derivatives? and suggested that the acid might be p-dimethylamino-N-methyl- 
phenylalanine. That this suggestion was correct was shown by condensing p-dimethyl- 
aminobenzaldehyde with creatinine in presence of acetic anhydride and acetic acid, 
conversion of the product into 5-f-dimethylaminobenzylcreatinine, and hydrolysis of the 
latter with barium hydroxide; the resulting -dimethylamino-N-methyl-pL-phenyl- 
alanine had the same ultraviolet absorption and chromatographic behaviour as the acid 
obtained from the E129B hydrolysate. -Dimethylamino-N-methyl-phenylalanine has 
not hitherto been found in Nature; in E129B it is probably present as the L(—)-isomer, 
since the isolated material showed a positive change in rotation on passing from neutral 
to acid solution.® 

The remaining amino-acid in the hydrolysate, which gave an orange-yellow ninhydrin 
reaction, was rather unstable in the free state and was isolated and examined as its 
hydrochloride, CgH,gO,NCl. The hydrochloride contained neither N-Me nor C-Me groups, 
but showed two infrared carbonyl bands, at 1746 (carboxyl) and 1732 (ketone) cm.*, 
while the free base showed no selective carbonyl absorption above 1628 cm... At this 
point in our examination of the substance it was reported that 4-oxo-L(—)-pipecolic acid 
has been obtained from staphylomycin,® and it seemed not unlikely that we were dealing 
with the same acid. That this surmise was correct was proved by catalytic hydrogenation 
of our product in acidic solution, which gave L(—)-pipecolic acid, and by its breakdown 
with alkali to give acetone and formaldehyde; these findings establish conclusively that 
the seventh amino-acid obtained from E129B was 4-oxo-L(—)-pipecolic acid. 

Estimation of threonine, «-aminobutyric acid, phenylglycine, and proline in the E129B 
hydrolysate after separation on ion-exchange columns showed them to be present in 
equimolar amounts. 3-Hydroxypicolinic acid and -dimethylamino-N-methyl-phenyl- 
alanine were also present in equimolar amounts as determined directly from the absorption 
spectrum of the antibiotic. 4-Oxopipecolic acid was not directly estimated, but consider- 
ation of the analytical data for E129B shows that it, too, must be present in molar amount. 

The seven components of the acid hydrolysate having been identified, it remained to 
determine their sequence in order to define completely the structure of E129B. Since 
the antibiotic itself contains a free phenolic group, it was evident that the hydroxyl group 
of threonine must be involved in forming the lactone ring of E129B. This was confirmed 
by careful chromic acid oxidation of E129B and of the parent acid followed by hydrolysis 
of the products and examination by paper chromatography; only in the oxidation of the 
parent acid was threonine destroyed (cf. ref. 3). Moreover, the antibiotic, like etamycin,* 
gave 3-hydroxypicolinamide on pyrolysis, showing that the terminal 3-hydroxypicolinic 
acid was probably attached to threonine. The C-terminal amino-acid in the parent acid 
of E129B was determined by methylation, reduction of the terminal ester grouping with 
lithium borohydride, and acid-hydrolysis. Neither 4-oxopipecolic acid nor phenyl- 
glycine was found in the hydrolysate, but since it contained 2-amino-2-phenylethanol it 
is clear that the C-terminal amino-acid must be phenylglycine. The remainder of the 
amino-acid sequence was determined by partial hydrolysis of the antibiotic to a series of 
smaller polypeptides, which were then separately hydrolysed to their constituent amino- 
acids. The three acidic peptides, 3-hydroxypicolinylthreonine, 3-hydroxypicolinyl- 
threonyl-«-aminobutyric acid, and 3-hydroxypicolinylthreonyl-«-aminobutyrylproline, 
together with a dipeptide hydrolysed to 4-oxopipecolic acid and phenylglycine, were 
isolated by using an ion-exchange column. In another experiment a pentapeptide was 


’ Gilham and Stern, ‘‘ Electronic Absorption Spectroscopy,”” Edward Arnold, Ltd., London, 1957. 
* Lutz and Jirgensons, Ber., 1930, 68, 448; 1931, 64, 1221; Plattner and Nager, Helv. Chim. Acta, 
1948, $1, 2192; Balenovic in ‘‘ Amino Acids and Peptides with Antimetabolic Activity,” Ciba Found- 
ation Symposium, Churchill, Ltd., London, 1958, p. 5. 
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separated by paper chromatography and shown to be 3-hydroxypicolinylthreony}-g. 
aminobutyrylprolyl-p-dimethylamino-N-methyl-phenylalanine. 

These results establish the amino-acid sequence in E129B and indicate that the antj. 
biotic has structure (I). The resemblance between E129B and staphylomycin is striking, 
the two differing only in that the N-methyl-L-phenylalanine residue in staphylomycin jg 
replaced in E129B by p-dimethylamino-N-methyl]-phenylalanine. 


EXPERIMENTAL 


Paper Chromatography.—Whatman No. 1 paper was employed with the following solvent 
systems: A, phenol-water (4:1) used in presence of hydrogen cyanide; B, 2,6-lutidine- 
collidine-water (1: 1:1) containing 1% of diethylamine; systems I, L, and O as described 
by Hardy et al.® 

Antibiotic E129B.—The crude antibiotic (1-88 g.), as supplied by Glaxo Laboratories, Ltd, 
was purified by countercurrent distribution (100 transfers; 20 ml. phases) in the system 
toluene—methanol—water (4:3:1). The material in tubes 63—-80 inclusive (1-12 g.), whose 
distribution corresponded closely to the theoretical K = 2-45, was combined and recrystallised 
to yield the material used for all degradative studies. 

E129B crystallised from methanol in colourless prisms containing tenaciously held solvent 
of crystallisation, and from toluene in needles, m. p. 266—268°, [a],,2° —66-8° (c 0-5 in MeOH), 
which were dried at 110° in vacuo (loss in wt. 8%) before analysis [Found: C, 62-0; H, 63; 
N, 12-7; NMe 11:2%; M 950 (Thermistor in chloroform). C,;H;,O,)N, requires C, 62:4: 
H, 6-3; N, 12-9; 3NMe, 10-:0%; M, 866)]. Titration with tetrabutylammonium hydroxide in 
dimethylformamide showed the presence of a single phenolic group (pK,, 8-6; equiv., 895), and 
with perchloric acid in acetic acid two basic groups of equiv. wt. 415 were detected. Light 
absorption: in ethanol, max. at 259 (e 18,280), 305, (¢ 8580), and 365 my (ce 985); in aqueous- 
alcoholic 0-1N-sodium hydroxide, max. at 246 (ec 21,600) and 334 my (e 9150); in 5n-hydrochloric 
acid, max. at 303 my (e 9500). Infrared spectrum {Nujol): bands at 3390, 3330, 3280, 1737, 
1718, 1677, 1649, 1624, 1523, 1302, 1249, 1195, 1167, 1132, 1060, 1003, 904, 809, 762, and 
696 cm.7}. 

E129B is soluble in chloroform, sparingly so in methanol, benzene, and toluene, and insoluble 
in ether and water. It dissolves in dilute acid and in aqueous sodium hydroxide and is 
reprecipitated on neutralisation. It gives a red colour with ferric chloride, but gives no colour 
with ninhydrin. 

E129B Oxime.—Heated with hydroxylamine hydrochloride in aqueous methanol, E129B 
yields an oxime crystallising from benzene in colourless needles, m. p. 193°, [a],,2° —46° (c 1:35 
in MeOH) (Found: C, 60-9; H, 6-5; N, 14-2. C,;H,;,;0,)N, requires C, 61-3; H, 6-3; N, 143%). 

E129B Acid.—A solution of the antibiotic in excess of aqueous 2N-sodium hydroxide was 
kept at room temperature for 20 hr., neutralised and extracted with chloroform. The dried 
extract was evaporated and the residue redissolved in ethanol and precipitated with ether. 
The acid was obtained as an apparently amorphous powder, m. p. 153—157° (decomp.), [a], 
—40-3° (c 1-28 in MeOH) (Found: C, 60-4; H, 6-1; N, 13-0. C,y,;H,,0,,N, requires C, 61-1; 
H, 6-4; N, 12-7%). The acid had the same ultraviolet absorption as E129B (pK, 5:1 and 
8-3; equiv., 420). 

Acid-hydrolysis of E129B.—Hydrolysis of either E129B or the parent acid (above) at 105° 
for 16 hr. with 6n-hydrochloric acid and working-up in the usual way gave a mixture of acids 
which, examined by two-dimensional paper chromatography, was found to contain six 
ninhydrin-positive amino-acids and a ninhydrin-negative acid with marked ultraviolet 
absorption. Prolonged heating with acid did not change the composition of this mixture. 
The Ry values of the components in the solvent systems A and B were as follows (for con- 
venience the names of the compounds as subsequently identified are employed): threonine 
(0-45, 0-24); a-aminobutyric acid (0-62, 0-31); 4-oxopipecolic acid (0-52, 0-43); proline (0-81, 
0-30); phenylglycine (0-73, 0-52); p-dimethylamino-N-methyl-phenylalanine (0-93, 0-75); 
3-hydroxypicolinic acid (0-79, 0-91). When the paper chromatograms were developed with 
ninhydrin the «-aminobutyric acid, phenylglycine, and threonine spots were purple, the proline 


* Hardy, Holland, and Nayler, Analyt. Chem., 1955, 27, 971. 
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, the 4-oxopipecolic acid orange-yellow, and the p-dimethylamino-N-methyl-pheny]- 
alanine spot gave a brown colour when developed above 80°. The last spot also gave a red 
colour with p-nitrobenzoyl chloride—pyridine.*® 

Separation and Identification of Amino-acids from Hydrolysates.—(I) The acid hydrolysate 
of the antibiotic (380 mg.) was put on a column of Amberlite CG 120 (2 x 150 cm.; H* form) 
at 25° and the column eluted initially with N-hydrochloric acid. Amino-acids were detected 
in the eluate fractions (4 ml.) by spotting on ninhydrin-impregnated paper. 3-Hydroxy- 

icolinic acid was eluted first, but was rather impure. 4-Oxopipecolic acid (fractions 200— 
240) and threonine (fractions 250—280) were eluted before the column temperature was raised 
to 50° and gradient elution begun (exponential; 4n added to n-hydrochloric acid in a 1 1. 
mixing chamber). «-Aminobutyric acid (fractions 430—465) was then eluted, followed by 
proline (fractions 500—540), phenylglycine (fractions 750—840), and p-dimethylamino-N- 
methyl-phenylalanine (fractions 1050—1150). 

4-Oxopipecolic acid. This was isolated from appropriate fractions as its hydrochloride, 
crystallising from propan-2-ol-ether in plates, decomp. 175—180°, [a],*° +3-8° (c 2 in H,O) 
(Found: C, 40-1; H, 5-9; N, 7-9; Cl”, 19-7. C,H, 9O,;NCI requires C, 40-1; H, 5-6; N, 7-8; 
Cl, 19°7%), Amax. in H,O 225 (e¢ 169) and 275 my (e 29), vax (in KBr) 3400, 2910, 2770, 2690, 
2480, 1746, 1732, 1630, 1481, 1402, 1345, 1240, 1186, 1107, 1084, 1049, 1008, 946, 917, 820, 789, 
762, and 684 cm.1. Its proton resonance spectrum (8% in water) had bands at +57, +102, 
and +114 c./s. with respect to water at 40 Mc (chemical shifts +1-4, +2-5, +2-8). Treated 
with Reinecke acid it gave a reineckate which darkened on heating to 170—180° [Found: C, 26-1; 
H, 3-7; N, 21-6. C,H,O,;N,Cr(NH;),(SCN), requires C, 26-0; H, 3-5; N, 21-2%]. The free 
amino-acid had [a],,2° —14° (c 1 in H,O); it formed colourless prisms, but was rather unstable. 

The above hydrochloride (49 mg.) in acetic acid (34 ml.) containing concentrated hydrochloric 
acid (2 ml.) was hydrogenated (4 hr.) at a platinum oxide catalyst (absorbed, 12-5 ml.; 2H,, 
135 ml.). Recrystallisation of the product from ethanol-ether gave colourless needles of 
u(—)-pipecolic acid hydrochloride, [{«],,2° —7-8° (c 1-28 in H,O), m. p. 256° (Found: C, 44-0; 
H, 7-0; N, 8-8; Cl-, 21-2. Calc. for C,H,,O,NCl: C, 43-5; H, 7-3; N, 8-5; Cl, 21-4%). 
Identity was confirmed by the infrared spectrum and by proton magnetic resonance spectrum 
(8% in water) which showed one band at + 122 c./sec. with respect to water at 40 Mc. (chemical 
shift + 3-05). 

The hydrochloride (10 mg.) obtained from the acid hydrolysate was dissolved in 20% 
aqueous potassium hydroxide (1-5 ml.) and slowly distilled in a stream of nitrogen (water being 
added to keep the volume constant) into a solution of 2,4-dinitrophenylhydrazine in aqueous 
perchloric acid. Separation of the products on a kieselguhr—bentonite (1:4 w/w) column 
(1 x 10cm.) by elution first with chloroform and then chloroform-ethanol gave the 2,4-dinitro- 
phenylhydrazones of acetone and formaldehyde undepressed in m. p. by authentic specimens. 

Threonine. The free amino-acid was obtained from the appropriate fractions of the Amber- 
lite column eluate by passage through Dowex 1 x 2 resin (acetate form). It crystallised from 
aqueous ethanol in colourless plates, [a],** —34-8° (c 0-4 in H,O) (Found: C, 40-3; H, 7-7; 
N, 11-5. Calc. for CgH,O,N: C, 40:3; H, 7:6; N, 11-8%). The infrared spectrum and 
chromatographic behaviour were indistinguishable from those of L(—)-threonine. 

a-Aminobutyric acid. Appropriate Amberlite column fractions (430—465), treated with 
Dowex 1 x 2 (acetate form), gave an amino-acid crystallising in needles, [a),2° —6-7° (c 2-68 
in H,O) (Found: C, 46-9; H, 8-7; N, 133%; equiv., 102. Calc. for CjH,O,N: C, 46-7; 
H, 87; N, 13-6%; equiv., 103). It was identical with p-(—)-c«-amino-n-butyric acid in 
infrared spectrum and chromatographic behaviour. 

Proline. Isolated in similar fashion from eluate fractions 500—540, L(—)-proline was 
obtained in needles, {a],,2° —87-5° (c 0-5 in H,O), identical in infrared spectrum and chromato- 
graphic behaviour with an authentic specimen (Found: C, 52-4; H, 8-0; N, 11-9. Calc. for 
C,H,O,N: C, 52-2; H, 7-9; N, 12-2%). 

(II) For the isolation and identification of the other products of acid hydrolysis of E129B, 
the hydrolysate (from 1 g. of antibiotic) was applied to a column of Dowex 1 x 2 resin (4 x 35 
cm.; acetate form), and the mixed amino-acids were eluted with 0-5m-acetic acid. On further 
washing with n-hydrochloric acid an acid was eluted which crystallised from methanol (charcoal) 
in colourless needles, m. p. 216° with gas evolution (Found: C, 52-1; H, 3-9; N, 10-1. Calc. 
for C,H,O,N: C, 51-8; H, 3-6; N, 10-1%). It was identified as 3-hydroxypicolinic acid by 
Mm. p., mixed m. p., and ultraviolet and infrared spectra. 
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The mixture of amino-acids (900 mg.) eluted from the column as described above was 
dissolved in acetic acid (50 ml. of 5%) and put on a column of Darco G 6 charcoal (2 x 30cm); 
the column was eluted with 5%, acetic acid, and the fractions (5 ml.) were examined by ultra. 
violet absorption and ninhydrin response. Fractions 15—45 contained a-aminobutyric acid, 
4-oxopipecolic acid, proline, and threonine. Pure phenylglycine and p-dimethylamino-N- 
methyl-phenylalanine were obtained from fractions 70—95 and 105—145 respectively, there 
being some overlap in the intermediate fractions. 

Phenylglycine. The colourless crystalline amino-acid from fractions 70—95 had m. p. 239°, 
[a] 2° +67-5° (c 0-6 in N-HCl) (Found: C, 63-2; H, 6-0; N, -2.9. Calc for C,H,O,N: C, 63-5; 
H, 6-0; N, 9:3%). This product was fully racemised by heating it in glacial acetic acid. It 
then formed needles which sublimed at 267° and was identical with pi-phenylglycine (infrared 
spectrum). 

p-Dimethylamino-N-methyl-phenylalanine. The product from fractions 105—145 crystallised 
from aqueous ethanol in colourless needles, m. p. 208°, containing water of crystallisation 
(Found: C, 62-7; H, 8-2. C,,H,,O,N,,$H,O requires C, 62-4; H, 8-3) which was only partially 
removed at 60° in vacuo (Found: C, 63-6; H, 7-6; N, 12-2. Calc. for C\,.H,,0O,N,: C, 648: 
H, 8-2; N, 12-6%). It had [a,2° +22-6° (c 0-5 in N-HCl) and [{a],?° —3-2° (c 1-07 in H,0). 
Ultraviolet absorption: (a) in water, max. at 249 my (< 10,000); (6) in aqueous 0-4N-sodium 
hydroxide, max. at 245 my (ce 11,900). Infrared absorption in Nujol: principal bands, 3370, 
3070, 2790, 2370, 1622, 1568, 1526, 1442, 1388, 1320, 1227, 1156, 1065, 948, 883, 870, and 
818 cm.1. The product formed a dihydrochloride (Found: Cl, 23:8%; equiv., 97-8, 
Cy,H»O,N,Cl, requires Cl, 24-:0%; equiv., 98-4), Amax, in N-HCl 251 (¢ 198), 257 (e 232), 262 
(c 190), and 266 my (e 120). 

To confirm that this product was p-dimethylamino-N-methyl-phenylalanine, the racemic 
form of this compound was synthesised as follows: 

Acetyl-5-(p-dimethylaminobenzylidene)creatinine.—A mixture of creatinine (2 g.) and 
p-dimethylaminobenzaldehyde (3 g.) in acetic anhydride (20 ml.) and acetic acid (8 ml.) was 
heated under reflux for 30 min., then set aside at 0° overnight, and the precipitated product was 
collected and recrystallised from ethanol. It formed red needles (2-66 g., 68%), m. p. 247° 
(Found: C, 62:8; H, 6-3; N, 19-7. C,;H,O,N, requires C, 62-9; H, 6-3; N, 19-6%), max, in 
EtOH 252 (e 6875), 301 (¢ 7175), and 442 my (e 1800). 

5-(p-Dimethylaminobenzyl)creatinine Dihydrochloride.—Hydriodic acid (6-25 ml.; 1-7) was 
added with stirring to a mixture of the above product (1-45 g.), red phosphorus (1 g.), and 
acetic anhydride (6-25 ml.) during 1 hr. and the whole heated under reflux for 3 hr., then cooled, 
filtered from phosphorus, and evaporated to dryness in vacuo. The residue was taken up in 
water (5 ml.), extracted with ether to remove impurities, then boiled with charcoal, and filtered. 
On neutralisation with 15% ammonia solution and cooling, the product separated as colourless 
plates (1-1 g., 88%). The substance slowly decomposed and for analysis it was converted into 
its dihydrochloride, colourless plates, m. p. 252° (decomp.) (from ethanol-ether) (Found: C, 49:3; 
H, 6-4; N, 17-7; Cl-, 21-9. C,3;H,,ON,Cl, requires C, 48-9; H, 6-3; N, 17-6; Cl, 22-2%), dmx 
in EtOH 258 my (ce 16,100), infl. at 300 my (e 1980). 

pDL-p-Dimethylamino-N-methyl-phenylalanine.—The above compound (1 g.) was dissolved 
in water (15 ml.), and barium hydroxide (12 g.) was added. The mixture was refluxed for 
12 hr., cooled, and diluted to 150 ml., and barium was removed by passing in carbon dioxide. 
The resulting solution was poured on a column of Amberlite CG 120 (1 x 6cm.; H* form), and 
the column washed with water and eluted with 2N-hydrochloric acid (80 ml.). The hydro- 
chloride so obtained was converted into the free amino-acid by passage through a column of 
Dowex 1 x 2 resin (acetate form). Recrystallised from aqueous ethanol it formed colourless 
needles, m. p. 214°, which, when dried at 60° in vacuo for 4 hr., contained water of crystallisation 
(Found: C, 63-8, 63-8; H, 8-0, 7-9%), only removed after drying at 60° in vacuo for 3 days 
(Found: C, 64:3; H, 8-3; N, 12-3. C,,H,,O,N, requires C, 64-8; H, 8-2; N, 12-6%). The 
ultraviolet absorption spectrum was identical with that of the product from E129B and it 
showed identical chromatographic behaviour in six solvents [Rp values in solvent systems: 
A, 0-93; B, 0-68; L, 0-81; I, 0-76; O, 0-77; butanol-acetic acid—water (4 : 1 : 5), 0-30}. 

Amino-acid Content of E129B.—Estimation by the method of Moore and Stein 1 showed 
that threonine, «-aminobutyric acid, and phenylglycine were present in equimolecular amounts, 


10 Moore and Stein, J. Amer. Chem. Soc., 1954, 76, 6063; J. Biol. Chem., 1954, 211, 907. 
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as was also proline as estimated by Chinard’s method." Direct estimation of 3-hydroxy- 
picolinic acid and p-dimethylamino-N-methyl-phenylalanine from the ultraviolet absorption 
data showed that the antibiotic contained one molecular proportion of each. 

Determination of the C-Terminal Amino-acid.—E129B acid was esterified with diazomethane 
in the usual manner. The amorphous product (which had the expected band at 1742 cm.”) 
(100 mg.) was dissolved in tetrahydrofuran (250 ml.), cooled to —10°, and treated slowly with 
powdered lithium borohydride (250 mg.). The mixture was heated under reflux for 40 hr. with 
exclusion of moisture, then butan-1l-ol (100 ml.) was added and the tetrahydrofuran distilled 
off. Saturated aqueous butanol (50 ml.) was added, the mixture was heated at 60° for 10 min., 
then filtered, and the filtrate was evaporated to dryness. The amorphous product, which 
showed no selective carbonyl absorption in the infrared spectrum above 1642 cm."}, was 
hydrolysed by boiling 6N-hvdrochloric acid (5 ml.) for 20 hr. After removal of the mineral 
acid, the hydrolysate was examined by paper chromatography. It contained all the amino- 
acids obtained by direct hydrolysis of the E129B acid except 4-oxopipecolic acid and phenyl- 
glycine. A new compound was, however, present which, with ninhydrin, gave a brown colour 
changing to purple, and gave a positive periodate—anisidine reaction.’* This new compound 
was indistinguishable from pL-2-amino-2-phenylethanol on paper chromatography or paper 
electrophoresis. 

A portion of the above hydrolysate was neutralised with sodium hydrogen carbonate and 
shaken with 1-fluoro-2,4-dinitrobenzene in ethanol for 3 hr. Excess of reagent was destroyed 
by shaking with aqueous glycine for 5 hr.; the product isolated by ether-extraction was a yellow 
oil which ran as a single spot on paper chromatograms indistinguishable from authentic 
2-(2,4-dinitrophenylamino)-2-phenylethanol [Ry in decalin—-acetic acid-isopentyl alcohol 
(15: 10:2), 0-27; in decalin-10% acetic acid-isopentyl alcohol (15: 10:4), 0-86].1% The 
latter derivative was prepared from the parent synthetic alcohol as an amorphous powder, m. p. 
ca. 42° (Found: C, 55-5; H, 4:6; N, 13-9. ©,,H,,0,N, requires C, 55-4; H, 4:3; N, 13-9%). 

Pyrolysis of E129B.—The antibiotic (300 mg.) was heated at 250°/0-1 mm. during 6 hr. 
The crystalline compound which sublimed was collected, resublimed, and then recrystallised 
from chloroform. It formed colourless needles, m. p. 191°, identical in ultraviolet and infrared 
absorption with 3-hydroxypicolinamide.‘ 

Partial Hydrolysis of E129B.—(A) A solution of E129B (250 mg.) in acetic acid (5 ml.) and 
concentrated hydrochloric acid (5 ml.) was kept at 37° and samples were withdrawn at intervals, 
the acid being removed and the products examined by two-dimensional paper chromatography 
(solvents A and L). -Dimethylamino-N-methyl-phenylalanine, phenylglycine, and 4-oxo- 
pipecolic acid appeared simultaneously, as subsequently did «-aminobutyric acid and proline, 
followed by threonine. A number of peptides giving no ninhydrin colour, but showing 
fluorescence in ultraviolet light, were shown to be present in the hydrolysates by chromato- 
graphy in t-pentyl alcohol—phthalate buffer of pH 6.™ 

A sample (1 ml.) of the hydrolysis mixture was withdrawn after 14 days, the acid removed, 
and the residue dissolved in water (1 ml.) and applied to a column of Dowex 1 x 2 resin (1-5 x 
26cm.; acetate form). The column was eluted with water until 10 fractions (10 ml.) had been 
collected and then with a linear gradient of acetic acid (1 1. of 5m-acetic acid added to 1 1. of 
water). The fractions obtained were examined by ultraviolet absorption (303 my or by scanning 
where necessary). The ninhydrin-negative peptides separated in this way were shown to be 
homogeneous by paper electrophoresis (acetate buffer, pH 6) and chromatography (t-pentyl 
alcohol-phthalate buffer, pH 6), and their amino-acid contents were determined by total 
hydrolysis followed by two-dimensional chromatography in systems A and L. 

Fractions 1—5 contained all the free amino-acids. Fractions 19—23 contained a peptide 
yielding 4-oxopipecolic acid and phenylglycine. Fractions 31—42 contained 3-hydroxy- 
picolinic acid, while 44—55 contained a tetrapeptide hydrolysed to 3-hydroxypicolinic acid, 
s-aminobutyric acid, proline, and threonine. In fractions 65—75 there was a tripeptide 
yielding 3-hydroxypicolinic acid, «-aminobutyric acid, and threonine, and in fractions 80—96 a 
dipeptide hydrolysed to 3-hydroxypicolinic acid and threonine. The tri- and the tetra-peptide 
overlapped in fractions 55—65. 





4 Chinard, J. Biol. Chem., 1952, 199, 91. 
Bragg and Hough, /., 1958, 4050. 

 Grassmann, Hérmann, and Endres, Chem. Ber., 1953, 86, 1477. 
“ Blackburn and Lowther, Biochem. J., 1951, 48, 126. 
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(B) The antibiotic (28 mg.) was dissolved in concentrated hydrochloric acid and acetic acig 
(0-4 ml. of 1: 1 v/v) and set aside for 26 days at 20°. Examined in the usual way by two. 
dimensional paper chromatography in solvents A and B, the hydrolysate gave strong spots 
of 4-oxopipecolic acid, phenylglycine, and p-dimethylamino-N-methyl-phenylalanine, anq 
weak spots of proline and a-aminobutyric acid. Chromatography in t-pentyl alcohol—phthalate 
buffer of pH 6 on Whatman No. 4 paper gave two fluorescent peptide spots of Ry 0-34 and 0-77. 
These were separately eluted and hydrolysed, and the hydrolysates subjected to two-dimen- 
sional chromatography in solvents A and B after prior removal of phthalic acid. The first of 
these spots proved to be a tetrapeptide yielding 3-hydroxypicolinic acid, a-aminobutyric acid, 
proline, and threonine, and the second a pentapeptide giving 3-hydroxypicolinic acid, «-amino- 
butyric acid, proline, threonine, and p-dimethylamino-N-methyl-phenylalanine. 


We are indebted to the D.S.I.R. for a Research Studentship (B. K.S.), to the Salters’ 
Company for a Fellowship (F. W. E.), and to Glaxo Laboratories, Ltd., for grants and gifts of 
material. 
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459. The Chemistry of Bacteria. Part VIII1* The Synthesis 
of Violacein and Related Compounds. 


By J. A. BALLANTINE, R. J. S. BEER, D. J. CRuTcHLEY, G. M. Dopp, 
and D. R. PALMER. 


4-Hydroxy-2-(3-oxindolylidene) but-3-enoic lactones (III) are converted 
by the action of ammonia into the corresponding lactams. By this reaction 
and other related methods, violacein (I; .R = R’ = R” = H), the major 
pigment of Chromobacterium violaceum, and some simpler analogues have 
been synthesised. A second pigment, produced in small amounts by the 
bacterium, has been shown by synthesis to be deoxyviolacein (V; R= 
R’ = R” = H). 


VIOLACEIN, the major pigment of Chromobacterium violaceum, has been formulated ! as 
5-(5-hydroxy-3-indolyl)-3-(3-oxindolylidene)-2-oxopyrroline, the ¢vans-form of which is 
represented by structure (I; R = R’ = R” = H). In synthetical experiments we began 
with analogues in which the 5-hydroxyindole nucleus was replaced by phenyl. 

The simplest model, 3-(3-oxindolylidene)-2-oxo-5-phenylpyrroline (II; R = Ph, R’= 
R” = H), has been obtained by two related methods: first, from the readily available 
lactone * (III; R = Ph, R’ = H) by the action of ammonia in hot aqueous ethanol; and, 
secondly, by acid-catalysed condensation of isatin and §-benzoylpropionamide. This 
amide, prepared from 4-hydroxy-4-phenylbut-3-enoic lactone by treatment with ammonia, 
does not apparently exist in the cyclic form, 2-hydroxy-5-oxo-2-phenylpyrrolidine (IV; 
R = H), as suggested by Walton ® since its ultraviolet absorption spectrum in alcohol is 
similar to that of acetophenone. The product derived from 4-hydroxy-4-phenylbut-3- 
enoic lactone and methylamine, on the other hand, resembles benzene in its absorption 
spectrum and must therefore be regarded as the hydroxypyrrolidine (IV; R = Me). The 
same conclusions have recently been reached by Cromwell and Cook‘ in an extensive 
study of the reactions of 4-hydroxy-4-phenylbut-3-enoic lactone with amines. 

The hydroxypyrrolidine (IV; R = Me) condensed readily with isatin, yielding a mono- 
N-methyl derivative (II; R = Ph, R’ = Me, R” = H) of the parent model compound, and 
the di-N-methyl derivative (II; R = Ph, R’ = R” = Me) was similarly prepared from 


For a preliminary report see Proc. Chem. Soc., 1958, 232. 


+ 
1 Part VII, Ballantine, Barrett, Beer, Eardley, Robertson, Shaw, and Simpson, J., 1958, 755. 
? Barrett, Beer, Dodd, and Robertson, J., 1957, 4810. 
* Walton, J., 1940, 438. 

* Cromwell and Cook, J. Amer. Chem. Soc., 1958, 80, 4573. 
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j-methylisatin. Condensation of §-benzoylpropionamide and 1-methylisatin gave the 
second mono-N-methyl derivative (II; R= Ph, R’ =H, R” = Me) which was also 
obtained from the lactone (III; R = Ph, R’ = Me) by the action of ammonia. 
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The intensely coloured 2-oxopyrroline (II; R = Ph, R’ = R” = H) resembles violacein 
spectroscopically and in other respects, particularly in its sensitivity to alkalis and in its 
behaviour towards methylating and acetylating reagents. Both imino-groups in the 
analogue (II; R= Ph, R’ = R” = H) are methylated by methyl sulphate—potassium 
carbonate, and violacein should therefore, under the same conditions, form a tetramethyl 
derivative in good agreement with the analytical data previously published.’ Brief 
acetylation of the model compound gave a sparingly soluble mono-N-acetyl derivative 
which must have structure (II; R= Ph, R’ =H, R” = Ac) since on methylation it 
afforded compound (II; R= Ph, R’ = Me, R” = Ac) which was also obtained by 
condensation of 2-hydroxy-1-methyl-5-oxo-2-phenylpyrrolidine and isatin in boiling 
acetic anhydride. Prolonged acetylation of the analogue (II; R = Ph, R’ = R” = H) 
furnished a benzene-soluble di-N-acetyl derivative. Violacein behaves similarly in that 
short-term acetylation yields mainly a triacetyl derivative, presumably (I; R = R’ = Ac, 
R” = H), which on continued acetylation is converted into the more soluble tetra-acetyl- 
violacein. : 

A further simple model of the violacein structure was provided by the phenol (II; R = 
p-hydroxyphenyl, R’ = R” = H), prepared by the action of ammonia on 4-p-acetoxy- 
phenyl-4-hydroxy-2-(3-oxindolylidene)but-3-enoic lactone (III; R = p-acetoxyphenyl, 
R’=H). Like violacein, this compound undergoes a series of colour changes in alkaline 
solution and crystallises from acetone in a solvated form; its trimethyl derivative is 
unsolvated. 


(III; R= Ph, R’ = H) (II; R= Ph, R’ = R” = Ac) 


5 
(II; R= Ph, R’=R’= H) —— : 


1° 


(II; R = Ph, R’ = H, R” = Ac) 


Ph*CO*CHy*CHy’CO-NH, 








(III; R= Ph, R’ = Me) (II; R= Ph, R’ =H, R” = Me 





(II; R = Ph, R’ = Me, R” = H) 7 


| 
(II; R= Ph, R’ = Me, R” = Ac) 





I UH 





(II; R= Ph, R’ = R” = Me) <——! 
Reagents: |, NHs. 2, Isatin-MeOH-HCl. 3, Isatin-AcyO. 4, I-Methylisatin~AcgO. 5, AcgO-NaOAc, | hr. 


Chart |. 
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The reactions involved in the preparation and inter-relation of the model oxindolyl. 
idene-2-oxopyrrolines are summarised in Chart 1. These experiments suggested that 
violacein was correctly formulated as (I; R= R’ = R” = H) and served to indicate 
possible synthetical routes to the pigment and its close derivatives. The preparative 
method involving the replacement of the heterocyclic oxygen atom of lactones of t 
(III) by nitrogen was first applied in the indole series to the synthesis of 5-(3-indolyl)-3-(3. 
oxindolylidene)-2-oxopyrroline (V; R= R’ = R” =H) which proved to be identical] 
with a minor pigment of Chromobacterium violaceum. This product, termed deoxy. 
violacein, gave the expected trimethyl derivative on treatment with methyl sulphate- 
potassium carbonate, and acetylation yielded a di-N-acetyl derivative, regarded as (V; 
R = R” = Ac, R’= H). Unexpectedly, the latter derivative was converted by methyl] 
sulphate—potassium carbonate into a mono-N-acetyl di-N-methyl derivative which must 
be formulated as (V; R = R’ = Me, R” = Ac) since the infrared absorption spectrum 
of its hydrolysis product (V; R = R’ = Me, R” = H) contains a peak at 3185 cm, 
characteristic of an oxindole rather than an indole NH group. Deacetylation under 
methylating conditions also occurred in the formation of a diacetyldimethylviolacein 
from triacetylviolacein. These deacetylations were apparently caused by the use of 
relatively large amounts of potassium carbonate; under normal conditions, triacetyl- 
violacein gave the expected triacetylmethylviolacein (I; R= R’= Ac, R” = Me), 
and 5-(l-acetyl-3-indolyl)-3-(1-acetyl-3-oxindolylidene)-1-methyl-2-oxopyrroline (V; R= 
R” = Ac, R’ = Me), obtained by condensation of isatin and y-3-indolyl-N-methyl-y-oxo- 
butyramide in acetic anhydride, gave in the presence of an excess of potassium carbonate, 
the monoacetylidimethyl derivative (V; R = R’ = Me, R” = Ac) mentioned above. 

An attempted condensation of isatin and y-3-indolyl-y-oxobutyramide in acetic 
anhydride failed because under these conditions the amide was converted into y-(l-acetyl- 
3-indolyl)-y-oxobutyronitrile (voy, 2262 cm.*), a complication which was not encountered 
in the analogous condensations with 8-benzoylpropionamide. 

Chart 2 summarises the reactions involved in the preparation of deoxyviolacein and its 
derivatives. 


V;R=R=R'= dH) 


pe pn Sale 





(V 3 R=R’= Ac,R’ = Me) (V;R=R’=Ac,R =H) (V;R=R= R“=Me) 
Bad ah \: t 
a 4 
CO-CH,-CH,CO-NHMe ' 
| (V;R=R’=Me,R"= Ac) —> (V;R=R’=Me,R'=H) 
N 


H 


Reagents: |, NHs. 2, KOH, then NH,CI-NHs. 3, AcgO-NaOAc. 4, Me,SOy-K,CO;-COMe,. 5, Isatin- 
Ac,O. 
Chart 2. 


Synthesis of violacein methyl ether (I; R = Me, R’ = R” = H) was achieved easily, 
but in rather low yield, by the action of ammonia on 4-(l-acetyl-5-methoxy-3-indolyl)4 
hydroxy-2-(3-oxindolylidene)but-3-enoic lactone? (III; R = 1-acetyl-5-methoxy-3- 
indolyl, R’ =H). Fission of the ether, with hydrogen bromide in acetic acid, gave a 
phenol identical with natural violacein, and further methylation furnished tetramethyl 
violacein. A less direct comparison of synthetic and natural materials was afforded by 
degradation of violacein methyl ether with hydriodic acid, which yielded a crystalline 
hydriodide identical with that previously obtained from acetylated violacein.5 The nature 


5 Beer, Jennings, and Robertson, J., 1954, 2679. 
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of this degradation product, formerly thought to be an indolylpyrrylmethene, will be 
discussed elsewhere. 

Treatment of violacein methyl ether with methyl sulphate—potassium carbonate gave 
only a low yield of tetramethylviolacein; the major product was an insoluble salt-like 
material identical in properties with a compound occasionally obtained by methylation of 
violacein. Further experiments showed that, with a large excess of potassium carbonate, 


TABLE 1. Ultraviolet and visible absorption spectra (in ethanol). 


Compound Amax. (Mu) (log €) 

p-Benzoylpropionamide ..............seeeeeeeeeeeeees 240(4-01), 278(2-97) 
GOW § FE set BEG) sds cescvvessissccsccseceussocedenoudesios 250(2-23), 256(2-31) 
hs Rw Phy Re ee BY ae BH) .csoccisssessescses 270(4-42), 330(3-79), 490(4-20) 
(I; R= Ph, R’ = RY” = Mo) ....2..0..c000080s 272(4-38), 340(3-88), 502(4-09) 
(II; R = p-HO-C,H,, R’ = R” = 4) .......... 270, 352, 539 * 
(II; R = p-MeO-C,H,, R’ = R” = Me) ....... 269(4-39), “yo on. 513(4-19) 
Oe Se ee td «| Brrr rere 260(sh), 366, 
(V; R= R’ = RY = Me)... ceceeeesesseeeeneee 272(4-29), 37718 92), 558(4-23) + 
iT; Rom Me, Ro ae BY ae. Bh) o.cccccrrvcccccescees 262, 374, 582 * 
oe SS eee 260, 376, 585 * 

Spies «-«»—“i“‘(i‘éA RIA NIRA 261, 378, 585 * 
TRRTRTROUNGFIVIERCTE on in seiccccc sec cisccceccccseeds 270(4-31), 382(3-88), ca. 590(4-29) 

ea - Gepmtnetic)  incisccsisccccs 271(4-33), 383(3-89), ca. 590(4-32) 


* Low solubility precludes accurate measurement of intensity. 
+ Measured in ethyl acetate solution. 


TABLE 2. Infrared absorption spectra (Nujol mulls). 


NH region C=O region 
Compound (cm.~) (cm.~?) 

Phenyl-oxopyrrolines (II; R = Ph, R’ = R” = H) 3195 1681s, 1653m 

(II; R = Ph, R’ =H, R” = Me) 3205 1678s 

(II; > = Ph, R’ = Me, R” =H) 3205 1712w, 1684s, 1647m 

(II; R = Ph, R’ = R” = Me) — 1684s 

(II; R = Ph, R’=H, R” = Ac) 32065 1740m, 1715s, 1690s 

(II; R = Ph, R’ = Me, R” = Ac) — 1733s, 1715s 1698s 

(II; R = Ph, R’ = R” = Ac) — 1718sh, 1706s, 1689sh 

(II; R = p- MeO C, tle, R’ = = R”) “= 1692w, 1667s 

) 


fe 


Indolyl-oxopyrrolines a R = R’ = R” = H) 3448, 3195—3125 1692s, 1669s 
; R = R’ = R” = Me) _— 1701w, 1672s 

tr. "R= R’ = R” =H) 3100—3330 1690s, 1665s 

(I; R= R’ = R” = Me) ont 1695w, 1681s 


s = strong, m = medium, w = weak, sh = shoulder. 


violacein gives mainly the salt-like product which separates from the reaction mixture and 
is therefore not converted into the tetramethyl derivative. This by-product could not be 
recrystallised but on acetylation afforded diacetylmethylviolacein (I; R = Me, R’ = Ac, 
R” =H), also obtained by acetylation of synthetic monomethylviolacein. It seems 
probable that, in the presence of relatively large amounts of potassium carbonate, the 
alkali-sensitive oxindole ring of violacein (or of its methyl ether) is opened and that the 
acid thus generated then forms a potassium salt. 

Spectroscopic data for some of the compounds described in this paper are collected in 
Tables 1 and 2. 


EXPERIMENTAL 


Claims for identity of specimens prepared by different routes are based on infrared absorption 
spectra. 

2-Hydvoxy-1-methyl-5-0x0-2-phenylpyrrolidine (IV; R = Me).—As described by Walton,’ 
4hydroxy-4-phenylbut-3-enoic lactone was converted by methylamine into the pyrrolidine, 
which formed colourless needles, m. p. 132—135° (Found: C, 69-2; H, 6-7; N, 7-3, Calc. for 
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C,,H,,0,N: C, 69-1; H, 6-8; N, 7-3%), but with ammonia the product was 8-benzoylpropion- 
amide, prisms (from water), m. p. 123—125° (Found: C, 67-7; H, 5-9; N, 7-8. Cale, for 
Cy9H,,0,N: C, 67-8; H, 6-2; N, 7-9%). 

3-(3-Oxindolylidene)-2-ox0-5-phenylpyrroline (II; R = Ph, R’ = R” = H).—A solution of 
isatin (0-8 g.) and 8-benzoylpropionamide (1-0 g.) in methanol (10 ml.) containing concentrateq 
hydrochloric acid (2 ml.) was heated under reflux for 30 min. The sparingly soluble 3-(3. 
oxindolylidene)-2-0x0-5-phenylpyrroline separated from acetone in small dark crystals with a 
green sheen (1-3 g.), m. p. >300° (Found: C, 75-0; H, 4-1; N, 9-9. C,,3H,,O,N, requires C, 
75-0; H, 4:2; N, 9-7%). The same oxopyrroline (0-5 g.) was prepared by passing ammonia 
into a boiling suspension of 4-hydroxy-2-(3-oxindolylidene)-4-phenylbut-3-enoic lactone? 
(1-0 g.) in 90% ethanol (750 ml.) for 3 hr. (Found: C, 74-9; H, 4-5; N, 9-7%). 

3-(1-A cetyl-3-oxindolylidene)-2-ox0-5-phenylpyrroline (II; R= Ph, R’=H, R” = Ac).— 
The foregoing oxopyrroline (1-0 g.), heated with acetic anhydride (25 ml.) and sodium acetate 
(1-0 g.) for 10 min., gave 3-(l-acetyl-3-oxindolylidene)-2-ox0-5-phenylpyrroline (0-6 g.), forming 
dark red-brown needles, m. p. >300° from acetone (Found: C, 72-6; H, 4:3; N, 89, 
Cy 9H,,0,N, requires C, 72-7; H, 4:3; N, 8-5%). This product (0-9 g.) was also obtained by 
heating isatin (0-8 g.) with §-benzoylpropionamide (1-0 g.) in acetic anhydride (4 ml) 
for 30 min. (Found: C, 72-7; H, 4:3%). 

3-(1-Methyl-3-oxindolylidene)-2-ox0-5-phenylpyrroline (I1; R= Ph, R’ = H, R” = Me).— 
Prepared by heating 1-methylisatin (0-8 g.) and §-benzoylpropionamide (1-0 g.) with acetic 
anhydride (4 ml.) for 30 min., 3-(1-methyl-3-oxindolylidene)-2-0x0-5-phenylpyrroline formed dark 
brown needles (1-0 g.), m. p. >300°, from acetone (Found: C, 75-4; H, 4-5; N, 89, 
C,,H,,O.N, requires C, 75-5; H, 4-7; N, 93%). The same product (0-7 g.) separated when 
ammonia was passed into a boiling suspension of 4-hydroxy-2-(1-methy1-3-oxindolylidene)-4- 
phenylbut-3-enoic lactone ? (1-0 g.) in 90% ethanol (Found: C, 75-3; H, 4-9; N, 93%). 

1-Methyl-3-(3-oxindolylidene)-2-0x0-5-phenylpyrroline (II; R= Ph, R’ = Me, R” = H),— 
Isatin (0-8 g.) and 2-hydroxy-l-methyl-5-oxo-2-phenylpyrrolidine (1-0 g.), heated in methanol 
(10 ml.) containing concentrated hydrochloric acid (2 ml.) for 30 min., gave 1-methyl-3-(3- 
oxindolylidene)-2-ox0-5-phenylpyrroline which crystallised from ethyl acetate in dark brown 
needles (0-9 g.), m. p. 254° (Found: C, 75-7; H, 4:6; N, 9-1. C,9H,,O,N, requires C, 75-5; H, 
4-6; N, 93%). 

3-(1-A cetyl-3-oxindolylidene)-1-methyl-2-0x0-5-phenylpyrroline (II; R = Ph, R’ = Me, R” = 
Ac).—3-(1-Acetyl-3-oxindolylidene)-2-oxo-5-phenylpyrroline (500 mig.) was heated under 
reflux for 24 hr. with acetone (150 ml.), potassium carbonate (500 mg.), and methyl sulphate 
(3 ml.). The residue obtained by concentration of the filtered solution was triturated with 
water. After purification by chromatography on silica in benzene, 3-(1-acetyl-3-oxindolylidene)- 
1-methyl-2-0x0-5-phenylpyrroline formed almost black needles (300 mg.), m. p. 248° (Found: C, 
73-0; H, 4-6; N, 8-3. C,,H,,0,N, requires C, 73-3; H, 4-7; N, 8-1%), identical with a sample 
(Found: C, 73-2; H, 4-6; N, 7-9%) obtained by condensation of isatin and 2-hydroxy-1-methyl- 
5-oxo-2-phenylpyrrolidine in hot acetic anhydride. Deacetylation, with ammonia in boiling 
ethanol, gave 1-methyl-3-(3-oxindolylidene)-2-oxo-5-phenylpyrroline (Found: C, 75-3; H, 
4-8; N, 94%). 

1-Methyl-3-(1-methyl-3-oxindolylidene)-2-0x0-5-phenylpyrroline (II; R= Ph, R’=R”= 
Me).—Prepared by reaction of 1-methylisatin (0-8 g.) and 2-hydroxy-1-methyl-5-oxo-2-phenyl- 
pyrrolidine (1-0 g.) in boiling acetic anhydride (4-0 ml.) for 30 min., 1-methyl-3-(1-methyl-3- 
oxindolylidene)-2-0x0-5-phenylpyrroline formed dark red needles (0-9 g.), m. p. 203°, from ethyl 
acetate (Found: C, 75-8; H, 5-1; N, 9-1. Cy 9H,,O,N, requires C, 75-9; H, 5-1; N, 8-9%). 
The same product (1-0 g.) was obtained when 3-(3-oxindolylidene)-2-oxo-5-phenylpyrroline 
(1-0 g.) was heated under reflux for 24 hr. with acetone (400 ml.), methyl sulphate (4 ml.), and 
potassium carbonate (1-0 g.). After purification by chromatography on neutral alumina, the 
methylated compound formed red-brown needles (0-9 g.), m. p. and mixed m. p. 203° (Found: 
C, 75-9; H, 5-0; N, 9-0; O, 9-8. Calc. for C,gH,,O,N,: O, 10-1%). Methylation of 3-(I- 
methyl-3-oxindolylidene)-2-oxo-5-phenylpyrroline similarly gave the dimethyl compound, 
m. p. and mixed m. p. 203°. 

1-A cetyl-3-(1-acetyl-3-oxindolylidene)-2-0x0-5-phenylpyrroline (Il; R = Ph, R’ = R” = Ac). 
—3-(3-Oxindolylidene)-2-oxo-5-phenylpyrroline (1-0 g.) was heated under reflux with acetic 
anhydride (30 ml.) and sodium acetate (1-0 g.) for 1 hr., and the crude product obtained after 
treatment of the reaction mixture with water was extracted with benzene (Soxhlet). The 
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penzene-insoluble fraction (500 mg.) was 3-(1-acetyl-3-oxindolylidene)-2-oxo-5-phenylpyrroline. 
The benzene solution was passed through a silica gel column and concentrated; 1-acetyl-3-(1- 
acetyl-3-oxindolylidene)-2-0x0-5-phenylpyrroline separated in dark red needles (200 mg.), m. p. 
960° (Found: C, 71:3; H, 4:2; N, 7-8. C,.H,,0,N, requires C, 71-0; H, 4:3; N, 7-5%). 

4-p-A cetoxyphenyl-4-hydroxy-2-(3-oxindolylidene)but-3-enoic Lactone.—Prepared by heating 
jsatin (7-0 g.) and 4-p-acetoxyphenyl-4-hydroxybut-3-enoic lactone * (10 g.) for 30 min. in 
ethanol containing pyridine (1 ml.), this compound crystallised from acetone in deep red needles 
(13 g.), m. p. >300° (Found: C, 69-1; H, 3-7; N, 4:2. C,9H,,0,N requires C, 69-2; H, 3:8; 
N, 40%). 

Seg teydeseyphony8-9:(2-cnleelylidendl-B-enopyrrdlins (II; R= p-hydroxyphenyl, R’ = 
R” = H).—When ammonia was passed for 5 hr. into a boiling solution of the foregoing lactone 
(10 g.) in 95% ethanol (1500 ml.), the violet microcrystalline oxopyrroline (7-0 g.) was 
precipitated. Purification by Soxhlet extraction with acetone gave a solvated sample 
(cf. violacein), m. p. >300° (Found: C, 70-5; H, 4:3; N, 8-4. C,,H,,O,N,,$C;H,O requires 
C, 70:3; H, 4:5; N, 8-4%). The oxopyrroline was readily soluble in dilute aqueous sodium 
hydroxide, giving a violet solution which rapidly became dark green; heating changed the 
colour of the solution to deep red, and acidification then precipitated an unstable yellow solid. 

On methylation by acetone—potassium carbonate—methyl] sulphate this oxopyrroline (1-0 g.) 
gave 5-p-methoxyphenyl-1-methyl-3-(1-methyl-3-oxindolylidene)-2-oxopyrroline (0-65 g.) which 
formed violet needles, m. p. 188°, from acetone (Found: C, 73-0; H, 5-2; N, 8-3. C,,H,,0,N, 
requires C, 72-8; H, 5-2; N, 8-1%). 

5-(3-Indolyl)-3-(3-oxindolylidene)-2-oxopyrroline (V; R = R’ = R” = H).—When ammonia 
was passed into a suspension of 4-(1-acetyl-3-indolyl)-4-hydroxy-2-(3-oxindolylidene) but-3- 
enoic lactone ? (4:0 g.) in 90%. ethanol (300 ml.) for 4 hr., 5-(3-indolyl)-3-(3-oxindolylidene) -2- 
oxopyrroline separated as a black amorphous powder (2-7 g.). After purification by chrom- 
atography on alumina in acetone, the oxopyrroline was obtained as small dark crystals with a 
green reflex, m. p. >300° (Found: C, 73-5; H, 4-1; N, 12-6. C,9H,,0,N, requires C, 73-4; H, 
40; N, 12-8%). This product (0-5 g.) was converted by methyl sulphate (1 ml.) and potassium 
carbonate (1-5 g.) in boiling acetone (100 ml.) in 8 hr. into an amorphous blue solid which was 
purified by chromatography on alumina in ethyl acetate. This trimethyl derivative separated 
from ethyl acetate as a royal-blue microcrystalline powder (0-31 g.) m. p. >300° (Found: C, 
746; H, 5-1; N, 11-2. C,,H,,O,N, requires C, 74-8; H, 5-2; N, 11-4%). 

Prepared by heating the parent oxopyrroline (0-72 g.) for 10 min. with acetic anhydride 
(15 ml.) and sodium acetate (1-0 g.) the diacetyl derivative crystallised from acetone (Soxhlet) 
in minute dark red needles (0-80 g.), m. p. >300° (Found: C, 70-2; H, 4:2; N, 10-3. 
C.,H,,0O,N, requires C, 70-1; H, 4:2; N, 10-2%). Methylation using an excess of potassium 
carbonate converted this diacetyl derivative (0-35 g.) into 3-(l-acetyl-3-oxindolylidene)-1- 
methyl-5-(1-methyl-3-indolyl)-2-oxopyrroline which formed purple-red needles (0-13 g.), m. p. 
268—271°, from benzene after purification by chromatography on silica (Found: C, 72-2; H, 
5-0; N, 10-8. C.,H,,0O,N, requires C, 72-5; H, 4-8; N, 10-6%). 

1-Methyl-5-(1-methyl-3-indolyl)-3-(3-oxindolylidene)-2-oxopyrroline (V; R = R’ = Me, R” = 
H).—Ammonia was passed into a suspension of 3-(l-acetyl-3-oxindolylidene)-1-methyl-5-(1- 
methyl-3-indolyl)-2-oxopyrroline (100 mg.) in boiling ethanol for 2 hr. The crude dimethyl 
derivative was purified by chromatography in benzene solution on alumina and then crystallised 
from benzene in purple needles (20 mg.), m. p. 285—290° (Found: C, 74-1; H, 4-7; N, 12-0. 
C,,H,,O,N, requires C, 74-4; H, 4-8; N, 118%). Further methylation of this product by the 
usual method gave the trimethyl derivative described above. 

Derivatives of y-(3-Indolyl)-y-oxobutyric Acid.—4-(1-Acetyl-3-indoly])-4-hydroxybut-3-enoic 
lactone * (0-50 g.), heated with aqueous ammonia (d 0-88; 30 ml.) for 1 hr., gave y-(3-indolyl)- 
y-oxobutyramide (0-385 g.) which formed colourless prisms, m. p. 214°, from alcohol (Found: C, 
66-7; H, 5-4. C,,H,,O,N, requires C, 66-7; H, 5-6%), Amax. (in EtOH) 242, 298 my (log e 4-09 
386), Amin, 228, 272 my (log ¢ 3-73, 3-77). The corresponding methylamide crystallised from 
acetone in colourless prisms, m. p. 207° (Found: C, 68-2; H, 6-2; N, 11-8. C,,H,,O,N, requires 
C, 67-8; H, 6-1; N, 12:2%),+Amax, 241, 298 my (log ¢ 4:16, 4-15), Amin, 229, 272 my (log 
3°84, 3-86). 

y-3-Indolyl-y-oxobutyramide (250 mg.), heated with acetic anhydride (10 ml.) for 1 hr., 
gave y-(1-acetyl-3-indolyl)-y-oxobutyronitrile (200 mg.) which formed colourless needles, m. p. 


* Swain, Todd, and Waring, J., 1944, 548. 
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199°, from methanol (Found: C, 69-6; H, 5-0. C,,H,,O,N, requires C, 70-0; H, 5- 0%), voy 
2262 cm... Hydrolysis of the nitrile with hot aqueous 2N-sodium hydroxide afforded 7 
indolyl)-y-oxobutyric acid, m. p. and mixed m. p. 236°. 

5-(1-A cetyl-3-indolyl) -3-(1-acetyl-3-oxindolylidene)-1-methyl-2-oxopyrroline (V; R=R”~= 
Ac, R’ = Me).—+y-(3-Indolyl)-N-methyl-y-oxobutyramide (250 mg.) condensed with isatin 
(160 mg.) in boiling acetic anhydride, giving 5-(1-acetyl-3-indolyl)-3-(1-acetyl-3-oxindolylidene)-1- 
methyl-2-oxopyrroline (380 mg.) as black prisms, m. p. 275—280°, from benzene (Found: ¢, 
70-9; H, 4:3; N, 9-6. (C,;H,,O,N, requires C, 70-6; H, 4-5; N, 99%). A suspension of this 
product (100 mg.) in ethanol (50 ml.) containing potassium hydroxide (1 ml. of 50% aqueous 
solution) was heated under reflux (nitrogen atomosphere) for 4 hr. After addition of ammon- 
ium chloride, ammonia was passed into the hot solution for 3 hr., and the solution was then 
concentrated to ca.10 ml. Addition of water precipitated a black amorphous solid, which was 
purified by chromatography on alumina in acetone, giving 5-(3-indolyl)-3-(3-oxindolylidene).2- 
oxopyrroline (12 mg.), identical with the sample previously described. 

5-(1-Acetyl-3-indoly]l)-3-(1-acetyl-3-oxindolylidene)-1-methyl-2-oxopyrroline (100 mg.) was 
converted in 4 hr. by methylation (excess of potassium carbonate) into 3-(1-acetyl-3-oxindolyl- 
idene)-1-methyl-5-(1-methyl]-3-indolyl)-2-oxopyrroline (40 mg.), m. p. 265—270° (Found: C, 
72-4; H, 48%), identical with the sample obtained by methylation of the diacetyl] derivative of 
5-(3-indolyl)-3-(3-oxindolylidene)-2-oxopyrroline. 

Isolation of Deoxyviolacein—The acetone mother-liquor obtained in the previously 
described ! isolation of violacein gave, on concentration, a black viscous oil which was extracted 
repeatedly with benzene and then with ethyl acetate. Chromatography on alumina with, in 
turn, ethyl acetate, chloroform, and acetone as developing solvents separated deoxyviolacein 
as a mobile bright blue band from the strongly absorbed violacein. Evaporation of the acetone 
solution gave a black residue which separated from ethyl acetate as an amorphous blue-black 
solid (31 mg. from 80 trays), m. p. >300°, sparingly soluble in ethyl acetate, in acetone, and in 
ethanol giving bluish-purple solutions. Deoxyviolacein was insoluble in cold aqueous sodium 
hydroxide, but dissolved in alcoholic sodium hydroxide forming an emerald-green solution 
which rapidly became dark red. 

By using the method employed for the methylation of violacein,! deoxyviolacein (50 mg.) 
was converted into the trimethyl derivative, which separated from ethyl acetate as a small dark 
blue crystals (35 mg.), m. p. >300° (Found: C, 74:7; H, 5-3; N, 11-3%), identical with the 
synthetic trimethyl derivative of 5-(3-indolyl)-3-(3-oxindolylidene)-2-oxopyrroline described 
above. 

5-(5-Methoxy-3-indolyl)-3-(3-oxindolylidene)-2-oxopyrroline (I; R = Me, R’ = R” = H).— 
Passage of ammonia for 4 hr. through a boiling suspension of 4-(1-acetyl-5-methoxy-3-indoly])- 
4-hydroxy-2-(3-oxindolylidene) but-3-enoic lactone ? (0-50 g.) in 90% ethanol gave the oxo- 
pyrroline as black crystals (75 mg.), m. p. >310°, which were purified by extraction (Soxhlet) 
with dry acetone (Found: C, 70-5; H, 4:2; N, 11-6. (C,,H,,0,N,; requires C, 70-6; H, 4:2; N, 
11-8%). The same product was obtained in ca. 4% yield by treatment of an ice-cold saturated 
solution of violacein in methanol with excess of diesemethene for 4 days. 

5-(5-Hydroxy-3-indolyl)-3-(3-oxindolylidene)-2-oxopyrroline; Violacein (I; R= R’ = R”= 
H).—The solution obtained by heating 5-(5-methoxy-3-indolyl)-3-(3-oxindolylidene)-2-oxo- 
pyrroline (215 mg.) with hydrogen bromide dissolved in acetic acid (200 ml. of 5% solution) 
for 3 hr. was concentrated to small bulk and neutralised by addition of saturated aqueous 
sodium hydrogen carbonate. The precipitated black product (130 mg.) had the characteristic 
properties of violacein; in contrast to the starting material, it dissolved in aqueous sodium 
hydroxide, giving a green solution which rapidly became brownish-red on being heated. After 
purification by extraction (Soxhlet) with acetone, the product was obtained as black crystals 
with the requisite visible, ultraviolet, and infrared absorption spectra (Found: C, 69-55; H, 
4:0; N, 11-3. Calc. for C,.H,,;0,N3,3C,H,O: + C, 69-3; H, 4-3; N, 11-3%). 

Heated with methyl sulphate (1-2 ml.), potassium carbonate (1-5 g.), and acetone (250 ml.) 
for 24 hr., the synthetic violacein methyl ether (105 mg.) gave mainly the insoluble partially 
methylated product (70 mg.) described below together with a small amount of tetramethyl- 
violacein; 1 the latter was obtained in improved yield by methylation of the oxopyrroline with 
methyl sulphate in alkaline aqueous acetone, and crystallisation from ethyl acetate gave 
bronze needles, m. p. and mixed m. p. 220° (Found: C, 72-0; H, 5-6; N, 10-2. Calc. 
for C,,H,,0O,N,: C, 72-2; H, 5:3; N, 105%). 
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Acetylation of Violacein.—The solution obtained by heating violacein (1-0 g.), sodium acetate 
(1-0 g.), and acetic anhydride (25 ml.) under reflux for 30 min. was poured into water, and the 
resulting solid extracted with benzene (Soxhlet). After purification by chromatography on 
silica, the benzene extract yielded tetra-acetylviolacein as shining brownish-red needles (250 mg.), 
m. p. >300° [Found: C, 65:5; H, 4-1; N, 84. C,9HyO;N,(CO-CH;), requires C, 65-8; H, 
41; N, 82%]. The benzene-insoluble material was purified by repeated extraction (Soxhlet) 
with acetone, yielding triacetylviolacein as dark brown needles with a green reflex (500 mg.), 
m. p. >300° (Found: C, 66-1; H, 42; N, 88; O, 20-6. C.9H,O;N,(CO-CH;), requires C, 
66-5; H, 4:1; N, 9-0; O, 20-4%]. 

Methylation of Violacein.—Violacein (500 mg.), heated for 18 hr. with methyl sulphate 
(2 ml.), potassium carbonate (1-0 g.), and acetone (300 ml.), gave the previously described } 
tetramethyl derivative (330 mg.), which crystallised from benzene in bronze needles, m. p. 128° 
(remelting at 220°). When a large excess (10 g.) of potassium carbonate was used, the main 
product was a dark acetone-insoluble compound which could not be satisfactorily purified but 
on treatment with acetic anhydride and sodium acetate afforded a crystalline acetyl derivative, 
dark needles with a green reflex, m. p. 315° (from acetic anhydride) [Found: C, 67-4, 67-7; H, 
45,41; N, 9-5. C,,H,,;0,N,(CO’CH),), requires C, 68-0; H, 4:3; N,9-5%]. The same diacetyl- 
methylviolacein was obtained by acetylation of 5-(5-methoxy-3-indoly])-3-(3-oxindolylidene)-2- 
oxopyrroline obtained synthetically. 

Methylation of Triacetylviolacein.—Triacetylviolacein (250 mg.), potassium carbonate (650 
mg.), and methyl! sulphate (1 ml.), heated under reflux in acetone (250 ml.) for 24 hr., gave an 
amorphous product which was purified by chromatography on silica with benzene and then 
benzene—chloroform (2:1) as eluting solvents. The resulting triacetylmethylviolacein formed 
dark needles (210 mg.), m. p, 257—258° [Found: C, 66-7; H, 4:5; N, 8-9; Ac, 27-1. 
C,H,,0;N,(CO-CH,), requires C, 67-1; H, 4-4; N, 8-7; Ac, 26:9%]. Repetition of the experi- 
ment but with excess of potassium carbonate (4-0 g.) afforded a diacetyldimethylviolacein 
(200 mg.) as minute prisms, m. p. 275° [Found: C, 68-8; H, 4-8; N, 9-5. C,,H,,;0,;N,(CO-CH;), 
requires C, 68-6; H, 4:7; N, 9-2%]. 

The foregoing triacetylmethylviolacein (200 mg.), dissolved in boiling ethanol, was treated 
with ammonia for 2 hr. The dark residue obtained by evaporation of the ethanol was purified 
by chromatography on neutral alumina in ethyl acetate and thus afforded a monomethyl 
derivative of violacein, 5-(5-hydroxy-3-indolyl)-1-methyl-3-(3-oxindolylidene)-2-oxopyrroline, 
which crystallised from acetone in dark needles with a red reflex (100 mg.), m. p. >300° (Found: 
C, 70-2; H, 4:8; N, 11-0. C,,H,,0,N3,4C,H,O requires C, 70-0; H, 4-6; N, 10-9%). 


The authors thank Mr. J. V. Barkley for infrared spectral data, and Mr. C. Tomlinson, 
Mr. D. Newman, and their associates for the analytical data. Valuable preliminary investig- 
ations of the acetylation of violacein and its insoluble methylation product were carried out by 
Dr. S. Eardley and Dr. C. B. Barrett. 
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460. A Thermal Method for measuring the Rates of Moderately 
Fast Reactions. 


By P. A. H. Wyatt. 


A simple thermal method is described for measuring the rates of reactions 
with half-times from 2 sec. to 2 min., using 5- or 10-c.c. liquid samples. 
Aithough small cooling corrections have to be made, the method is effectively 
adiabatic and requires successive temperature (i.e., galvanometer) readings 
at short times intervals. Complications due to a time-lag in the response of 
the galvanometer are easily eliminated. 


THERMOCOUPLES give a rapid and accurate indication of the progress of an exothermic (or 
endothermic) reaction and their uses are well known in flow techniques for fast reactions ! 


_ ' Roughton, ‘‘ Techniques of Organic Chemistry,” Vol. VIII, ed. Friess and Weissberger, Inter- 
science, New York, 1953, p. 712. 
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and in the thermal-maximum method for reactions with half-times from 0-2 sec. to 
3 min.23 They do not, however, appear to have been exploited in the more straightforward 
way of following the whole course of a reaction under adiabatic conditions, to give data 
which can be dealt with as for ordinary slow techniques such as dilatometry. This paper 
describes a simple method for doing this for reactions in solution with rates in roughly the 
same half-time range as that covered by the thermal-maximum method. Since the 
method involves taking galvanometer readings at regular intervals, the minimum practic. 
able interval (2 sec.) sets the lower limit to the reaction half-times which can be studied jn 
this way. The upper half-time limit depends upon the rate of heat loss from the cell, and 
this can be reduced by increasing the size of the solution sample. The present apparatus 
was designed initially for concentrated salt solutions, however, and the sample volume was 
restricted to 5 or 10 c.c., for which the workable upper limit was about 2 min. 

The apparatus can be calibrated to measure the heat of reaction at the same time as 
the rate, and since initial heat-of-mixing effects show up immediately, they can be both 
measured and eliminated from the kinetic calculations. 

It is not claimed that there is any special novelty in the method, but the apparatus is 
relatively cheap and simple to construct and a useful range of rate constants is covered. 


EXPERIMENTAL 


Apparatus.—An ordinary platinum crucible (15—20 c.c.) served as the reaction cell, and this 
was mounted in a polystyrene-foam insulating-jacket inside a beaker, which was itself suspended 
in a thermostat (a 4-1. Dewar vessel). The top of the cell was stoppered by a closely fitting bung 
from which were suspended a small heater (~1 ohm), a motor-driven stirrer (562 r.p.m.), a 
guide-tube for an adding device, and a single-junction copper-—constantan thermocouple 
(sheathed in very thin glass *), the reference junction of which was immersed in the thermostat. 
All glass parts in contact with the cell liquid were made of as thin glass as practicable to 
minimise errors due to their slow heating. (For this reason a platinum crucible in a poly- 
styrene-foam jacket was preferred to a small Dewar vessel.) The adding device for the second 
reactant was a simple syringe made of a fine glass tube with a rubber cap: weighed quantities of 
solution as small as 0-01 g. could be added rapidly in this way. 

It was convenient to assemble the apparatus in the equipment designed by Bell and Clunie* 
for the thermal-maximum method. This enabled the cell to be dismantled easily without 
altering the alignment of its fragile upper parts with its base, simply by lowering the base of the 
cell with the thermostat. The thermocouple e.m.f., corresponding to the temperature difference 
between the cell and the thermostat, was amplified photoelectrically *4 (so that the total temper- 
ature change could be kept down to 0-2° or less) and read off on a glass scale. When a reaction 
was about to be carried out and a 10-c.c. sample of the first reactant was ready in the cell, this 
temperature difference was brought to zero and held there by adjusting the current through the 
heater, which thus exactly balanced the residual heat losses from the cell at the bath temper- 
ature. This heater current was kept fixed during a reaction, so that the additional heat losses 
at the slightly higher temperatures prevailing during the experiment caused a very slow retum 
to the bath-temperature at the end of a reaction, thus necessitating a small correction to the 
later points. 

The beginning of a reaction and the subsequent galvanometer readings were timed by a 
calibrated metronome. (It was convenient to use ticks on only one side of the instrument.) 

Treatment of Results—Since the rate of cooling is very small, no significant error is 
introduced by making simple corrections to the readings on the assumption that cooling begins 
when the galvanometer deflection reaches half its maximum value. (For many reactions this 
amounts to adding no more than 0-1—0-8 cm. to the later scale readings.) The corrected read- 
ings are then treated in the ordinary way, the temperature difference, T, between the cell and 
the thermostat being proportional to the concentration of the reaction products. (T is con- 
veniently expressed as a scale reading in cm. units.) 


* Bell and Clunie, Proc. Roy. Soc., 1952, A, 212, 16. 
* Bell, Gold, Hilton, and Rand, Discuss. Faraday Soc., 1954, 17, 151. 
* Preston, J. Sci. Instr., 1946, 23, 173. 
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For first-order reactions, however, a simple and accurate correction is available when using 
Guggenheim’s treatment * of the results. As stated above, the purpose of the cell heater is to 
compensate exactly for heat losses at the thermostat temperature. But when the cell is at a 
temperature T above the thermostat temperature heat will be lost at a rate proportional to T, 
which is precisely the situation which occurs in the thermal maximum method, where, however, 
the rate of cooling is very much greater. The same equation * may therefore be applied: 


Pp Pe 2 


where &, is the first-order rate constant of the reaction, T,, the maximum temperature which 
would be attained in the absence of cooling, k, the cooling constant of the cell, and ¢ the time 
(in seconds) after the beginning of the reaction. The solution of (1) can be written as: 


Te*! — (1— kjk) T= Tne. . . . . - - (2) 


or, in terms of the maximum temperature reading, T,,, and the time, ¢,,, at which this reading 


occurs, 
Teh — 9 -_ (1 _ k,/ky)T = Te . ° ° ° ° ° ° (3) 


Since k, < k,, (3) can be written in the approximate form 
Tall + Roltm — t) + Re/ky] — T = (1+ hp/ky) Toe 2. 2... (4) 


For sets of readings spaced in time by the interval A¢ therefore, the differences in the value of 
the left-hand side required for Guggenheim’s method will be T, — T, + k,7,,A+%, in place of the 
usual J, — 7,. Thus a constant correction is added to all the reading differences: its 
magnitude depends upon the rate of cooling and the time interval chosen. Moreover, the rate of 
cooling at the maximum is f,7,, so this product can be measured directly with 
sufficient accuracy at the end of an experiment. (With the apparatus used, k,7,,Aé was 
generally 0-1—0-5 cm., and T,, 10—20 cm.) 

Several tests of the method have been made during a study of the catalysed decomposition 
of hydrogen peroxide by concentrated iodide solutions. With 10-c.c. (or even 5-c.c.) samples of 
the iodide solutions in the cell and 0-01—0-02 g. of 100-vol. hydrogen peroxide added by the 
syringe, the reproducibility of the first-order rate constants was often better than +3%, except 
for the shortest half-times, and the values for dilute solutions agreed satisfactorily with those 
in the literature. Examples are: at Im-Cdl,, k; = 00055 sec.4+ 2%; at 0-5m-KI, 
0-0133 sec. + 2%; at 2m-KI, 0-063, sec.1 + 2% for three additions of hydrogen peroxide to 
one potassium iodide solution; and 0-062, sec.1 + 4% for five additions to another; at 7m-KI, 
0-36, sec. + 7% for five additions, and 0-38, sec.1 + 3% for three additions to a different 
solution. These results all refer to 25° and illustrate the application of the method in determin- 
ing rate constants in the range 2 sec. to 2 min. 

Effect of the Galuanometer Period.—Since it was possible to read and record galvanometer 
deflections at 2- or 3-sec. intervals, it was necessary to show that the significance of the readings 
is not seriously affected by the period of oscillation of the galvanometer system. The period of 
the primary galvanometer was 2 sec.; and although this was effectively reduced to 0-85 sec. by 
the photoelectric amplification system,‘ it was still of the same order of magnitude as the half- 
times of the fastest reactions studied. The following argument shows that the galvanometer 
deflections do in fact lag slightly behind the temperature changes in the cell, but that this lag 
is constant except for a short time during the first second of the reaction. Any effects of this 
kind can therefore be circumvented when necessary by ignoring the galvanometer reading at 
zero time. 

If the galvanometer system is critically damped, the appropriate differential equation is * 


a7 /dé# + 2b.dT/d¢t+BT=f(t). . . . . « « (8S 
* Guggenheim, Phil. Mag., 1926, 2, 538. 


o- — and Murphy, ‘“‘ The Mathematics of Physics and Chemistry,” van Nostrand, 2nd edn., 
, p. 53. 
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where T is the galvanometer deflection at time ¢ (i.e., the ‘‘ temperature reading ”’) and b is the 
damping constant related to t, the galvanometer period, by the expression b = 2zn/t. The 
imposed e.m.f. in the galvanometer circuit, proportional to f(¢), is produced by the effects of the 
temperature changes in the cell upon the thermocouple. 

The solution ° is: 







T =e ($0) a+ et +e] <8 Ss 2 


t 
where g(t) = | ef(t) . dt, and c, and c, are integration constants. 
0 






As an illustration we may consider a first-order reaction, for which 

























f(t) = ¢,(1 — e~*) (7) 


c, being a scaling constant and &, the first-order rate constant. For the case bk, and with 
the conditions ¢ = 0, T = 0, dT/dt = 0, andt = o, T = T,, eqn. (7) becomes 





T =T,[1 —(1—a)(l+a+ die%—ateh}. 2. 2... 


in which the quantity b/(b — k,) has been written as «. The implications of (8) become clear 
when it is rearranged: 


T.[1 + (« — 1)(1 + a + de] —-T=T,we* = Tiet¢-%) © 2. (9) 





The left-hand side reduces to (T.. — T) after the initial disturbance in which the exponential 
term is significant, whilst the first expression on the right-hand side shows that, after this 
initial disturbance, an ordinary plot of In (T.. — T) against ¢ will give —k, correctly as the slope, 
although the intercept will be In «?7,, instead of In T,. The second term on the right-hand side 
shows the alternative interpretation of this latter effect as a time-lag, ¢,, which is related to « 
by the expression ¢, = (21n «)/k,. For values of « not greatly different from unity, In « ~ k,/b; 
and hence for practical purposes the time-lag is 2/b, which for a galvanometer period of 1 sec, 
(i.e., b~ 6 sec.“1) amounts to about 0-3 sec. The error in taking the left-hand side of (9) as 
(T.. — T) is also readily shown to be only 1% of T,, at ¢ = 0-5sec., and 0-1% of T.,. at ¢ = 1 sec. 
for b = 6 sec.1, even when k, = 0:3 sec.1; 1.e., for the fastest reactions which can be studied 
by this method. For all slower reactions the error in (T,, — T) is negligible, but the time-lag 
remains at 0-3 sec., although becoming relatively less important as k, decreases. In all practical 
cases, therefore, omission of the initial reading of the galvanometer removes the difficulty 
completely. 


This work was carried out at the Physical Chemistry Laboratory at Oxford during the tenure 
of a Leverhulme Research Fellowship. Thanks are due to the Leverhulme trustees and to 
Mr. R. P. Bell, F.R.S., to whom the author is greatly indebted both for many helpful discussions 
and for the provision of a laboratory. 


PHYSICAL CHEMISTRY LABORATORY, OXFORD. 


[Present address: THE UNIVERSITY, SHEFFIELD.] [Received, January 5th, 1960.) 
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461. The Crystal Structure of Cuprous Iodide-Methyl Isocyanide. 


By P. JUNE FisHER, NoEL E. Taytor, and Marjorie M. HARDING. 


The structure of cuprous iodide-methyl isocyanide, CuI,CH,*NC, has 
been determined by X-ray methods. The crystals are monoclinic, space- 
group C2/c, with a = 13-88, b = 13-20, c = 5-765 A, 8 = 105°. The atomic 
positions have been determined from b- and c-axis electron-density projections 
and from the components C, and S, of the generalised Fourier projection cal- 
culated with the data F(hk1). There are double chains of copper and iodine 
atoms running parallel to the c-axis. Cu(l), at the centre of the chain, is 
bonded tetrahedrally to four iodine atoms at 2-64 and 2-67 A. Cu(2), on 
alternate sides of the chain, is bonded tetrahedrally to two iodine atoms 
(shared with Cu(1)] at 2-73 A and to two CH,NC groups which are at the sides 
of the chain. There are also short Cu + +--+ Cu distances, indicating bonds, 
2-89 and 3-42 A. 


CuPROUS IODIDE—METHYL ISOCYANIDE, a Stable crystalline complex, was first prepared by 
Hartley 1 from cuprous cyanide and methyl iodide. Decomposition yielded methyl iso- 
cyanide, but never methyl iodide; later, the compound was prepared from methyl 
isocyanide and cuprous iodide and is further described by Irving and Jonason.2 Attempts 
at molecular-weight determination in acetonitrile solution suggested that the complex is not 
monomeric; a similarity to Wells’s* tetrameric Cul,As(C,H;), seemed possible and the 
structure determination was undertaken. 

Crysta Data.—Cul,CH,NC, M = 231-6, monoclinic, a = 13-88, 6 = 13-20, c= 
5765 A, 8 = 105°, U = 1020 A’, D,, = 2-94 (by flotation), Z = 8, D, = 3-02, F(000) = 
832. Space-group C2/c (No. 15), Cu-K, radiation, » = 575 cm.1. Single-crystal oscil- 
lation and Weissenberg photographs. 


EXPERIMENTAL 

The crystals are colourless needles, elongated along c. Oscillation and Weissenberg photo- 
graphs were taken about the c and b axes. The intensities of the hkO and h0/ reflections, and 
later hkl reflections were measured visually, and Lorentz and polarisation corrections applied. 
Approximate scale and temperature factors were determined from a ‘‘ Wilson plot’; more 
accurate values were later derived by comparison of |F,| with |F,|, and from difference 
syntheses. 

The crystal used to record the hkO data was nearly square in cross section, of thickness 
0-06 mm., and the needle axis was parallel to the oscillation axis. The linear absorption 
coefficient is 575 cm.1. Absorption corrections A(hk0) were estimated by a method based on 
that of Albrecht ‘ for all inner, and a selection of outer reciprocal lattice points. Apart from 
6 inner reflections, the correction is equivalent to an additional temperature factor, AB ~ 
0-4 A; in the 6 inner reflections the correction to F may differ by 10% from the mean correc- 
tion. The corrections were not applied, for they did not improve the agreement appreciably 
on the inner reflections and are compensated for by the temperature factor on the others. 

Absorption corrections for the h0/ intensities, recorded with the needle axis perpendicular 
to the oscillation axis, would be much larger. However, this projection has not been refined 
as far as the hkO projection and no corrections have been applied. 

Earlier Fourier summations and calculations of the structure factors were carried out on 
punched-card equipment supplied by British Tabulating Machines Ltd., later ones on the 
Ferranti Mercury Computer, using the programmes of J. S. Rollett. The programme, General 
Fourier Series, by O. S. Mills, was used to calculate the components of the generalised projection. 
In the structure-factor calculations, Thomas and Umeda’s atomic scattering factors ® have been 
used for copper and iodine, and those of Berghuis e¢ al.* for carbon and nitrogen. 

Hartley, J., 1928, 780. , 

Irving and Jonason J., 1960, 2095. 

3 Wells, Z. Krist., 1936, 94, 447. 

* Albrecht, Rev. Sci. Instr., 1939, 10, 221. 

* Thomas and Umeda, J. Chem. Phys., 1957, 26, 293. 

* Berghuis, Haanappel, Potters, Loopska, MacGillavry, and Veenendaae, Acta Cryst., 1955, 8, 478. 
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STRUCTURE ANALYSIS. 
Patterson Projections.—Approximate (%,y) parameters for the iodine and copper atoms were 
derived from the c-axis Patterson projection. There were four possible arrangements of these 
atoms which could account for the positions of the Patterson peaks but, of these, only one was 


Fic.1. c-A-xis electron-density projection; compare 
with Fig. 5 for atomic positions. 
4 


1 





Fic. 2. b-Axis electron-density projection; showing 
Cu’s (at x = 0, z = 0-25), I (at * = 0-1175, 
z = 0-057); the light-atom positions found by 
other means are marked xX. 





Contours, etc., as in Fig. 1. 














Contour interval 10e A-* on Cu andI,2e A 
elsewhere. 

Zero contour, broken line; mnegative contours, 
dotted lines. 


TABLE l(a). Atomic parameters. 


x y z * y z 
oo eee 0 0-005 0-25 CARS 0-072 0-314 0-567 
ee 0 0-254 0-75 UF sewvecdevscieds 0-124 0-351 0-444 
Bt Acamaqireoriies 0-1175 0-119 0-056 GOD vas ceisvnxad 0-184 0-381 0-317 


TABLE 1(b). Summary of parameters and method of determination. 


(Origin of co-ordinates and axes as in International Tables for Crystallography.) 

















I (ARO) II (A01) III (hkl) IV 
<n ae -~ ahem “ian. 

Atom * y B Zz th.* Cit Sit deduce § final z 
| er 0 +0-005 3-9 0-25 31 0 + (y = +0-005) 0-250 
COD sesck 0 0-254 3-9 0-75 31 0 —45 0-750 
B Wececbchvies 0-1175 0-119 1/8 0-057 = 93 102 38 0-056 
CBD: ses spieig 0-072 0-314 (3-9) -- 4-7 —44 -—-22 z=4-} 0-567 
a 0-124 0-351 (3-9) — 5-5 —9:3 0 z~} 0-444 
SHE covestnse 0-184 0-381 (3-9) — 4:7 0 65 z~} 0-317 
R factor ... 10% 21% 25% 


(I) From c-axis Fourier projection. 
(Il) From b-axis Fourier projection. 
(III) From generalised projection using (hkl) data: * th. = theoretical peak height of atom at 
z= 0in C, or fin S,; ¢ C, = peak height in C,; ¢ S, = peak height in S, (electrons 
A-*); § deduction from C, and S). 
(IV) z Parameter chosen. 
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Structure of Cuprous Iodide—Methyl Isocyanide. 


TABLE 2. Bond lengths and angles. 


Length (A) 


Fe 
126 
—111 


TABLE 3. 
60 Fo 
6 10 
8 20 
h70 
1 82 
3 13 
5 28 
7 42 
9 55 
13 5 
480 
0 184 
2 57 
4 71 
6 19 
8 117 
10 62 
12 35 
14 16 
490 
1 102 
3 41 
5 74 
7 50 
9 77 
13 34 
h,10,0 
0 81 
a 32 
8 18 
h,11,0 
3 31 
5 44 
13 14 
h,12,0 
0 43 
2 18 
4 93 
6 32 
8 35 
12 32 
h,13,0 
1 36 
3 43 
5 54 
7 21 
9 39 
ll 12 
h,14,0 
0 29 


2-668 
2-638 
2-885 


Bond 


I-Cu(1)-PY 
TCu(1)-1Y 
I-Cu(2)-I@ 


I™Cu(2)-C(1) 
Cu(1)-I*Cu(1)? 
Cu(1)-I-Cu(2) 
Cu(1)-ICu(2) 

Estimated accuracy of bond lengths involving Cu and I, +0-02 A; of angles +2°; of Cu(2)-C(1) 
bond length + 0-15 A. 


(For numbering of atoms, see Figs. 4 and 5.) 


C(1)—Cu(2)—C(1) 
I~Cu(2)-C(1) 


Observed and calculated F’s (half absolute values). 


Fe 


ui 


—19 


h,14,0 
4 
8 

h,15,0 
1 


h,16,0 
0 


2 
4 


All 


Fo Fe 
22 30 
16 —22 
10 18 
49 55 
ll 14 
24 —3l1 
64 —45 
20 12 

151 106 

113 78 
34. —30 
39 —35 
29 34 
31 39 
51 71 

210 156 
13 ll 
80 —65 
25 24 
79 82 
16 26 
18 —32 
73° —65l 

302 —219 
24 13 

211 144 

127 —93 
22 —18 
54 57 

172 181 

105 80 

149 —120 

1145 —90 
73 73 
50 66 
21 —44 
17. —48 

242 —171 

141 —103 
63 42 
50 40 
9 —69 
81 —68 
14 18 
22 30 


h31 


9 
1l 
13 

-1 


Fe 
—12 
95 
—60 
—134 
—22 
50 
—54 


h71 
-3 
—5 
-7 
-9 

-11 


—14 
—35 
27 
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114° 
111° 
107° 
103° 

99° 
128° 
110° 
104° 

66° 
108° 

79° 


Angle 


—34 


39 
—46 
—31 
—63 


59 
—143 
—204 


—44 
—84 


—171 
—188 


-61 
—85 


found to be consistent with the peak heights. This placed the iodine atom in a general position 
at approximately 1/8,1/8 and the copper atoms at two 4-fold special positions; for Cu(2) the 
position was of type 0,y,1/4 with y ~ 1/4, while Cu(1) was located either at a centre of symmetry 
at 0,0,0 or at a position of type 0,y,1/4 with y~0. The b-axis Patterson projection showed 
that both Cu(i) and Cu(2) were, in fact, at positions of type 0,y,1/4 and gave an approximate 
2 co-ordinate for the iodine atom. 
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Electron-density Projections.—The first c-axis electron-density projection, phased by the 
odine-atom contributions alone, confirmed the chosen copper positions; further confirmatiog 
was given by calculation of F(420) and F(60) whose observed values are very low. Refine. 
ment of this projection by difference Fourier syntheses (copper and iodine subtracted) indicateg 
small adjustments in the copper and iodine positions and different temperature factors for 
copper and iodine; (x,y) parameters could also be derived for the CH,°NC group. The atomic 
positions and temperature factors are listed in Table 1 (the temperature factor for carbon ang 
nitrogen was assumed to be the same as for copper). The RF factor for this projection (excluding 
non-observed reflections) is 10%. The observed and calculated structure amplitudes are 
compared in Table 3, and the final electron-density projection is shown in Fig. 1. 

The b-axis electron-density projection (Fig. 2) was calculated and indicated a small adjust- 
ment of the iodine z co-ordinate. From the two projections the character of the Cul structure 
was clear, i.e., double chains of copper and iodine atoms running parallel to the c-axis, with the 
CH,:NC groups attached at the sides of the chains. However, the z co-ordinates of the carbon 
and nitrogen atoms could not be determined from the b-axis electron-density projection, or 


Fic. 3a. Fic. 3b. 


| | 


r,) 
b, = b 


























Cu (/) ‘ c a ‘ Cu(/ 
% 
Fic. 3. The components C, (xy) (a), and S, (xy) (b) of the generalised electron-density projection. 
Contour interval 2 e A-* generally, but 10 e A-* on I in (a) and 5 e A~* on Cu(2) and I in (b). 
Zero contour, broken line; negative contours, dotted lines. 
Compare with Fig. 5 for atomic positions. 
from a difference Fourier synthesis with the copper and iodine contributions subtracted. Two 
sets of chemically reasonable positions for carbon and nitrogen could be postulated, but the 
agreement between the observed structure amplitudes and the values calculated for the two 
arrangements was not significantly different. 

Further, the two projections leave an ambiguity in the position of Cu(1). Iodine and 
Cu(2) being taken as fixed, Cu(1) at z = 1/4 may have y = +0-005. Generalised projections 
using the data F(hkl) were able to resolve this ambiguity and to give a good indication of thes 
parameters of the carbon and nitrogen. 

Generalised Electron-density Projections.—The contributions of the copper and iodine atoms 
to F(hki) were calculated, it being assumed that, for Cu(1), y = 0. These agreed well with the 
observed |F(hkl)| and were used to derive a scaling constant. By using the calculated signs 
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and observed structure amplitudes, the components C,(%,y) and S,(%,y) of the generalised 

jection ,(%,) ’ were computed. The component projections are shown in Fig..3. The 

heights and deductions made are listed in Table 1. Theoretical peak heights were 
calculated, but it seemed better to estimate z parameters from 


sin 2nlz height of peak in Sz 
cos 2niz height of peak in Cz 


Differences between the theoretical and the observed peak heights could be due, in part, to 
residual errors in the scaling and temperature factors. No refinement of the generalised 








tan 2niz = 


Fic. 4. Projection of structure along a-axis. 


projection was attempted. The final z-parameters for the carbon and nitrogen atoms are a 
compromise between those derived from the generalised projection, those which fit the b-axis 
electron-density projection, and those which give chemically reasonable bond lengths. 


DESCRIPTION AND DISCUSSION OF THE STRUCTURE 


Table 1 summarises the co-ordinates of the atoms, and Figs. 4 and 5 show the structure. 
Table 2 gives bond lengths and angles, which were calculated from the co-ordinates on 
“Mercury,” with a programme written by R. A. Sparks. 

Both copper atoms are in nearly regular tetrahedral co-ordination, Cu(1) by four iodine 
atoms, and Cu(2) by two iodine atoms and two light atoms, presumably carbon atoms, of 
isocyanide groups. Each pair of copper atoms shares two iodine atoms. The Cu-I bonds 
around Cu(2) are slightly longer than those around Cu(1). Each iodine atom is co-ordinated 
to three copper atoms, two Cu(1) and one Cu(2); two of the angles Cu-I-Cu are much 
smaller than tetrahedral. 

There are also short, presumably bonded, distances (2-88, A) between successive Cu(1) 
atoms along the chain. The Cu(1)-Cu(2) distance is 3-42 A, not more than a very weak 
bond; this suggests that the copper atom cannot readily take part in two metal-metal 
bonds at right angles. : 

The closest van der Waals contacts between chains are between iodine and the methyl 
group, with I - - - - C(2) equal to 3-91 and 3-94 A. 

” Lipson and Cochran, ‘“‘ The Crystalline State,’’ Vol. III, p. 221, 1953. 
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Two copper atoms sharing two iodine atoms can be regarded as a four-membered ri 
in which, if all the atoms were alike, all the angles would be approximately 90°. But here 
the angles at copper are expanded to nearer the tetrahedral angle whereas those at iodine 
are reduced, thus shortening appreciably the Cu-++ Cu distance. The fact that Cu is four. 
co-ordinated whereas iodine is only three-co-ordinated might account for this, but Cu: ++ Cy 
bond formation will be very much in its favour. Cu- +--+ Cu bonds of various lengths haye 
been reported, from 2-60 A in CuI,As(C,H;), * and in copper diazoaminobenzene,$ 2-64 A in 
cupric acetate dihydrate,® and 3-27 A and 3-82 A in cuprous chloride-azomethane; ™ the 
last is presumably very weak. 

Single- or double-chain structures are common in cuprous halide complexes (for 
examples, see Brink et al.™) but no structure reported has quite the same copper-halogen 


Fic. 5. Projection of structure along c-axis. 


relationships as Cul,CH,*NC. In cuprous iodide the Cu-++I distance is 2-62 A, and in 
Cul,As(C,H;), it is 2-66 h 

That the ligand is methyl isocyanide rather than methyl cyanide, is not proved by this 
structure analysis. It has been assumed from the chemical work that it is the isocyanide, 
and the peak heights in the (001) electron-density projection are in agreement with this. 
This projection does suggest that the CH,-NC group is not linear; in the (010) projection 
the accuracy is not sufficient to indicate non-linearity. The angle CNC calculated from the 
final co-ordinates is 174°, only possibly significantly different from 180°. 


We thank Mrs. D. C. Hodgkin for much advice and help and Dr. J. S. Rollett for his help 
with computations on “‘ Mercury.” One of us (N. E. T.) is indebted to the Commonwealth 


* Brown and Dunitz, Internat. Conf. on Co-ordination Chem., Chem. Soc. Special Publ. No. 13, 
London, 1959. 

* van Niekirk and Schoening, Acta Cryst., 1953, 6, 227. 

‘© Brown and Dunitz, Acta Cryst., 1960, 18, 28. 

" Brink et al., Acta Cryst., 1949, 2, 158; 1952, 5, 433, 506; 1954, 7, 176. 
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Scientific and Industrial Research Organisation, Australia, for an Overseas Studentship; 
another (M. M. H.) is indebted to the Department of Scientific and Industrial Research for a 
Research Studentship. 
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462. §-Aroylpropionic Acids. Part XV.* The Preparation and 
Lactonisation of 8-Aroyl-«- and -$-arylpropionic Acids. 
By F. G. Bappar and SAYAD SHERIF. 


Chlorobenzene with phenyl- and /-methoxyphenyl-succinic anhydride 
in presence of aluminium chloride gives, in the former case, §-p-chloro- 
benzoyl-8-phenylpropionic acid, and in the latter a mixture of 6-p-chloro- 
benzoyl-«- and -8-p-hydroxyphenylpropionic acid. 

6-Aroyl-«- and -8-arylpropionic acids are converted by hot acetic- 
sulphuric acid into Py-unsaturated y-lactones. 


CoNDENSATION of phenylsuccinic anhydride with chlorobenzene in presence of anhydrous 
aluminium chloride gave rise to 6-p-chlorobenzoyl-$-phenylpropionic acid as sole product. 
Its structure was established by the facts that with chromic acid it gave p-chlorobenzoic 
acid, and it differed from @-p-chlorobenzoyl-«-phenylpropionic acid. The latter acid was 
prepared from $-p-chlorophenyl styryl ketone by addition of hydrogen cyanide and 
subsequent hydrolysis.‘ §-p-Chlorobenzoyl-«-phenylpropionic acid was reduced to 
y-p-chlorophenyl-«-phenylbutyric acid, then cyclised to 17-chloro-2-phenyl-1-tetralone, 
which with methylmagnesium iodide gave 7-chloro-1,2,3,4-tetrahydro-1-methyl-2- 
phenyl-l-naphthol (III), whose tetralol structure was inferred from its infrared spectrum. 

p-Methoxyphenylsuccinic anhydride with chlorobenzene in presence of aluminium 
chloride gave a mixture of 6-p-chlorobenzoyl-8- and -a-p-hydroxyphenylpropionic acid, 
the former predominating, together with 3% of §$-p-chlorobenzoyl-«-p-methoxyphenyl- 
propionic acid. The §-p-chlorobenzoyl-a-p-hydroxyphenyl- and -a-p-methoxyphenyl- 
propionic acid were identical with authentic specimens. The structure of the 8-f-chloro- 
benzoyl-8-p-hydroxyphenylpropionic acid was established by elemental analysis and 
oxidation to #-chlorobenzoic acid. The presence of the hydroxyl group in the two acids 
was established by the infrared spectra. 


Me_,OH 


Ph 
pore ete Oo 
! | 


fe) co o——co 
(1) (II) (I 





When the $-aroyl-a- and -f-aryl-propionic acids were heated with acetic-sulphuric 
acid, they were converted into the corresponding #y-unsaturated y-lactones (I and II, 
respectively). The lactone structure was established by the appearance of its characteristic 
stretching frequency * in the infrared spectra of these compounds (1775—1730 cm.*) 
(see Table). 

The results of the present investigation and of Wali et al.3 show that electron-attracting 
substituents in either reactant favour the formation of the @-aroyl-8-arylpropionic acids. 
On the other hand, electron-repelling substituents lead to the predominant formation of 
the «-substituted acids.‘ 


* Part XIV, Egypt. J. Chem., in the press. 


? Allen and Frame, Canad. J. Res., 1932, 6, 605. 

* Bellamy, ‘“‘ The Infrared Spectra of Complex Molecules,”” Methuen, London, 1956, p. 153. 

* Wali, Khalil, Bhatia, and Ahmad, Proc. Indian Acad. Sci., 1941, 14, A, 139. 

* Baddar, Fahim, and Fleifel, J., 1955, 2199; Baddar, Fleifel, and Sherif, J. Chem. (U.A.R.), in 
the press (formerly Egypt. J. Chem. 
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EXPERIMENTAL 


Infrared spectra were measured by Perkin-Elmer Infracord spectrophotometer model 137 
by the Nujol mull technique. :, 

8-p-Chlorobenzoyl-a-phenylpropionitrile.—A solution of p-chlorophenyl styryl ketone (30 8), 
in ethanol (250 ml.) was treated with aqueous potassium cyanide (20 g. in 50 ml.) and glaciaj 
acetic acid (10 ml.). The mixture was heated to the b. p., then allowed to cool. The product 
(32 g.) was filtered off and crystallised from benzene-—light petroleum (b. p. 50—70°), to give 
8-p-chlorobenzoyl-«-phenylpropionitrile, m. p. 126—127° (Allen and Frame ? give m. p. 122% 
(Found: C, 70-6; H, 4-55; Cl, 12-3; N, 4:85. Calc. for C,,H,,CINO: C, 71-2; H, 4-45; (1, 
13-2; N, 5-2%). 

8-p-Chlorobenzoyl-a-phenylpropionic Acid.—8-p-Chlorobenzoyl-a-phenylpropionitrile (30 g.) 
was refluxed in methanol (200 ml.) and concentrated sulphuric acid (40 ml.) for 6 hr. The ester, 
which solidified on cooling, was filtered off (32 g.) and crystallised from benzene; it had m. p. 
113—114° (Found: C, 67-7; H, 4-9; Cl, 11-6; OMe, 10-5. C,,H,,ClO, requires C, 67-4; 
H, 5-0; Cl, 11-7; OMe, 10-2%). The ester (15 g.) was hydrolysed with 10% aqueous potassium 
hydroxide (200 ml.) (1 hr., reflux) to 6-p-chlorobenzoyl-«-phenylpropionic acid (13 g.), m. p. 
159—160° (from ethanol) (Akhnookh e¢ a/.5 give m. p. 160°) (Found: C, 66-2; H, 4-5; Cl, 12-3, 
Calc. for CygH,,ClO,: C, 66-7; H, 4:5; Cl, 12-3%). The acid and its ethyl ester! gave the 
same yellow 2,4-dinitrophenylhydrazone, m. p. 164—165° (from acetic acid) (Found: C, 58-1; 
H, 4:3; N, 11-2. C,,H,,CIN,O, requires C, 58-0; H, 4-2; N, 11:3%). 

y-p-Chlorophenyl-a-phenyloutyric Acid.—-p-Chlorobenzoyl-«-phenylpropionic acid (5 g,) 
was reduced by the Martin-Clemmensen method (48 hr.) to y-p-chlorophenyl-a-phenylbutyric 
acid (4 g.), m. p. 82—83° [from light petroleum (b. p. 50—70°)] (Found: C, 70-1; H, 5:4: 
Cl, 12-4. C,,H,,ClO, requires C, 70-0; H, 5-5; Cl, 12-9%). 

7-Chloro-2-phenyl-1-tetralone—A mixture of y-p-chlorophenyl-«-phenylbutyric acid (5 g.), 
concentrated sulphuric acid (15 ml.), and acetic acid (7 ml.) was heated on a boiling-water bath 
for 1-5 hr. with stirring and then worked up as usual. : 

7-Chloro-2-phenyl-1-tetralone (2-5 g.) had m. p. 85—86° [from light petroleum (b. p. 50—70°)] 
(Found: C, 74-8; H, 4-9; Cl, 13-7. C,,H,,ClO requires C, 74-85; H, 5-1; Cl, 13-8%). Its 
orange-red 2,4-dinitrophenylhydrazone had m. p. 229—230° (from acetic acid) (Found: C, 60-4; 
H, 3-6; Cl, 7-9; N, 12-8. C,,H,,CIN,O, requires C, 60-5; H, 3-9; Cl, 8-1; N, 12-8%). 

7-Chloro-1,2,3,4-tetrahydro-1-methyl-2-phenyl-1-naphthol.—The above tetralone (1-5 g.) in 
ether was added gradually to ethereal methylmagnesium iodide [from methyl iodide (5 g.) and 
magnesium (0-4 g.)], refluxed for 5 hr., left overnight, and worked up in the usual manner. 
The #etralol (1-5 g.) was extracted with boiling light petroleum (b. p. 50—60°), then crystallised 
from benzene; it had m. p. 1389—140° (Found: C, 74-35; H, 6-4; Cl, 13-1. C,,H,,C1O requires 
C, 74:9; H, 6-2; Cl, 13-0%), vmax, 3570 cm.“ (OH).® 

8-p-Chlorobenzoyl-B-phenylpropionic Acid.—Phenylsuccinic anhydride (17-6 g., 1 mol.) in 
chlorobenzene (20 ml.) was added gradually to a cooled and stirred mixture of anhydrous 
aluminium chloride (27 g., 2 mols.), and chlorobenzene (30 ml.). The mixture was heated 
on a boiling-water bath for 3 hr. The product (18 g., 62%) crystallised from benzene, to give 
8-p-chlorobenzoyl-B-phenylpropionic acid, m. p. 147—148°, depressed to 120—127° when admixed 
with the a-phenyl isomer (Found: C, 67-1; H, 4-6; Cl, 11:7. C,,H,,ClO, requires C, 66-7; 
H, 4:5; Cl, 12-3%). With chromic oxide in acetic acid it gave p-chlorobenzoic acid, m. p. and 
mixed m. p. 239°. Its methyl ester had m. p. 97—98° [from light petroleum (b. p. 50—70°)] 
(Found: C, 67-45; H, 4-9; Cl, 11-5; OMe, 10-5. C,,H,,ClO, requires C, 67-4; H, 5-0; 
Cl, 11-7; OMe, 10-2%). 

p-Chlorophenyl 4-Methoxystyryl Ketone—A mixture of p-chloroacetophenone (1 
ethanol (25 ml.), water (40 ml.), sodium hydroxide (5 g.), and p-anisaldehyde (13-5 g.) was 
stirred at 20—25° for 1-5 hr., then diluted with water and filtered. The chalcone (25 g.) was 
obtained in pale lemon-yellow needles, m. p. 124—125°, from ethanol (Found: C, 70-4; H, 47; 
Cl, 13-0; OMe, 11-5. C,,H,,ClO, requires C, 70-45; H, 4:8; Cl, 13-0; OMe, 11-4%). 

8-p-Chlorobenzoyl-a-p-methoxyphenylpropionitrile—To a solution of the chalcone (10 g.), in 
ethanol (100 ml.), glacial acetic acid (5 ml.) and aqueous potassium cyanide (7 g. in 15 ml.) were 
added. The mixture was boiled to obtain a clear solution, then left overnight. The mitrile 


5 Akhnookh, Awad, and Baddar, J., 1959, 1015. 
* Ref. 2, p. 84. 
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(11 g-) had m. p. 120—121° (from ethanol) (Found: C, 67-85; H, 4:55; Cl, 11-7; N, 4-7; 
OMe, 10-1. C,,H,,CINO, requires C, 68-1; H, 4:7; Cl, 11-85; N, 4:7; OMe, 10-35%). 

8-p-Chlorobenzoyl-a-p-methoxy phenylpropionic Acid.—The preceding nitrile (12 g.), methanol 
(0 ml.), and concentrated sulphuric acid (15 ml.) were refluxed for 8 hr., giving methyl 6-p- 
chlorobenzoyl-a-p-methoxyphenylpropionate (12 g.), m. p. 69—70° [from benzene-light petroleum 
(b. p. 50—70°)] (Found: C, 65-0; H, 5-2; Cl, 10-8; OMe, 18-6. C,,H,,ClO, requires C, 65-0; 
H, 5-1; Cl, 10-7; 20Me, 186%). The ester (7 g.) was hydrolysed with 10% aqueous potassium 
hydroxide (100 ml.) (2 hr.) to the acid (5-5 g.), m. p. 153—154° (from ethanol) (Akhnookh 
et al.’ give the same m. p.) (Found: C, 64-0; H, 4-9; Cl, 10-8; OMe, 9-6. Cale. for C,,H,,C1O,: 
C, 64:05; H, 4:7; Cl, 11-1; OMe, 9-7%), giving with concentrated sulphuric acid a red colour 
which changed to blue after few minutes. When the acid or its ethyl ester was warmed with 
2,4-dinitrophenylhydrazine in ethanol and concentrated sulphuric acid, the yellow 2,4-dinitro- 
phenylhydrazone of the ethyl ester was obtained, having m. p. 197—198° (from glacial acetic 
acid) (Found: C, 57-0; H, 45; Cl, 6-9; N, 10-5. C,,H,,CIN,O, requires C, 57-0; H, 4-4; 
Cl, 6-7; N, 10-6%). 

y-p-Chlorophenyl-a-p-methoxyphenylbutyric Acid.—8 -p-Chlorobenzoyl -«-p-methoxyphenyl- 
propionic acid (5 g.) was reduced by the modified Clemmensen method (36 hr.). y-p-Chloro- 
phenyl-a-p-methoxyphenylbutyric acid (4-5 g.) had m. p. 94—95° [from light petroleum (b. p. 
50—70°)] (Found: C, 66-4; H, 5-4; Cl, 11-1; OMe, 10-0. C,,H,,ClO, requires C, 67-0; H, 5-6; 
Cl, 11-7; OMe, 10-2%). 

8-p-Chlorobenzoyl-x-p-hydroxyphenylpropionic Acid.—A mixture of §-p-chlorobenzoyl-a«-p- 
methoxyphenylpropionic acid (5 g.), aluminium chloride (10 g.), and chlorobenzene (30 ml.) was 
stirred at 100° for 2 hr., then worked up as usual. The product (4 g.) was crystallised from 
dilute ethanol, then from benzene, to give 8-p-chlorobenzoyl-a-p-hydroxyphenylpropionic acid, 
m. p. 154—155° depressed to 130—135° on admixture with $-p-chlorobenzoyl-«-p-methoxy- 
phenylpropionic acid. It gave a yellow colour with concentrated sulphuric acid which changed 
to green after few minutes (Found: C, 63-1; H, 4-2; Cl, 11-4. C,,H,,ClO, requires C, 63-05; 
H, 4:3; Cl, 11-65%). It had vga, 3570 cm. (OH). 

Condensation of Chlorobenzene with p-Methoxyphenylsuccinic Anhydride.—The product from 
chlorobenzene (150 ml.), -methoxyphenylsuccinic anhydride (20-6 g., 1 mol.), and aluminium 
chloride (27 g., 2 mol.) (2 hr. on a boiling-water bath) was fractionally crystallised from benzene, 
then from dilute acetic acid, to give 6-p-chlorobenzoyl-B-p-hydroxyphenylpropionic acid, m. p. 


Lactone 


eres Seren Acid AcOH H,SO, Yield Ymez. 

Ar R (g.) (ml.) (ml.) Temp. Solvent M. p. %) (cm.*)f 
I Ph H 10 20 40 100° + PhNO, 285° * 90 1770 
I Ph Me 2 10 10 100 Xylene 265 70 1765 
a. Cl 2-5 5 10 100 Xylene 245 § 90 1775 
I p-MeO-C,H, Cl 2 15 7 65—70 Ethanol 140 80 1730 
II = H 10 20 40 100 Ethanol 157 90 1750 
II -- Me 5 10 20 100 C,H,-Pet { 133 60 1740 
II -- Cl 2-5 5 10 100 C,H,-Pet{ 141 90 1775 


* Not depressed when admixed with an authentic specimen.® + Stretching frequency for By-un- 
saturated y-lactones. { Pet = light petroleum (b. p. 50—70°). § Decomp. 





Lactone Found (%) Required (%) 
gee A = ne veer > pias a we 
Ar R Formula Cc H Cl OMe Cc H Cl OMe 
I Ph Me_ C,,H,,0, 81-1 5-6 -- = 81-6 5-6 _ _ 
I Ph Cl C,,H,,ClO, 70-7 4-2 13-1 —— 70-9 4-1 13-1 oe 
I p-MeO-C,H, Cl C,,H,,;ClO, 67-5 4-4 118 103 67-9 4:3 11-8 10-3 
II — H C,H,.0, 81-2 5-2 — — 81-3 5-1 -- — 
II — Me C,,H,,0, 811 58 — — 816 56 — — 
II -— Ci «C,,H,,CiO, 71-1 4:3 12-6 _ 70-9 41 13-1 ~- 


200—201° (14 g., 44%) (Found: C, 63-2; H, 4-4; Cl, 10-6. C,,H,,ClO, requires C, 63-05; 
H, 43; Cl, 11-65%), vmax. 3570 (OH) and 1680 cm." (C=O),® oxidised by chromic oxide in acetic 
acid to p-chlorobenzoic acid. ’ 

The benzene mother-liquor was evaporated, and the residue was crystallised from dilute 
* Akhnookh, Awad, and Baddar, Egypt. J. Chem., in the press. 
® Ref. 2, p. 114. 
* Hann and Lapworth, J., 1904, 85, 1355. 
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ethanol, to give §-p-chlorobenzoyl-«-p-hydroxyphenylpropionic acid, m. p. and mixed m, p. 
154—155° (3 g., 9%). Concentration of the ethanol mother-liquor gave B-p-chlorobenzoy). 
a-p-methoxyphenylpropionic acid (1 g. 3%), m. p. and mixed m. p. 153—154°. 

Lactonisation of B-Aroyl-a- and -8-arylpropionic Acids.—The solution of the acid in acetic 
acid was heated with concentrated sulphuric acid for 1-5 hr. and, after cooling, poured into 
water. The solid was filtered off and washed with dilute sodium carbonate solution. The 
lactone then crystallised from a suitable solvent (see Table). 


Facutty oF ScrENcE, A’IN SHAMS AND CatRO UNIVERSITIES, 
Carro, EGypt. (Received, December 11th, 1959} 





463. Fries Reaction. Part I. Isomerisation of Thymyl Acetate. 
By A. Furka and T. SzéLt. 


The Fries reaction of thymyl acetate, catalysed by aluminium chloride, 
was studied in homogeneous nitrobenzene solution by kinetic methods. It 
was found that the rate of isomerisation increased with the molar ratio 
catalyst : ester (suddenly between values of 1-0 and 1-5 for this ratio), with 
acetyl chloride concentration, and with temperature, and decreased on 
addition of thymol or methyl thymyl ketone. The rate of formation of this 
ketone was found to conform closely to a first-order reaction. The rate of the 
Friedel-Crafts reaction of thymol with acetyl chloride was found to be much 
higher than that of the corresponding Fries reaction, but the rate of reaction 
of acetylthymyl acetate with thymol was the same as that of the Fries 
reaction. These reactions afforded identical end-products. 

Some of our results are similar to those obtained by Cullinane e¢ al. for 
different esters and catalysts. 


ALTHOUGH the mechanism of the Fries reaction had been studied by several authors since 
its discovery,? it has not been satisfactorily elucidated. Some workers * claimed the 
process to be intramolecular, but others ‘* thought it was intermolecular. Still others® 
regard the reaction as a compromise between these two types. 

It seemed that application of physicochemical methods might help to solve the 
problem. Hitherto, only those Fries reactions catalysed by boron trifluoride ® and by 
titanium tetrachloride and aluminium chloride + have been studied kinetically.* 

In the present work the rearrangement of thymyl acetate in homogeneous nitrobenzene 
solution in the presence of anhydrous aluminium chloride was studied kinetically. 


* In the course of our present work, a personal communication from Dr. N. M. Cullinane (Cardiff) 
informed us that his group is engaged in the kinetic investigation of Fries reactions catalysed by 
aluminium chloride. 


1 (TiC],) Cullinane, Evans, and Lloyd, J., 1956, 2222; Cullinane and Edwards, J., 1957, 3016; 
(AICI,) Cullinane and Bailey-Wood, Rec. Trav. chim., 1959, 78, 440; Edwards, Ph.D. Thesis, University 
of Wales, 1958. 
. 2 Fries and Finck, Ber., 1908, 41, 4271. 
8 Fries and Ehlers, Ber., 1923, 56, 1304; Witt and Braun, Ber., 1914, 47, 3216; von Auwers and 
. Mauss, Annalen, 1928, 464, 293; Illari, Gazzetta, 1947, '77, 339, 492. 
4 Skraup and Poller, Ber., 1924, 57, 2033; Rosenmund and Schnurr, Annalen, 1928, 460, 56; Cox, 
J. Amer. Chem. Soc., 1930, 52, 352; Ralston, McCorkle, and Segebrecht, J. Org. Chem., 1941, 6, 750; 
Schénberg and Mustafa, J., 1943, 79; Hauser and Mann, J. Org. Chem., 1952, 17, 390; Tarbell and 
Fanta, J. Amer. Chem. Soc., 1943, 65, 2169; Bisanz, Roczniki Chem., 1956, 80, 87 (Chem. Abs., 1957, 
51, 323d) 
5 Gershzon, Zhur. obshchei Khim., 1943, 16, 82; Klamann, Annalen, 1954, 588, 63; Baltzly, Ide, 
and Phillips, J. Amer. Chem. Soc., 1955, '77, 2522; Gerecs, Széll, and Windholz, Acta Chim. Acad. Sci. 
Hung., 1953, 8, 459; Gerecs and Windholz, Naturwiss., 1955, 24b, 414; Cullinane, Evans, and Lloyd, 
J., 1945, 2222; Cullinane and Edwards, J., 1957, 3016. 
* Kastner, Thesis, Marburg, 1937, in “‘ Newer Methods of Preparative Organic Chemistry,” Ist 
American edn., Interscience Publ., Inc., New York, 1948, pp. 284—291. 
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RESULTS AND DISCUSSION 


Symbols.—a, b, Cuca, Cr, Cx, and Cx,,, are the initial concentrations respectively of 
thymyl acetate, aluminium chloride, acetyl chloride, thymol, acetylthymol, and the 
acetate of this ketone; c and x are, respectively, the concentrations of thymyl acetate and 
of acetylthymol at time # (in min.). Concentrations are in terms of moles/l. and T is the 
temperature (in °K). 


Fic. 1. Rate of disappearance of thymyl acetate at different concentrations at 40°. 
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(J, a = 0-2475, b = 0-75; J, a = 0-4966, b = 0-75; A, a = 0-7443, b = 0-75. 
Times (t) in all Figures ave in minutes. 


Fic. 2. Rate of formation of acetylthymol at different concentrations of aluminium chloride at 40°. 
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O, 4 = 0-4953, b = 0-25; A, a = 0-4985, b = 0-625; DO, a = 0-4963, b = 1-00; @, a = 0-4967, 
b= 0-50; A, a = 0-4966, b = 0-75; 9, a = 0-4966, b = 1-25. 


Rate of Disappearance of the Ester at Different Initial Concentrations.—Experiments 
were carried out with solutions containing identical concentrations of aluminium chloride 
and increasing concentrations of ester in order to study the rate of disappearance of thymyl 
acetate. The results in Fig. 1 show that the rate of disappearance of the ester at first 
increases with increasing ester concentration, but later decreases rapidly, becoming very 
slow just when it would be expected to be highest, i.e., at a ratio of 1:1. Two conclusions 
can be drawn from this fact: (1) The disappearance of thymy] acetate cannot be attributed 
to the bimolecular reaction between ester and aluminium chloride; presumably an ester— 
aluminium chloride complex is formed, the rate of disappearance of which is dependent on 


its aluminium chloride content. (2) This complex is formed immediately, as shown by the 
4F 
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fact that the decrease in rate caused by increasing the initial concentration of ester js 
evident from the beginning of the reaction. 

Effect of the Initial Aluminium Chloride Concentration on the Rate of Disappearance of 
Ester and on the Formation of the Ketone.—When the initial concentration (a) of the ester 
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was kept constant at 0-5, and that of aluminium chloride was varied from 0-25 to 1-25, the 
rates of disappearance of ester and of formation of ketone were found to vary within wide 
limits (see Fig. 2). The effect of the initial concentration of aluminium chloride is shown 
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even more markedly in Fig. 3, where the quarter-lives are plotted against the initial con- 
centration of aluminium chloride: below a catalyst : ester ratio of 1 and above a ratio of 
15 the increase in the initial concentration of aluminium chloride does not cause 
substantial decrease in the quarter-lives. There is, however a sudden, marked change 
in the rate of disappearance just within the limits of these two molar ratios (i.¢., b = 0-5 
and 0-75). This phenomenon may be attributed to the structure of the activated ester- 
aluminium chloride complex, for the determination of which further experiments are 
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Fic. 6. Graphic application of first-order 
equation. 


A, thymy]l acetate; @, methyl thymyl 
ketone. 
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needed. In agreement with the results reported by Cullinane e¢ al.,) it was found that at the 
beginning of the reaction the ester decomposed exceeded the ketone formed. Presumably, 
thymoxide ions or the thymyloxyaluminium dichloride and acy] cations or their aluminium 
chloride complex is formed from this excess. The fact, however, that part of the ester 
decomposes nearly instantaneously at an ester : catalyst ratio of, ¢.g., 1:2, but that this 
scission becomes measurable at a later stage, suggests that an equilibrium becomes set up 
between scission products and unchanged ester-catalyst complex. 

Determination of the Order of Reaction.—A 2-fold dilution results in a distinct though 
slight decrease in the rate of formation of the ketone and in that of disappearance of the 
ester (Fig. 4). This indicates that the rearrangement is not quite a first-order process. 
On the other hand, determinatjon of the order by different methods (Fig. 5), including 
van't Hoff’s differential method, shows that the rate of formation of the ketone 
approximates to a first-order reaction (actually of order 1-05). Direct graphical applic- 
ation of the first-order rate equation (Fig. 6) confirms this for the formation of ketone but 
not for disappearance of the ester, the relevant plot deviating considerably from a straight 
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line. Hence the two processes do not seem to be concurrent. We suggest, therefore, that 
the ketone is not formed through the scission products of the ester—-aluminium chloride 
complex (which is formed instantaneously on mixing) but directly from this complex, 

Table 1 contains the velocity constants, k, calculated from the first-order equation for 
the disappearance of the ester, and Table 2 summarises those determined numerically and 
graphically for the ketone formation, also according to first order. 

Effect of Temperature on the Rearrangement.—The rearrangement of thymy] acetate was 
investigated for a catalyst : ester ratio of 1:2 at 33°, 40°, and 47°. It was found that 
change in temperature has a marked effect on both the rate of disappearance of ester and 


TABLE 1. Decomposition of ester at 40°. (a = 0-4960; 6 = 1-00.) 








: GRREM.)  cccccecesees 11-7 22-2 72-7 161-8 237-0 307-0 
oncsrescossenecessece 0-348 0-318 0-190 0-084 0-027 0-018 
10% (min.“) ...... 3-14 2-00 1-30 1-10 1-20 1-08 
TABLE 2. Formation of ketone at 40°. (a = 0-4960; 6 = 1-00.) 
¢ (min.) * 10°2 (min.~) ¢ (min.) * 10°% (min.~) 
13-9 0-0879 1-44 163-0 0-4133 1-10 
27-8 0-1426 1-34 188-3 0-4542 1-12 
37-7 0-1768 1-17 313-3 0-4703 0-96 
64-8 0-2496 1-08 From 7 1-19 
65-5 0-2491 1-06 From 7 1-07 
113-3 0-3266 0-95 From Fig. 6 1-15 


that of formation of ketone (see Figs. 7 and 8 and Table 3). The latter is to be considered 
as a process of first order even for a catalyst : ester ratio of 1 : 1, though at 47° the deviation 
is already substantial. 


Fic. 7. Rate of disappearance of thymyl acetate and of formation of acetylthymol at different lemper- 
atures. 
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We defer consideration of activation energies until we have obtained results for a 
wider temperature range and with different solvents and catalysts. 
Effect of Aluminium Chloride on Methyl Thymyl Ketone——A nitrobenzene solution 


TABLE 3. Effect of temperature on rate of formation of ketone. 
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containing ketone and catalyst in a ratio of 1 : 2 was kept for 20 hr. at 40°, and the weight 
of recovered ketone showed negligible reaction; moreover, no hydrogen chloride was 
evolved. Similarly, during the Fries reactions hydrogen chloride was not evolved. 


Fic. 8. Rate of disappearance of thymyl acetate and of formation of acetylthymol at different temper- 
atures. 











1 1 L 1 1 L 1 
500 000 /500 2000 2500 3000 3500 
Time (t) 
33°; a = 0-4954, b = 0-50; 40°; a = 0-4967, b = 0-50; 47°; a = 0-4952, b = 0-50. 
(Symbols as for Fig. 7.) 


Fic. 9. Effect of thymol on the formation of acetylthymol at 40°. 
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Hence, the methyl thymyl ketone formed in the Fries reaction upon thymyl acetate 
Temains substantially unaffected by the aluminium chloride; further, it is neither 
a completely into its aluminium dichloride derivative nor reconverted into 
ef. 
Effect of Thymol on Rate of Formation of Ketone —Thymol added to the system at the 
beginning of the reaction may decrease the rate of the conversion (Fig. 9). At a thymol 
concentration of 0-3 this decelerating effect is somewhat less than that which would have 
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been caused by a similar decrease of 0-3 in the concentration of aluminium chloride. This 
effect of thymol is attributed to its ability to react with aluminium chloride, probably bya 
reversible reaction; and one can also conclude that one of the scission products of the ester 
may react with aluminium chloride. 


Fic. 10. Effect of acetylthymol on disappearance of thymyl acetate and on formation of the ketone. 
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a = 0-4945, b = 1-00, Cx = 0-2480; @, thymy]l acetate; O-, acetylthymol. 
a = 0-4986, b = 1-50, Cg = 0-:2487; w, thymyl acetate; 7, acetylthymol. 
a = 0-4966, b = 0-75; A, thymyl acetate;’ A, acetylthymol. 
a = 0-4963, b = 1:00; 9, thymyl acetate; (J, acetylthymol. 
a = 0-4966, b = 1-25; O, acetylthymol. 

Fic. 11. Effect of acetyl chloride on formation of acetylthymol at 40°. 
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Effect of Acetylthymol on the Rearrangement.—Initial addition of the ketone to the 
reaction system decreases the rate of both disappearance of the ester and formation of the 
ketone (Fig. 10). Although this effect is well known, it has not been studied quantitatively. 
The rate of formation of ketone is repressed as much by 0-25 mole of ketone per |. as bya 
reduction of 0-25—0-50 mole per I. in the initial aluminium chloride concentration. This 
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effect cannot be attributed to the reversible process discussed above (p. 2318), but may be 
due to the fact that nearly 2 moles of aluminium chloride are attached to the end-product 
of the Fries reaction. Also, nitrobenzene may be able to bind aluminium chloride. Hence 
it seems possible that the aluminium chloride is distributed during the Fries reaction 
between the ester, the scission products, the end-product, and the solvent. 
Effect of Acetyl Chloride on Rate of Formation of Ketone.—When acetyl chloride is 
resent in the reaction mixture, the rate of formation of the ketone is increased 
substantially (Fig. 11); two causes may be suggested for this effect. (i) A direct acylation 
of the ester nucleus may occur independently of, and faster than, the Fries reaction, or 
(ii) a ketonic ester may be formed which, together with the previous reaction, produces 
hydrogen chloride which also accelerates the process (see Part II, following paper). 


Fic. 12. Reaction between thymol and acetyl chloride in presence of aluminium chloride at 40°. 
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a = 0-4963, b = 1-00; [, ester; Jf, acetylthymol. 
Cy = 0-5020, b = 1-00; Caccy = 0-4950; @, ester; O, acetylthymol. 


Friedel-Crafts Reaction of Thymol.—The Friedel-Crafts reaction between thymol and 
acetyl chloride in presence of aluminium chloride was studied for comparison with the 
Fries reaction (see Fig. 12). From the results of these investigations, the following points 
can be made: (1) The products of the Friedel-Crafts reaction between thymol and acetyl 
chloride and of the Fries rearrangement of thymyl acetate are identical. (2) The con- 
centration of aluminium chloride has a marked influence on the rate of the Friedel-Crafts 
reaction. (3) In the Friedel-Crafts reaction, ester is formed, which decomposes 
subsequently in the same way as in the Fries reaction. (4) The rate of the Friedel-Crafts 
reaction is considerably higher than that of the corresponding Fries reaction of thymyl 
acetate under analogous conditions. 

The high reaction rate can be explained by the fact that the hydrogen chloride liberated 
by ester formation accelerates the conversion of the ester into ketone (see Part II). Direct 
acylation of the thymol nucleus cannot, of course, be excluded. 

Reaction of Thymyloxyaluminium Dichloride with Acetyl Chloride ——Loss of hydrogen 
chloride from the solution of thymol and aluminium chloride in nitrobenzene suggests that 
part of the thymol was converted into thymyloxyaluminium dichloride. On reaction of 
the mixture with acetyl chloride, acetylthymol was obtained; from its quantity and from 
the alkali equivalent of the hydrogen chloride evolved, it was evident that the thymyloxy- 
aluminium dichloride was converted into ketone. 
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Reaction of Thymol with Acetylthymyl Acetate in Presence of Aluminium Chloride —By 
means of Fig. 13, the reaction between thymol and ketone acetate may be compared with 
the corresponding Fries reaction.* It is seen that there is no substantial difference between 
the two reactions in regard to the rate of disappearance of ester and the rate of formation 
of ketone, and the end-products of the two reactions are also identical. This may be 
explained by the fact that thymol and ketone ester are rapidly converted into thymy| 












Fic. 13. Reaction between thymol and acetylthymyl acetate in presence of aluminium chloride 
at 40°. 
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a = 0-4963, b = 1-00; J, ester; [, acetylthymol. 
Cy = 0-2501, b = 1-00; Cr ac = 0-2474; © ester; @, acetylthymol. 


acetate and ketone, and subsequently the former undergoes the Fries reaction. The 
mechanism of the Fries reaction is still being investigated. 


EXPERIMENTAL 


Materials.—Thymyl acetate. This was prepared as described by Spasov,’ and had b. p. 
243-5—245-5°/760 mm. (purity, by saponification, 99-14%). 

Thymol and acetyl chloride. Analytical-grade substances. 

Acetylthymyl acetate. Prepared by use of acetic anhydride from the ketone obtained by 
Fries rearrangement of thymy] acetate, this had m. p. 49—51° (uncorrected). 

Anhydrous aluminium chloride. V.E.B. Feinchemie, Eisenach (‘‘ for synth.’’), and B.D.H. 
preparations were used. Their catalytic effect on the rearrangement was found to be identical. 

Isomerisation of Thymyl Acetate——An appropriate quantity of thymyl acetate was weighed 
(to +0-1 mg.) into a 25-ml. measuring flask provided with a ground-in glass stopper, and the 
flask was stoppered. Other reagents (e.g., thymol, ketone, or ketone ester, as required) were 
then weighed in. In another flask a weighed quantity of aluminium chloride was dissolved in 
nitrobenzene (15—20 ml.), with shaking, and the flask was stoppered. (Acetyl chloride was 
included with the nitrobenzene when it was desired to study its effect.) The ester, the alumin- 
ium chloride solution, and a further flask containing nitrobenzene were kept in a thermostat 
at the required temperature until they had attained temperature equilibrium. The aluminium 
chloride solution was then poured into the flask containing the ester, which was filled to the 


* As concentrations in the Fries reaction are double those of thymol and ketone acetate, the con- 
centrations of ester and ketone as determined were doubled, and plotted after subtracting from the 
measured ketone concentrations the quantity equivalent to the initial ketone ester. 

7 Spasov, Ann. Univ. Sofia 11, Faculte Phys.-math. 11, 1988—39, 35, 289 (Chem. Abs., 1940, $4, 
2343 °). 
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-By mark with nitrobenzene. The moment of half-addition was taken as the time zero. Samples 
with were then withdrawn at definite periods, and their ester or ketone content was determined. 
veen Friedel-Crafts Reaction of Thymol with Acetyl Chloride—The reaction was started by mixing 
tion solutions of thymol, aluminium chloride, and acetyl chloride in nitrobenzene at the required 
temperature. Intense evolution of gas started immediately and lasted for about 15 mins. 
y be Samples were taken and analysed. 
my! Reaction of Thymyloxyaluminium Dichloride with Acetyl Chloride——Thymol (1 mol.) and 
aluminium chloride (2 mol.) were dissolved in nitrobenzene, and dry air was bubbled through 
i the solution at room temperature and 30mm. The evolved hydrogen chloride was determined 
g by absorption in alkali. After addition of acetyl chloride, the flask was placed in a thermostat 
' at 40°, and samples were taken for determination of the acetylthymol content. 

Determination of ester content. 2 Ml. of the reaction mixture were pipetted into 2 ml. of 
ethanol (or, in Friedel-Crafts reactions, into 2 ml. of water). The moment of half-addition 
was considered as the end of the reaction. The aluminium chloride was then converted by 
aqueous sodium fluoride solution into a soluble complex, and the ester content was determined 
in presence of ethanol by alkalimetry.* Corrections were applied for the solution adhering 
to the wall of the pipette and for the alkali consumption of the acetylthymol present (not more 

an 5%). 

m Se ciaatton of acetylthymol content. The sample, similarly taken and treated with sodium 
fluoride, was boiled with sodium hydroxide and made up with water to a known volume, and 
nitrobenzene was left to separate. A known volume of the supernatant clear liquid was 
acidified, and the crystals precipitated at 0° were filtered off. Ketone remaining in solution 
was determined and results were corrected accordingly.* The reactions gave identical products, 
m. p. 122-5—125° (Found: C, 74-95; H, 8-1. Calc. for C,,H,,O,: C, 75-0; H, 8-4%). 
We thank Dr. N. M. Cullinane, University College, Cardiff, for reading the manuscript, and 
; the Hungarian Academy of Sciences for a grant. 
INSTITUTE OF APPLIED CHEMISTRY, UNIVERSITY OF SZEGED, 
HUNGARY. (Received, June 8th, 1959.] 
8 Furka and Széll, Acta Phys. Chem. Szeged, 1959, 5, 66. 
® Széll and Furka, Nature, 1959, 184, 117. 
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464. Fries Reaction. Part II.* Effect of Hydrogen Chloride on 
. the Isomerisation of Thymyl Acetate. 
: By T. Széiz and A. Furka. 
d by The rate of isomerisation of thymyl acetate to acetylthymol in the 
, presence of anhydrous aluminium chloride and hydrogen chloride 
DH. ' in homogeneous nitrobenzene solution increased with temperature, with 
tial, ff the catalyst : ester ratio, and with the amount of hydrogen chloride present. * 
ighed ff The overall order of the reaction is ~2. It seems probable that hydrogen 
dthe chloride exerts its effect partly by increasing the polarity of the solution, 
wet and partly by releasing the catalyst from its compounds, but it may have other 
red ia effects, for the rate of the Fries migration increases in its presence even 
‘o when aluminium chloride is present in excess. The present study indicates 
aie that hydrogen chloride may accelerate the rearrangement also by addition of g 
catet a proton to the rearranging ester—aluminium chloride complex. 
—— Pressure had but little effect on the isomerisation. 
oth ff Unlike hydrogen fluoride, hydrogen chloride above does not catalyse the 
Fries rearrangement. ‘ 
e con- 
mthe | For many of the processes catalysed by aluminium chloride it is well known that the 
i Teactions are accelerated by the presence of hydrogen chloride, while catalysts free from 
10, 


* Part I, preceding paper. 
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hydrogen chloride are less effective.»** Thomas and his co-workers * endeavoured ty 
explain this phenomenon by proton-catalysis. Until recently, no studies on this affect 
in the Fries reaction had been reported, though Skraup and Poller * opined that, at room 
temperature, m-tolyl acetate is rearranged only in the presence of hydrogen chloride, byt 
their suggested mechanism does not account for this fact, and the observation was not 
confirmed by Baltzly e¢ al.5 Mechanisms proposed for the Fries reaction generally do not 
explain the réle of hydrogen chloride: Amin and Shah ® assumed proton-catalysis, but 
did not propose a mechanism. 

It has been observed by Gerecs and his co-workers,’® for several esters, that para- 
isomerisation is accelerated by the presence of hydrogen chloride, but when it is removed 
(i.e., m vacuo) or when substances reacting with it or hindering its dissociation (e.g., NH,, 
CsH;N, C;H;N,HCl, NaCl) are added together with aluminium chloride in equivalent 
amounts to the usual mixtures for Fries reactions, the para-shift is impeded. It has been 
demonstrated that this decelerating action is due to decrease of the proton concentration, 































Fic. 1. Effect of hydrogen chloride on disappearance of ester and on formation of ketone at 40°. 
O's 











Time(t) 


(i) a, 0-4967; 6, 0-5. (1, Ester; 9, ketone. 
(ii) a, 0-4969; b, 0-5. @, Ester; O, ketone. 
(iii) a, 0-4954; 6, 0-75. Cym, 0-2118. A, Ester; A, ketone. 


It was assumed, therefore, by Gerecs e¢ al. that the ester forms a proton-containing inter- 
mediate complex, which, when sufficiently polarised, becomes capable of acylating another 
molecule, but when relatively stable it is rearranged by an intramolecular process. It has 
been supposed that, in the latter case, the ether-oxygen of the ester must be a stronger 
proton-acceptor. Both of these processes yield hydroxy-ketone and proton. 

The present work gives further results bearing on the réle of hydrogen chloride in the 
Fries reaction. 

General Considerations.—Theoretically, hydrogen chloride may exert its action in two 
ways: it can create more favourable conditions for some ionic process by increasing the 


1 Ipatieff and Grosse, Ind. Eng. Chem., 1936, 28, 461. 
® Groggins, “‘ Unit Processes in Organic Synthesis,” 4th edtn., McGraw-Hill Publ. Co. Ltd., 1952, 


London. 

* Thomas, “ Anhydrous Aluminium Chloride in Organic Chemistry,” Reinhold Publ. Corp., 1941, 
New York. 

* Skraup and Poller, Ber., 1924, 57, 2033. 

5 Baltzly, Ide, and Phillips, J. Amer. Chem. Soc., 1955, 77, 2522. 

* Amin and Shah, J. Univ. Bombay, 1948, 17, A, 1. 

7 Gerecs, Széll, and Windholz, Acta Chim. Acad. Sci. Hung., 1953, 3, 459 (Chem. Abs., 1955, 2361b). 

® Gerecs and Windholz, Naturwiss., 1955, 24b, 414. 
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polarity of the medium, or it may play a direct part in the Fries reaction. Several 
results 510.11 indicate that the rate of formation of para-hydroxy-ketones is increased 
in solvents of higher dipole moment; it is therefore reasonable to suppose that hydrogen 
chloride exerts its effect, at least in part, by increasing the polarity of the medium. (We 
propose to determine the dielectric constants of the relevant media.) 

We have therefore tried to test by kinetic methods the assumption that hydrogen 
chloride participates in the reaction. For this purpose the rearrangement of thymyl 
acetate to acetylthymol in the presence of aluminium chloride and hydrogen chloride in 
homogeneous nitrobenzene solution was investigated. 


Fic. 2. Effect of hydrogen chloride on disappearance of ester at 40°. 
OST 
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a, 04967; b, 0-5. 
a, 0-4953; b, 0-25; Cyc, 0-2608. 
a, 0-4962; b, 0-75; Cy, 0-2558. 
a, 0-4963; b, 1-0. 


1 

/00 
a! 

A, 

ag. 

O, 

Results and Discussion.—The progress of the rearrangement of 0-5 mole 1.1 of thymy] 
acetate was studied at different concentrations of hydrogen chloride (0-1—0-25m) and of 
catalyst (0-25, 0-5, 0-75, and 1-0m) and at temperatures of 33°, 40°, and 47°. The concen- 
tration of hydrogen chloride was varied within relatively narrow limits because its solubility 


is limited under the experimental conditions (see Table 2). 
It was found that hydrogen chloride has a marked positive effect on both the rate of 


TABLE 1. Values of 107k (min.1) and 102k (1. mole min.*). 








7/4 7/2 Fig. 7 Average 
nn a = Ee Y ’ i % oc ——- 
Calc. from \ ee er oi | eo ee Oe 
For Ist order ... 2-3 3-4 58 1-6 2-2 41 — a a 195 28 4-95 
For 2nd order ... 5-6 82 139 50 74 133 46 72 162 505 7-7 1415 


disappearance of ester and the rate of formation of ketone (see Figs. 1 and 2).* It is seen 
that the normal reaction is generally more accelerated by addition of hydrogen chloride 
than by addition of further aluminium chloride in equivalent amount except at about a 
catalyst to ester ratio of 1-0—1-3, in which region the accelerating effect of aluminium 
chloride increases suddenly.!2 

We observed that the ester remains unchanged even during a prolonged period (1000 


* The broken lines of Fig. 2 are taken from Part I for comparison. For symbolism, see Part I. 
* Ralston, McCorkle, and Bauer, J. Org. Chem., 1940, 5, 645. 

 Marey, Baddar, and Awad, Nature, 1953, 172, 1186. 

" Cullinane and Edwards, J., 1958, 2926. 

* Furka and Széli, preceding paper. 
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TABLE 2. Solubilities. 


Solvent: 100 g. of nitrobenzene (83-4 ml. at 25°). 
HCl-content of the saturated HCl-nitrobenzene solution 
































AICI, Thymy] acetate (mole/100 g. of nitrobenzene) 

(mole) (mole) 10° 30° 50° 70° 
—- — 0-0819 0-0672 0-0459 0-0278 
- 0-09085 ~- 0-0895 0-0547 0-0348 

0-1065 -- 0-0934 0-0841 0-0685 0-0420 

0-1180 0-0930 0-1400 0-1100 0-0850 0-0584 


min.) when only hydrogen chloride was substituted for all the aluminium chloride, so 
hydrogen chloride alone, unlike hydrogen fluoride,-1* does not catalyse the isomerisation, 

Results of reactions carried out at 33°, 40°, and 47° for a catalyst-ester ratio of 2:1 are 
summarised in Fig. 3. Second-order constants obtained at different temperatures by 


Fic. 3. Effect of temperature on disappearance of ester. 
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a, 0-4957; 6, 1-0; Cum, 00965; 33°. (J, Ester; 9, ketone. 
a, 0-4953; 6, 1-0; Cy, 0-1; 40°. A, Ester; A, ketone. 
a, 0-4957; b, 1-0; Cyc, 0-0965; 47°. ©, Ester; @, ketone. 


alternative methods show a closer agreement than those of first order (Table 1). At given 
catalyst concentration the rate of formation of ketone depends on both the ester and the 
hydrogen chloride concentrations (Fig. 4). 

In Fig. 5 the logarithm of the reaction rate is plotted against that of the initial hydrogen 
chloride concentration. For hydrogen chloride the partial order calculated from the 
slope of the straight line is 0-98. For the overall order of the reaction, application of van’t 
Hoff’s differential method to a single reaction (Fig. 6) gave values of 1-8 at 33° and 40° 
and 1-9 at 47°. From the above results, the reaction may be considered to be of roughly 
second order for formation of ketone. The first stage of the reaction, as well as plots 
for higher temperature, show a much closer approximation. These findings may be 
partly ascribed to the fact that hydrogen chloride, which appears to participate in the 
reaction, is present in lower concentration than the ester, and is only partly liberated 
again in the course of the reaction. Towards the end of the reaction, therefore, an 
approach to first order can be observed. The problem is further complicated by the fact 
that, inasmuch as the Fries reaction in the presence of hydrogen chloride should be 
regarded as a separate process, two competing isomerisations of comparable rates must be 
running, of which that in absence of hydrogen chloride is of first order.” 


18 Simons, Archer, and Randall, J. Amer. Chem. Soc., 1940, 62, 485. 
14 Dann and Mylius, Annalen, 1954, §87, 1. 
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It has been suggested that the action of hydrogen chloride—in part at least—may 
consist in liberating the catalyst from its combination in some intermediate or end- 


Fic. 4. Dependence of the rate of formation of ketone on the initial concentration of hydrogen 
c ide at 40°. 
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(i) a, 0-4960; 5, 1-0; Cam, 0-2418. VY, Ketone. 

(ii) a, 0-4953; b, 1-0; Co, 0-10. ©, Ester; A, ketone. 
(iii) a, 0-4964; b, 1-0; Cam, 0-2418. @, Ester. 
(iv) a, 0-4962; b, 1-0; Cy, 02118. A, Ketone. 


Fic. 5. Dependence of the vate of formation of ketone on the initial concentration of hydrogen chloride. 
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* a, 0-50; b, 1-0; Cyc = 0-1000, 0-2118, and 0-2418. 
be product,* and our results do not seem inconsistent with this supposition, for it was found 7” 
the * There is reason to believe that, in systems such as those in Fries reactions, several types of 
ted aluminium compound occur in various amounts. Some authors ‘51526 assumed that a compound 
an of the type ArO-AICI, exists in such systems, which, in addition to acyl chloride, might be in equilibrium 
with the ester, and, in addition to hydrogen chloride, with the free hydroxy-compound and the 
act catalyst.""1?7_ Baltzly et al.§ assumed the presence also of compounds of the type of Cl,AlO(H)Ar and 
be ClAIOAr‘COR. It is conceivabJe that an equilibrium established between hydrogen chloride and 
be some such species may result in the increase of concentration, not only of the catalyst, but also of the 


more reactive species. 
* Ralston, McCorkle, and Segebrecht, J. Org. Chem., 1941, 6, 750. 


%® Cullinane, Evans, and Lloyd, J., 1956, 2222. 
* Gerecs, Magyar Tud. Akad. Kémiai Tudomdnyok Osztdly Kézleményei, 1953, 3, 78. 
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Fic. 6. van’t Hoff’s differential method applied to reactions carried out at different temperatures, 
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, 04957; b, 1-0; Cy, 0-09; 47°. 
, 04953; b, 1-0; Cy, 0-09; 40°. 
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, 04977; b, 1-0; Cyc, 0-2008; :Cy, 0:2484; 40°, 
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Fic. 7. Effect of thymol, acetylthymol, and acetyl chloride on the formation of this ketone in presence and 
in absence of hydrogen chloride at 40°. 
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that the rearrangement of thymyl acetate is considerably retarded in the presence of 
acetylthymol or thymol. When this rearrangement takes place in the presence of hydrogen 
chloride in amount equivalent to the above substances, however, they do not exert this 


Fic. 8. Effect of acetylthymol on the disappearance of ester in presence and in absence of hydrogen 
chloride at 40°. 
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Fic. 9. Effect of reduced pressure on the isomerisation of thymyl acetate at 40°. 
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a, 0-4963; b, 1-0; at ordinary pressure. [, Ketone; J, ester. 
a, 0-4966; b, 1-0; under 30 mm. pressure. @, Ketone; O, ester. 





decelerating action, and at the same time no accelerating effect of hydrogen chloride is 
to be observed (Figs. 7 and 8*). 


* Fig. 7 also serves to demonstrate that under conditions when acetyl chloride is present, hydrogen 
chloride is still able to exert further accelerating influence. 
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Undoubtedly, however, hydrogen chloride does not only operate by increasing the 
concentration of the catalyst, because it has also a distinct effect, when aluminium chloride 
is present in great excess,’ and our results are not inconsistent with this hypothesis, 
according to which the proton of hydrogen chloride can be partly 

Pr! added to the intermediate ester—-aluminium chloride complex to 
¢ oF AICI; give the protonated derivative (I); consequently, hydrogen chloride 

‘Ac participates also in this way in the Fries reaction. In this case, 

Me (I) this bimolecular reaction would be the rate-determining step. 

Results of measurements contained in Table 2, which show that, 

according to the temperature, additional quantities of 0-54—0-19 mole 1.+ of hydrogen 

chloride may be dissolved if the nitrobenzene contains both aluminium chloride and ester, 

are consistent with the above conception. (Note that Table 2 records moles per 100 g, 

of nitrobenzene, not moles per 1.) Similarly, it may be in accord with our explanation 

that both hydrogen fluoride **14 (a recognised proton-donor) and catalysts promoting the 
formation of the hydrogen halides }* are effective in the Fries reaction. 

Contrary to reports on similar reactions,’ the Fries migration of thymyl acetate does 
not become slower in a vacuum (Fig. 9), so we assume that decrease of pressure hinders 
only those para-shifts in which hydrogen chloride is formed (evolution of hydrogen 
chloride sometimes occurs in Fries reactions). 


+ 


EXPERIMENTAL 


Materials.—Solutions of hydrogen chloride in nitrobenzene were prepared by saturating 
the redistilled solvent at room temperature with the gas dried over phosphoric oxide; the 
hydrogen chloride content, as determined by alkalimetry in ethanol, varied between 0-47 and 
0-70 mole 1.1, Thymyl acetate and other materials were as described in the preceding paper. 

Rearrangement of Thymyl Acetate—Anhydrous aluminium chloride (B.D.H. and V.EB, 
Feinchemie “ for synth.””) was dissoived in a known volume of the nitrobenzene containing 
hydrogen chloride, diluted as required with nitrobenzene, and placed in a thermostat (+0-1°, 
and after 20 min. (zero time) the solution was poured into a wide-necked, glass-stoppered, 
25 ml. flask containing a weighed quantity of thymy] acetate, and the flask was filled to the mark. 

Kinetic Measurements.—The progress of the reaction was followed by removing 2 ml. 
samples of the above mixture and analysing them as in the preceding paper. Concentrations 
are given in mole 1.4. The reaction at reduced pressure was carried out in an apparatus 
provided with a water pump and protected against moisture. When samples were being taken, 
dry air was passed through the vessel. The acetylthymol obtained had m. p. 122-2—125° 
(uncorrected). 

Solubility of Hydrogen Chloride in Nitrobenzene—Aluminium Chloride-Thymyl Acetate at 
Different Temperatures.—Gaseous hydrogen chloride, dried as described above, was passed into 
16-74 g. of nitrobenzene (13-97 ml. at 25°) at 10° until constant weight was attained, and the 
solution was placed in a water-bath at 10°, 30°, 50°, or 70° until the weight again became 
constant. The increases in weight were 0-50, 0-41, 0-28, and 0-17 g., respectively. 

Similarly, the other solubilities recorded in Table 2 were determined. When nitrobenzene 
alone or nitrobenzene containing aluminium chloride was heated from 10° to 70° without having 
been saturated with hydrogen chloride, a loss of weight of not more than 0-04 g. was observed 


per 100 g. 


We are grateful to Professor A. Gerecs, Eétvés L. University, Budapest and to Mr. R. 
Baltzly, The Wellcome Research Laboratories, New York, for their interest. We also thank 
Dr. N. M. Cullinane, University College, Cardiff, for reading the MS., Miss Magdalen Hegyhati 
for technical assistance, and the Hungarian Academy of Sciences for a grant. 
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18 Klosa, Arch. Pharm., 1956, 289, 71. 
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465. Liquid Hydrogen Chloride as an Ionizing Solvent. Part I. 
Conductivities of Materials. 


By T. C. WaAppINGTON and F. KLANBERG. 


The conductivities of substances in anhydrous liquid hydrogen chloride, 
particularly of halides of Groups III—V elements, have been investigated. 
The compounds are classified according to the effect they have on the con- 
ductivity of liquid hydrogen chloride into strong, moderately strong, and 
weak electrolytes. 


Apart from some earlier work,)? the study of the properties of anhydrous, liquid hydrogen 
chloride as an ionizing solvent has been virtually neglected. This may seem surprising 
considering the vast increase in the number of chlorides and oxy-chlorides * investigated 
for their ionizing properties in recent years, and the many interesting features exhibited 
by anhydrous, liquid hydrogen fluoride.4+® This lack of information is due to two factors. 
First, there are considerable experimental difficulties not encountered in more conventional 
ionizing solvents. The liquid range of hydrogen chloride is narrow and exists at an 
inconveniently low temperature; over this range it has a high vapour pressure, which 
gives rise to considerable manipulative difficulties in a closed system. Secondly, the 
physical properties of hydrogen chloride, low dielectric constant and low boiling point, 
would not suggest it as a good ionizing solvent. A resumé of the physical properties of 
hydrogen chloride and fluoride is given by Mellor.® 


EXPERIMENTAL 

Apparatus and Procedure.—All experiments were carried out in a vacuum system, to which 
a number of storage bulbs holding about 40 1. of gaseous hydrogen chloride were attached. 
10 1. of gas correspond to about 6 ml. of liquid, the amount required for each individual experi- 
ment. Taps in contact with the main line were greased with Kel-F grease. Hydrogen chloride 
was generated from ammonium chloride and concentrated sulphuric acid in a Kipp apparatus 
and dried by distillation through two freezing traps, immersed in toluene-slush baths. The 
vapour pressure of hydrogen chloride at this temperature (— 96°) is sufficiently high to allow 
the gas to pass through the baths which retain all traces of water. The exclusion of air during 
the generation of the gas is not always possible. Air is removed by freezing the hydrogen 
chloride with liquid nitrogen and pumping off the remaining permanent gases. The vapour 
pressure of solid hydrogen chloride at —196° is practically negligible. A conductivity cell was 
attached to the main line in the vicinity of the bulbs. This cell was designed to permit 
introduction both of hydrogen chloride and, when necessary, other volatile compounds through 
a second inlet. The procedure for measurements of the solubility and the conductivity of 
particular compounds is as follows. 

(a) Involatile solid. The solid, usually 1—3 mmoles, was weighed in a closed bottle and 
transferred to the cell in a dry-box. The cell was connected to the system, evacuated, and then 
immersed in a bath of liquid nitrogen. The main line was disconnected from the pump, and 
hydrogen chloride admitted from the storage bulbs. After measurement of pressure, each 
quantity of hydrogen chloride could be condensed in the cell as required. The cell was then 
closed again and the liquid nitrogen replaced by either baths of toluene- or carbon disulphide- 
slush, in which the solid hydrogen chloride gradually liquefied. The volume of liquid in the 
cell was calculated, by use of the gas laws, from the pressure difference in the bulb (or bulbs) 
before and after condensation of hydrogen chloride in the cell, the volume of the bulb, the 
temperature, and the density of the liquid. From these the molar concentration of the solution 


1 McIntosh and Archibald, Z. phys. Chem., 1906, 55, 150. 

* Beckmann and Waentig, Z.,anorg. Chem., 1910, 67, 17. 

3’ Gutmann and Baaz, Angew. Chem., 1959, 71, 57. 

* Fredenhagen, Z. anorg. Chem., 1939, 242, 23. 

* Clifford, Beachell, and Jack, J. Inorg. Nuclear Chem., 1958, 5, 57, 71. 

* Mellor, ‘‘ Comprehensive Treatment on Inorganic and Theoretical Chemistry,”” Supplement II, 
Part I, 1956, pp. 85 et seq., 413 et seq. 


’ 
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under investigation follows. Pressures were measured by using a spiral gauge as a null-point 
instrument. The spiral side of the gauge was connected to the main line, and the opposite 
side to a conventional mercury manometer. 

(b) Volatile liquid. The empty cell was attached to the system and evacuated. The 
volatile liquid was distilled into the cell from a specially designed vessel through the second 
inlet. The quantity of material condensed in the cell was measured by difference weighings of 
the detachable vessel. The small amount of air which entered the connecting space between 
the vessel and the cell, after each detachment, had to be pumped off before another distillation 
could proceed. There was a minimum weight of liquid that could be distilled with accuracy 
into the cell depending upon the geometry of the system and the tare weight of the distillation 
vessel; with the arrangement described this were about 30 mg. The condensation of hydrogen 
chloride and the calculation of the concentration was then as in (a). 

(c) Gas. As representatives of this class we have investigated boron trifluoride and nitrosy| 
chloride. Boron trifluoride was taken from a commercial cylinder, and stored in a small bulb 
attached to the system. It was dried in the same way as hydrogen chloride and then used with- 
out further purification. Nitrosyl chloride was treated similarly. The material employed in 
our experiments showed the reported melting point of —61°.? 

The electrodes of the cell were of platinum, and in order to avoid polarization, they were 
replatinized from time to time. A difficulty not normally encountered in conductivity work 
arose from the numerous freezing operations involved in the experiments: the electrodes were 
liable to bend, producing deviations from the initially measured cell constant. It was therefore 
necessary to check the cell constant very frequently, and no figure of overall validity can be 
given here. Values of the conductivity were measured with a Mullard bridge, Type E 7566. 

Materials.—Tetramethyl- and tetraethyl-ammonium chloride were made from the corre- 
sponding hydroxides by Lewis and Wilkins’s procedure. When treated with hydrogen chloride 
in aqueous solution tetraethylammonium chloride retains hydrogen chloride additional to its 
stoicheiometric formula which is only given off with remarkable reluctance, at 60° and on 
evaporation of the solvent in vacuo. Obviously this behaviour is due to the formation of the 
very stable tetraethylammonium hydrogen dichloride, Et,NHCl,. All the other materials, 
unless stated otherwise, were of reagent grade quality. Liquids were usually distilled repeatedly 
before introduction into the cell. 

Analytical Methods.—Chlorine was determined volumetrically by a modified Volhard 
method.® This gave excellent and reliable results during a very large number of determinations. 
When, as in a few of the compounds reported already,! the chlorine value found was more than 
1%, lower than expected, the deviation was entirely due to the extreme difficulties involved in 
the performance of an accurate hydrolysis. Phosphonium salts such as the tetrachloroborate 
and chlorotrifluoroborate are, in this respect, particularly unpleasant to handle. Not only 
had the hydrolysis, as usual, to be accomplished in a closed vessel, but also great care had to be 
taken to exclude oxygen, to avoid phosphine explosions. Fluorine was precipitated as lead 
chloride fluoride, which compound was, after being dried, either weighed or its chlorine content 
titrated. Phosphorus was determined volumetrically by the phosphomolybdate method. 
Phosphorus not present in the quinquevalent state was oxidized with potassium chlorate, after 
hydrolysis. Tin was determined as stannic oxide and sulphur as barium sulphate, according 
to standard procedures. 

Boron compounds were, whenever possible, directly hydrolyzed, and the boron titrated 
immediately as the boric acid—mannitol complex, a reliable technique demonstrated earlier 
for nitrosyl tetrachloroborate by Partington and Whynes" being adopted. This cannot, 
however, be properly employed in the presence of phosphoric acid. Compounds containing 
both phosphorus and boron were, therefore, hydrolyzed in a mixture of much methanol anda 
little water; concentrated sulphuric acid was added, and the methy] borate distilled into dilute 
sodium hydroxide solution. After acidification, the boric acid-mannitol complex was titrated 
with sodium hydroxide. This method was also found to be the most useful one in the case 
of boron trifluoride compounds. With some experience, it is quite practicable to accomplish 


7 Houtgraaf and DeRoos, Rec. Trav. chim., 1953, 72, 963. 

® Lewis and Wilkins, J., 1955, 56. 

® Swift, Arcand, Lutwack, and Meier, Analyt. Chem., 1950, 22, 306. 
‘© Waddington and Klanberg, Naturwiss., 1959, 20, 578. 

‘t Partington and Whynes, /., 1949, 3135. 
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a boron determination of this kind in one hour. Carbon and hydrogen were determined by 
the usual micro-combustion techniques, and nitrogen by a micro-Kjeldahl method. 


DISCUSSION 


Table 1 gives a list of the compounds which have been studied in liquid hydrogen 
chloride. All the solubilities given refer to toluene-slush bath temperatures. 

In Table 1 the terms “large,” ‘‘ moderate,”’ and “small” refer to the molar con- 
ductivity and denote the following: large, 5—50; moderate, 0-5—0-005; and small or 
very small <0-005 cm.” ohm™ mole*. 


TABLE 1. Solubilities of compounds in liquid hydrogen chloride. 


(a) Readily soluble with large increase of conductance: Me,NCI, PCI,, (CgH;),CCl, pyridine. 

(b) Readily soluble with moderate increase of conductance: Et,NCl, POCI,, CH,-COCI, SbF,;, HSO,CI. 

(c) Readily soluble with small or very small increase of conductance: NOCI, SOCI,, PCl,, SiCl,,* A1CI,, 
BCl;, BF;, B(CzH,)s- 

(@) Sparingly soluble, small increase of conductance: SbCl,, PH,Cl, PH,I. ICl,, H,O. 

(e) Insoluble, no increase of conductance: GeCl,, SnCl,, PbCl,, AsCl;, SbCl,. 


* SiCl, does not measurably increase the conductance. 


Table 2 gives the specific and molar conductivities of the compounds we have 
investigated. 


TABLE 2. Specific and molar conductivities of compounds in liquid hydrogen chloride 


Molar 
Specific conductance Specific 
Concn. conductance (cm.? ohm Concn. conductance 
Compound (mole/l.) (ohm= cm.-) mole~) Compound (mole/l.) (ohm cm.~) 
0-20 50-0 x 10-¢ 25-0 bCl, 1-16 x 10% 
10-* 25-9 / ‘ 1-06 
10-4 31-1 1-36 


93-5 x 
x 
10-* 21-5 3-19 x 
x 
x 


44-0 
67-9 
62-2 
48-6 
31-0 
93-5 
115-0 
14-1 
2-67 
0-70 
0-27 
0-13 
0-09 


10-* 6-0 : 4-30 
44:0 ; 0-37 
0-23 se ae 
* 0-20 SnCl,, PbCl, ... { <5 x 
0-46 
0-05 
0-007 
‘5 x 10-4 
‘0 x 10° 
0 x 10- 
‘6 x 10-* 


XXXXXKKXKXXKXKXXKXXKXKXK 


The predominantly ionic alkali and alkaline-earth halides are insoluble in liquid 
hydrogen chloride, as also are the more common salts of nickel, iron, mercury, lead, tin, 
manganese, and chromium.! We have not repeated each of the older experiments, but, as 
far as our investigations overlap with the earlier work they are generally in accord with it. 
The only noted exception is stannic chloride, which McIntosh and Archibald ! report to be 
soluble but which we found not to be. Table 2 shows that it is impossible to relate the 
solubility of materials in liquid hydrogen chloride to the nature of their bonding. Both 
compounds with essentially covalent bonding and with a salt-like structure are equally 
soluble. This is only one fact which demonstrated clearly the close similarities in the 
general solvent properties of hydrogen chloride and hydrogen fluoride. For, although the 
number of materials soluble in liquid hydrogen chloride is more limited than in liquid 
hydrogen fluoride, it still covers a wide range of structurally dissimilar compounds. 

Water has an unexpectedly small influence on the conductivity of anhydrous hydrogen 
chloride, as it is largely insoluble. When small amounts of water are distilled into pure 
hydrogen chloride, the conductivity attains a value of 4:3 x 10° ohm™ cm.-, an increase 
by a power of two of the self-conductance of hydrogen chloride. On further addition of 
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much water, for instance 20 mmoles of water to 8 ml. of liquid hydrogen chloride, the con. 
ductivity remains almost constant. A white precipitate forms which presumably js 
H,0*CI-. 

The compounds listed in groups (a)—(c) of Table 1 form water-clear solutions, with the 
exception of nitrosyl chloride and triphenylmethyl chloride. Solutions of nitrosyl chloride 
in liquid hydrogen chloride are blood-red, those of triphenylmethyl chloride are deep 
yellow. This is almost certainly due in the case of triphenylmethyl chloride to the 
coloured triphenylmethy] cation. 

Contrary to the behaviour of alkylammonium chlorides and pyridine, the treatment of 
triphenylmethyl chloride with hydrogen chloride does not yield a stable hydrogen 
dichloride. The yellow product that is formed at —85° 12 decomposes at —45°3 ang 
recently Sharp has pointed out that only those triarylmethyl chlorides that contain a 
large number of electron-releasing groups attached to the ring system form hydrogen 
dichlorides stable at room temperature. It is perhaps significant that chlorides such as 
stannic chloride, lead tetrachloride, and, to a great extent, antimony pentachloride are 
insoluble in liquid hydrogen chloride in spite of the fact that the corresponding hexachloro- 
acids are well-known. Lead tetrachloride, for instance, dissolves in concentrated hydro- 
chloric acid to give dihydrogen hexachloroplumbate. The differences in this behaviour 
will be considered in the following paper. 


UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, August 21st, 1959,] 


12 Waddington and Klanberg, following paper. 
13 Meyer, Ber., 1908, 41, 2576. 
14 Sharp, J., 1958, 2558. 





466. Liquid Hydrogen Chloride as an Ionizing Solvent. Part II} 
Neutralization Reactions in the Solvent and Applications in Preparative 
Work. 


By T. C. WADDINGTON and F. KLANBERG. 


Neutralization reactions in liquid hydrogen chloride were performed; the 
following new co-ordination compounds have been obtained: 


Me,NSO,Cl, PCI,SO,CI, PCI,BF,CI, PH,BF,Cl, PH,BCI,, POCI,"BF;. 


Materials soluble in the solvent are classified in the groups: strong solvo- 
bases, PCl,, Me,NCl, (C,H;),CCl, pyridine; medium-strong solvo-bases, 
Et,NCl, CH,COCI, POCI,, PH;; weak solvo-acids, SbF,, HSO,C1l. 


In Part I! we showed that anhydrous, liquid hydrogen chloride acts quite readily as a 
solvent for a number of polar and non-polar materials. Some of the solutions thus 
obtained have so high a conductance that they closely resemble aqueous solutions of 
electrolytes. Hence, it is necessary to discuss the nature of the ions responsible for the 
conductivity. 

The self-conductance of liquid hydrogen chloride is approximately the same as that of 
conductivity water. To account for this, self-ionization is assumed, basically of one 
molecule of hydrogen chloride: 





HC} ae HC ee ke 


This equilibrium corresponds to the simplest expression for the self-ionization of water. 

But, as in water, association effects have to be considered and the ionization equilibrium is 

better represented by: 
SHCl =e H,CIt+ HCI 2... eee 


1 Part I, preceding paper. 
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The existence of the hydrogen dichloride ion, HCl,~, as a kinetic entity in solution in nitro- 
henzene has already been postulated.* Besides, from the work of West,? Waddington, 
Sharp,> and from our present investigations, it is obvious that the HCl,~ ion must be 
present, both in the solid, and in some organic and inorganic solvents, including water. 

The postulated cation H,Cl* is known to exist in the gas,®? but there is no evidence 
in the literature of its existence in solution. If the self-ionization of liquid hydrogen 
chloride according to equilibrium (2) is accepted, two definitions each of acids and bases 
are applicable based upon a difference of emphasis, rather than of principle. This arises 
from the fact that either chloride ion- or proton-transfer can be regarded as the primary 
step in equilibrium (2). Consequently, bases may be defined as chloride-ion donors. In 
liquid hydrogen chloride, these ions are immediately transformed into hydrogen dichloride 
jons, and hence the concentration of the solvent anions is increased. Correspondingly, 
acids are chloride-ion acceptors which indirectly diminish the HCl,~ ion concentration. 

In the second pair of definitions, acids are defined as proton donors. The protons 
combine with an un-ionized solvent molecule to give the solvent’s own cation, H,CI*. 
Materials which indirectly decrease the concentration of these cations are, therefore, 
bases. 

Our results show that the first pair of definitions is unquestionably the more useful. 
Anhydrous, liquid hydrogen chloride, in spite of its similarity to anhydrous liquid, 
hydrogen fluoride, is a “‘ chloridotropic ” 8 solvent (in which chloride-ion transfers are of 
fundamental importance) rather than a proton-active solvent. . 


EXPERIMENTAL 


The apparatus and procedures were described in Part I.1 The distillation of a material 
possessing a melting point above the temperature of a toluene slush-bath into the conductivity 
cell is somewhat troublesome, since the material is liable to condense above the level of the 
solvent. It is impossible to achieve complete dissolution except by evaporating the solvent 
into a closed, evacuated system and recondensing it when the compound involved (e.g. stannic 
chloride) has melted. This procedure is workable but time-consuming. Phosphine was 
generated from pure phosphonium iodide with sodium hydroxide and subjected to a freeze- 
drying procedure, described in Part I. Analyses were carried out as outlined in Part I. 


RESULTS 


Tetramethylammonium chloride with hydrogen chloride gives the corresponding hydrogen 
dichloride: 4 
Me,NCI + HCl ——p MeyNt+HCl- . . . . . . . Q) 


The high conductivity of this compound’s solutions in liquid hydrogen chloride indicates that 
ionization is complete, at least in dilute solutions, so that tetramethylammonium chloride is also 
astrong base. The result of a conductometric titration of this strong donor with a prospective 
chloride ion-acceptor, such as boron trichloride, is shown in Fig. 1. The conductance of the 
tetramethylammonium chloride solution varied uniformly with the molar ratio until a ratio of 
1:1 was reached. The resulting tetramethylammonium tetrachloroborate is soluble in liquid 
hydrogen chloride, but can be isolated as a solid when the solvent is evaporated. Its chemical 
analysis confirms its composition Me,NBCI, (Found: B, 4-9; Cl, 62-6. C,H,,BCI,N requires 
B, 5:1; Cl, 62-5%). 

The plot of a conductometric titration of boron trifluoride against a solution of tetramethyl- 
ammonium chloride in liquid hydrogen chloride was essentially similar to the above (Fig. 1). 
Again, there is a break in the conductance at a molar ratio of 1: 1, indicating the formation of 
the compound tetramethylammonium chlorotrifluoroborate, which can also be isolated as a 


* Herbrandson, Dickerson, and Weinstein, ]. Amer. Chem. Soc., 1954, 76, 4046. 
® West, J. Amer. Chem. Soc., 1957, 79, 4568. 

* Waddington, J., 1958, 1708. 

* Sharp, J., 1958, 2558. 

* Schisler and Stevenson, J. Chem. Phys., 1956, 24, 926. 

* Field and Lampe, J. Amer. Chem. Soc., 1958, 80, 5583. 
* Gutmann and Lindquist, Z. phys. Chem., 1954, 208, 250. 
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solid (Found: C, 25-5; H, 6-9; B, 6-1; Cl, 17-5; N, 7-6. Calc. for CsH,,BCIF,N: C, 27-1: 
H, 7:1; B, 6-1; Cl, 20-2; N, 7-9%). 

Although stannic chloride is insoluble in liquid hydrogen chloride, it can be titrated agains, 
a solution of a soluble base. The result of a run with tetramethylammonium chloride and 
stannic chloride is shown in Fig. 2. During the titration a white salt was precipitated, corre. 
sponding with the break in the conductance—molar ratio plot which occurred at a ratio of 2:1. 
When the hydrogen chloride is evaporated and the excess of stannic chloride pumped off, the 
well-known bistetramethylammonium hexachlorostannate is obtained. Germanium tetra. 
chloride when treated in the same way shows rather different behaviour. A conductometric 
titration of tetramethylammonium chloride in liquid hydrogen chloride with germaniym 
tetrachloride is plotted in Fig. 2. 

The result is reproducible but difficult to understand. The conductivity of germanium 
tetrachloride alone in liquid hydrogen chloride is negligible and one would not expect it to raise 
the conductance of an already highly conducting solution. Germanium tetrachloride does not 
function as a chloride-ion acceptor in liquid hydrogen chloride, and no hexachlorogermanates 
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+ GeCl,; (J, 0:22m-Me,NCl + SnCl,; A, 
0-13mM-Et,NCl + BCI,. 


are obtainable. There is also no evidence that it undergoes ionization in the reverse sense to 
give GeCl,* or even GeCl,?*. 

Germanium tetrachloride has never been investigated in other chlorine-containing non- 
aqueous solvents and hence no comparisons with its behaviour in hydrogen chloride can be made. 

Tetraethylammonium chloride is less soluble in liquid hydrogen chloride than the tetra- 
methylammonium salt and gives less readily conducting solutions. Its solubility limit is 
attained in solutions just above 0-1m. When such a solution is titrated with boron trichloride, 
the conductivity rises appreciably until the equivalent point of a 1: 1 compound is reached. 
Thereafter the increase is only slight. Tetraethylammonium tetrachloroborate is soluble in 
liquid hydrogen chloride and remains as a solid when the solvent is removed (Found: B, 38; 
Cl, 49-7. Calc. for C,H,)NC1,B: B, 3-8; Cl, 50-1%). Tin tetrachloride titrated against tetra- 
ethylammonium chloride gives the expected bistetraethylammonium hexachlorostannate. 

Pyridine, 1m-solutions of which in liquid hydrogen chloride are easily prepared, adds two moles 
of hydrogen chloride to give pyridinium hydrogen dichloride. The conductivity data 
demonstrate that, in liquid hydrogen chloride, this compound is largely ionized into pyH* and 
HCl,~. When boron trichloride is distilled into this solution a fine white precipitate appears 
and the conductivity drops to about one-third of its initial value. The solid is pyridinium 
tetrachloroborate, originally prepared by Lappert *?° by another method (Found: B, 4-6; Cl, 
60-1. Calc. for C,;H,NCI,B: B, 4-7; Cl, 60-8%). 

Payne’s !! transport-number experiments support the existence 1 of PCl,* and PCI," ions in 
solutions of solvents with high dielectric constants. A minimum in the conductometric 


® Lappert, Proc. Chem. Soc., 1957, 121. 
‘0 Gerrard and Lappert, Chem. Rev., 1958, 58, 1081. 
! Payne, J., 1953, 1052. 

' Cf. Clark, Powell, and Wells, J., 1942, 642. 
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titration of tetramethylammonium chloride against phosphorus pentachloride in acetonitrile 
has been detected by Fialkov and his co-workers # which has been ascribed to the formation of 
tetramethylammonium hexachlorophosphate. Extensive attempts to prepare hexachloro- 
phosphates have been unsuccessful, but recently,45 Gutmann and Mairinger claim to have 
obtained a precipitate which stoicheiometrically corresponded to Et,NPCl, when solutions of 
tetraethylammonium chloride and phosphorus pentachloride in phosphorus oxychloride were 
combined. Conversely, Groeneveld has repeatedly '* demonstrated the strong donor properties 
of phosphorus pentachloride. 


Fic. 3. 


Conductometric titration plots: T)A, 0-36m-PCl, 
+ BCl,; O, 0-20M-PCl, + BFs. 








Moler ratio A:8 


There is no doubt that in liquid hydrogen chloride phosphorus pentachloride is merely a 
chloride-ion donor. The dissolution of solid phosphorus pentachloride in the solvent can be 


represented as: 
PCIP Cle + INCI ete BOS + BHOAT 6 ain len ols 4 we a® 


Mixtures with tetramethylammonium chloride in liquid hydrogen chloride form clear solutions 
which behave like one strong base with two cations. After evaporation of the solvent the 
solid remaining consists of a mixture of tetramethylammonium hydrogen dichloride and 
unmodified phosphorus pentachloride. This is clearly shown by infrared and X-ray examin- 
ations of the solid. No tetramethylammonium hexachlorophosphate was formed. 

A conductometric titration of a solution of phosphorus pentachloride in liquid hydrogen 
chloride with boron trifluoride as an acceptor is plotted in Fig. 3. The slope is of the usual kind 
for this type of acid—base reaction in liquid hydrogen chloride, with a break at a ratio corre- 
sponding to the formation of the compound fetrachlorophosphonium chlorotrifluoroborate. This 
compound is isolated as a solid on evaporation of the solvent. Its infrared spectrum ” suggests 
an ionic structure PCl,*BF,Cl- (Found: B, 3-8; Cl, 64:7; F, 19-1; P, 11-3. BCl,F,P requires 
B, 3-9; Cl, 64-2; F, 20-7; P, 11-2%). Unexpectedly, a different result is obtained when boron 
trichloride is titrated against phosphorus pentachloride (Fig. 3). The conductivity of the 
pentachloride solution drops, on the addition of boron trichloride, much further than in the 
BF; titration and the plotted results show a break only at or slightly below a molar ratio of 
two. The initial- and end-values of the conductance differ by the unusually large factor of 
almost 200. The reaction product of phosphorus pentachloride and boron trichloride is soluble 
in liquid hydrogen chloride until a molar proportion of BCI, : PCl,; = 0-8—0-9is reached. Above 
this ratio a white precipitate separates which continues to form as more boron trichloride is 
added. The shape of the plot of the conductometric titration leads to the conclusion that in 
liquid hydrogen chloride a compound corresponding to the formula PC1,,2BCl, is formed. The 
analysis of the precipitate is in accord with this conclusion (Found: B, 4-9, 5-1. B,Cl,,P requires 
B, 4.9%). 

#3 Fialkov, Kuzmenko, and Kostromina, Ukvrain. khim. Zhur., 1955, 21, 556. 

4 Gutmann, Monatsh., 1952, 88, 583. 

%* Gutmann and Mairinger, Z. anorg. Chem., 1957, 289, 279. 


7 cman Rec. Trav. chim., 1952, '71, 1152; 1956, 75, 594; Groeneveld and Zuur, ibid., 1953, 
7 


” Waddington and Klanberg, J., in the press. 
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At room temperature, the precipitate cannot be stored in sealed tubes without losing half 
of its boron trichloride. The structure of the 1 : 2 addition compound is not yet known, but its 
instability suggests that the second molecule of boron trichloride may be only loosely associateg 
with the stable compound tetrachlorophosphonium tetrachloroborate (Found: B, 3-2; q, 
87-1; P, 9-4. Calc. for BCI,P: B, 3-3; Cl, 87-2; P,9-5%). Itis noteworthy that the existence 
of an analogous addition compound corresponding to the formula PCI,;,2BBr, has beep 
reported.?® 

Typical neutralization reactions in liquid hydrogen chloride may also be studied by purely 
preparative methods when chlorosulphuric acid is made one partner. The acid is soluble in 
liquid hydrogen chloride and partly ionizes according to the process: 





HSO,CI + HCI a ee 





With solvo-bases such as tetramethylammonium chloride or phosphorus pentachloride, acid- 
base reactions can then proceed according to the schemes: 


Me,Nt + HCI,~ + SO,CI~ + HyClt ——> Me,N(SO,Cl) + 3HCI - . . . . 
PCI,+ + HCls~ + SO,CI~ + H,CIt ——p> PCI,(SO,CI)) + 3HCI. . . . . . & 


The resulting salts, tetramethylammonium chlorosulphate and tetrachlorophosphonium chloro- 
sulphate are readily soluble in liquid hydrogen chloride but can be obtained as white solids 
when the solvent is evaporated (Found: Cl, 18-3; S, 17-1. C,H ,,CINO,S requires Cl, 18-7; 
S, 16-9%. Found: Cl, 61-2; P, 10-9; S, 11-3. Cl;O,PS requires Cl, 61-5; P, 10-7; S, 11-19%), 

A mole of hydrogen chloride is formed for each mole of salt produced in the reaction. This 
increase of the volume of hydrogen chloride can easily be measured and assigned to the 
quantitative reaction. 

The tetrachlorophosphonium chlorosulphate, PCl,SO,Cl, which is easily, and possibly even 
exclusively, obtainable in liquid hydrogen chloride, can also be regarded as an adduct of 
phosphorus pentachloride and sulphur trioxide. In this sense, the compound exhibits a close 
correlation to the well-known addition compounds of selenium and tellurium tetrachlorides, and 
sulphur trioxide, the structures of which have recently been interpreted in terms of salts of 
chlorosulphuric acid: SeCl,*SO,Cl~ and TeCl,*SO,CI-.® 

Tetrachlorophosphonium chlorosulphate cannot be made, however, from sulphur trioxide or 
chlorosulphuric acid and phosphorus pentachloride either directly or by using organic solvents. 
Under these conditions, the products of a vigorously exothermic reaction invariably consist of 
a mixture of phosphorus oxychloride, sulphony! chloride, and other secondary products. The 
white salt tetrachlorophosphonium chlorosulphate is unstable at room temperature, and starts 
decomposing after some time into a liquid mixture. 

Recent developments have shown that the view, introduced by Gutmann,” that complex 
formation with phosphorus oxychloride is achieved by chloride-ion donation, has to be modified 
as oxygen co-ordination appears to play a vital part in the structure of some solid phosphorus 
oxychloride adducts.*4_ On the other hand, Baaz and Gutmann ”* have argued supporting the 
existence of an equilibrium POC], == POCI,* + Cl- in solution. Results by Spandau 
and Beyer,** who carried out an electrolysis of phosphorus oxychloride, also apparently favour 
the existence of an individual POCI,* ion. 

We believe that our results on the behaviour of phosphorus oxychloride in liquid hydrogen 
chloride suggest that, in these solutions, phosphorus oxychloride undergoes ionization according 
to the scheme: 


POCI, + HClag=@ POCIt+HCL- .....- ss s+ @ 


Fig. 4 shows the conductometric titration of a solution of phosphorus oxychloride in liquid 
hydrogen chloride with boron trichloride. The initial conductance drops sharply and 
reproducibly when a small addition of boron trichloride is made. Then the conductivity 
increases steadily until a molar ratio of 1: 1 is reached. The addition compound corresponding 
18 Tarible, Compt. rend., 1901, 182, 83. 
19 Gerding, Rec. Trav. chim., 1956, 75, 589. 
2° Gutmann, Z. anorg. Chem., 1952, 270, 179; Monatsh., 1952, 83, 164. 
*1 Lindquist, Acta Chem. Scand., 1958, 12, 135. 
22 Baaz and Gutmann, Monatsh., 1959, 90, 426. 
23 Spandau and Beyer, Naturwiss., 1959, 46, 400. 








smo & Oo enikeo = 


= a. @® 


re: 





it its 
ated 

Cl, 
ence 


rely 
le in 


(5) 


cid~ 


“ven 


and 
s of 


le or 
nts, 
st of 
The 


plex 
ified 
orus 
' the 
dau 


your 








(1960) Chloride as an Ionizing Solvent. Part Il. 2337 


to the formula POCI,,BCI, is obtained as a white solid after evaporation of the solvent. It can, 
if necessary, be purified further by sublimation im vacuo (Found: B, 4-1; Cl, 78-7. -Calc. for 
BCI,OP: B, 4:0; Cl, 78-6%). We are unable to explain the curious initial behaviour of 
the conductivity during the titration of boron trichloride against phosphorus oxychloride. 
Previous attempts to prepare a co-ordination compound of boron trifluoride and phosphorus 
oxychloride have been unsuccessful,** even when the components were mixed in light petroleum 
at temperatures as low as —80°. In liquid hydrogen chloride, however, the preparation 
ts no difficulties. The adduct had m. p. —3° (decomp.) (Found: B, 5-0; Cl, 46-2; 
F, 25-2; P, 141. BCI,F,OP requires B, 4-9; Cl, 48-1; F, 25-8; P, 141%). 

We then re-investigated the reaction between thionyl chloride and boron trichloride; how- 
ever, we have obtained results only confirming those of Burg and Ross.** Neither the con- 
ductometric titration nor preparative work gives any evidence of a co-ordination compound. In 
liquid hydrogen chloride the donor strength of thionyl chloride is very feeble and the compound 
is inappreciably ionized. 
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The passing of phosphine into liquid hydrogen chloride yields phosphonium chloride which 
is to some extent soluble in the solvent and gives a moderately conducting solution. This 
solution can be titrated with boron trichloride or trifluoride; the curve for the latter is recorded 
in Fig. 4. The limited solubility probably gives rise to some deviations from linearity, but there 
is a clear break when the ratio of the reactants is 1:1. Phosphonium chlorotrifluoroborate is a 
slightly yellowish solid; its stability is greater than that of phosphonium bromide but lower 
than that of phosphonium iodide. Under its own dissociation pressure it can be kept in sealed 
tubes, which have to be cooled before being opened (Found: B, 7-7; Cl, 22-1. BCIF,;H,P 
requires B, 7-8; Cl, 25-6%). 

In exactly the same way, phosphonium tetrachloroborate, PH,BCl,, has been prepared. In 
the absence of air this compound is as stable as phosphonium iodide (Found: B, 5-8; Cl, 73-9. 
BCI,H,P requires B, 5-8; Cl, 75-9%). 

Since Clusius and Haimerl *5 had found rapid exchange to occur between PCI, and H**Cl and 
had attempted to explain this by postulating HPCl, as an intermediate, we have performed 
some experiments with phosphorus trichloride in liquid hydrogen chloride. Although phos- 
phorus trichloride is very soluble in this solvent, the solutions are non-conducting, provided no 
traces of phosphorus oxychloride are present. With a strong base, such as tetramethylammon- 
ium chloride, no reaction takes place. A conductometric titration of phosphorus trichloride in 
liquid hydrogen chloride with an acceptor, such as boron trichloride, disproves any reaction in 
which ionic species are involved. However, after the removal of the solvent and excess of boron 
trichloride by evaporation ‘a colourless liquid is obtained which corresponds to the formula 
PCI,,BCl, (Found: B, 4-1; Cl, 83-7. Calc. for BCI,P: B, 4:3; Cl, 83-6%). 

Liquid phosphorus trichloride and boron trichloride are also miscible in every proportion 
without precipitation. A 1:1-molar mixture solidifies at —63° to —64°. Stieber ** first 
mentioned the existence of the compound phosphorus trichloride-boron trichloride but it is 
doubtful whether he ever obtairfed it. His statement that it is a white solid at room temper- 
ature which can be sublimed without decomposition has to be revised. It is significant that 

* Burg and Ross, J. Amer. Chem. Soc., 1943, 65, 1637. 


* Clusius and Haimerl, Z. phys. Chem., 1942, B, 1, 347. 
* Stieber, Compt. rend., 1932, 195, 610. 
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these wrongly ascribed properties actually coincide with those of the adduct of phosphorus Oxy- 
chloride and boron trichloride. 


DISCUSSION 

Addition compounds of phosphorus trichloride are generally established by dative 
bonding between the x-electron pair of phosphorus and vacant d- or /-orbitals of 
an acceptor. Ionic structures such as PCl,~ or PCl,* are so highly unfavoured that their 
contributions can be virtually excluded. There is every reason to suppose that the 
covalent boron—phosphorus bond in the 1:1 phosphorus trichloride—boron trichloride 
adduct is relatively weak and that the forces between the two molecules are only 
van der Waals forces, so that the low melting point of the compound, —64°, becomes quite 
explicable. 

On the basis of the results presented in this paper and in Part I, it is possible to classify 
the investigated materials as regards their donor- or acceptor-function for chloride ions in 
liquid hydrogen chloride. Qualitatively, the following compounds are donors or acceptors: 


Donors: Me,NCl, EtsNCl, PCl;, POCI,, CH,-COCI, PH;, NOCI, (C,H;),CCl, Pyridine 
Acceptors: HSO,Cl, SbF,;, BF, BCl,, AlCl. 


A more elaborate distinction between these materials can be made if their relative strengths 
as donors or acceptors, #.e., their relative abilities to furnish H,Cl* or HCl,~ ions in liquid 
hydrogen chloride, are taken into account. These criteria allow four classes of materials 
to be distinguished, namely strong bases, medium strong bases, weak acids, and practically 
non-ionized substances. 


Acid—base behaviour in liquid hydrogen chloride. 


bio kw eee ee oreo PCl,, Me,NCI, (C,H,),CCl, Pyridine 
I COUN DOGO iiss ccsscicccisiccscdcccesenscces Et,NCl, CH,*COCI, POCI,, PH, 
RR RIED ite aditieercesccausiotentebidsrtectisinints SbF,, HSO,Cl 


Feebly ionized compounds and non-electrolytes NOCI, SOCI,, PCl;, SiCl,, BCl,, BF, AlCl,, B(C,H,), 


One general deduction that can be drawn from the Table is the striking preponderance 
of base-like compounds over acid-like materials. Bases tend to be strong or very strong 
while acids are few and also weak. It is interesting that relatively the strongest acid we 
have found is a fluoride. We have not yet examined arsenic and phosphorus pentafluorides 
which possibly might behave similarly. An example of the unpredictability of the donor- 
or acceptor-strength of compounds in liquid hydrogen chloride is the case of boron 
trifluoride. This is one of the most powerful acceptor molecules so that a strongly acidic 
solution might be expected in liquid hydrogen chloride. In fact, 0-1—2 molar solutions 
are very poorly conducting. The same holds for boron trichloride. This is highly soluble 
in the solvent but the conductance of its solution indicates very feeble ionization. More- 
over, as Martin *’ has pointed out, the existence of the free acid HBCl, seems doubtful. 

Both conductometric measurements * and exchange reactions ?® have shown that the 
equilibrium concentration of AICl,~ in liquid hydrogen chloride is also extremely low. 
These results entirely fit in with the picture of the behaviour of the boron halides. 

The general infrequency of occurrence of acids in liquid hydrogen chloride is one of the 
features in which this material resembles liquid hydrogen fluoride most closely. In both 
cases, the relative ease with which the corresponding anions HF,~ and HCl,~ are formed 
is contrasted by a great reluctance to form cations H,F* and H,Cl* corresponding to them. 


The authors thank Professor H. J. Emeléus, F.R.S., for encouragement and advice and for 
the provision of facilities and Deutsche Akademische Austauschdienst for a grant to one of 
them (F. K.). 
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27 Martin, ]. Phys. Chem., 1947, 51, 1400. 

28 Richardson and Benson, J]. Amer. Chem. Soc., 1951, 73, 5096. 

*® Blau, Carnall, and Willard, J. Amer. Chem. Soc., 1952, 74, 5762. 
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S oxy. 467. The Infrared Spectra of Some New Compounds of Boron 


Trifluoride, Boron Trichloride, and Sulphur Trioxide. 


— By T. C. WappINGTON and F. KLANBERG. 

of 

t their § In some work on the properties of liquid hydrogen chloride as an 
it the ionizing solvent, a number of new compounds, containing the groups PH,"*, 
lorid PCi,*, SO,Cl-, BCl,~, and BF,CI-, have been prepared, together with some 
re others, such as POCI],,BCl, and POCI,,BF;. In this paper their infrared 


es spectra together with the infrared spectra of some similar compounds are 
) quite reported and discussed. It is concluded that POCI,,BCl, and POCI,,BF; 
have the Cl,PO-> BCI, and Cl,PO- BF, structures. 


lassi 
wer Ix previous papers** the authors reported the preparation of the following com- 
ptors: pounds: Me,N*BCl,~, Et,N*BCl,~, PCl,*BCl,~, PH,*BCl,~, Me,N*BF,Cl-, Et,N*BF,CI-, 
- NOBF,Cl, PH,*BF,Cl-, PCl,*BF,Cl-, MesN*SO,Cl-, and PC1,*SO,CI-. The infrared 
Tidine spectra of these compounds are now recorded together with those of POCI;,BCl,, 
POCI,,BF;, Et,0,BF;, C;H;N,BF;, and C;H;N,BCl,, in the range 4000—400 cm.*. The 
engths spectra have been analysed, and the characteristic frequencies of the BCl,~, BF,Cl-, 
liqud ff S0,CI-, PCl,*, and PH,* ions determined, and as far as possible a vibrational assignment 
terials | has been made. From the infrared spectra of POCI;,BCl, and POCI;,BF;, it is concluded 
tically that in these compounds co-ordination to the boron takes place through the oxygen and a 


B-O stretching frequency has been assigned. In POCI,,BF, the absence of a B-Cl 
stretching frequency rules out the possibility of a POCI,*BF,Cl- structure. 


EXPERIMENTAL 


Maiterials.—The preparations and analyses of the compounds have been given in previous 
2H;); papers,? except for those compounds described below. The diethyl ether—boron trifluoride 
complex was made as described in Inorg. Synth., 1957, vol. V. The pyridine—boron tri- 


wad fluoride complex was made by adding dry pyridine to the boron trifluoride-ether complex 
strong and distilling off excess of the ether complex with the displaced ether. The pyridine—boron 
id we trichloride complex was made by distilling*excess of boron trichloride on to frozen pyridine in a 
orides vacuum-line, allowing the mixture to warm gradually, and distilling off the excess of boron 
lonor- trichloride. 

boron Apparatus and Method.—The infrared spectra of the compounds were taken with a Perkin- 
acidic Elmer 21, double-beam, continuously recording spectrophotometer. A rock-salt prism was 
tions used in the range 4000—650 cm.*1, and a potassium bromide prism in the range 800—400 cm."1. 
oluble Solids were finely powdered in an agate mortar and made into a mull, either with Nujol or with 
More- hexachlorobutadiene. The mull was then smeared between rock-salt or potassium bromide 
‘ul plates. Liquids were similarly smeared as thin films. 

at the RESULTS AND Discussion : 
#.. (A) Infrared Spectrum of the BCl,- Ion.—The infrared spectra of Me,N*, Et,N*, 
of the C;H;NH*, PH,*, and PCI,* tetrachloroborates were taken, and the contribution of the 


“both BCl,~ ion was identified by comparison with the infrared spectra of other salts of the same 
cations. The spectra contained two strong bands at about 692 and 664 cm.-, and three 


—_ weak bands at about 1275, 1380, and 1460 cm.-, all attributable to the BCl,~ ions. 

Kynaston and Turner ® have reported on the infrared spectra of tetramethylammonium 

nd for and potassium tetrachloroborate. Our results for the above salts are in good agreement 
one of with theirs. 

The BCl,~ ion, like the isoelectronic carbon tetrachloride molecule, should be tetra- 

159) hedral and have only two fundamental vibration frequencies active in the infrared, v, 


i Waddington and Klanberg, Naturwiss., 1959, 46, 578. 
a W addington and Klanberg, preceding papers. 
* Kynaston and Turner, Proc. Chem. Soc., 1958, 304. 
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and vy. By comparison with the infrared spectrum ‘ of carbon tetrachloride (v, = 395 
cm.*), only one of these, vs, will be expected to be active above 400 cm.+. In fact, two 
peaks are active in the infrared, split by almost exactly the same amount in all cases. 
There are two possible explanations of this splitting. It may be due to the two isotopic 
species !©BCl,~ and “BCl1,-, or it may be due to the interaction by Fermi resonance of the 
combination v, + »,, which has the same symmetry as v,, with vs, as a result of which it is 
shifted and gains in intensity. Two reasons suggest that the latter explanation is correct: 
first, the splitting is larger than one would expect for the two isotopic species and, secondly, 
a similar splitting is observed in carbon tetrachloride (vg, v, + v4; 797, 768 cm."). It is 
noteworthy that the splitting in carbon tetrachloride, 29 cm.*, is almost exactly the same 
as that in BCl,-, 28—30 cm.+. We therefore conclude that the strong peaks at 692 and 
664 cm. in the BCl,~ spectrum are v, and v, + v4. The fact that the strongest combin- 
ation bands in the infrared spectrum of carbon tetrachloride are 2v, + 2v,, v, + v4 + w, 
and 2v, (1529, 1546, 1575 cm.~) suggests fairly strongly that the three bands in the infrared 
spectrum of BCl,~, 1275, 1380, 1460 cm."!, may be given the same assignment. 

(B) Infrared Spectrum of the PCl,* Ion.—The infrared spectra of the PCl,~, BC], 
BF,CI-, and SO,Cl- salts of PCl,* were taken, and the contribution of the PCl,* ion was 
identified by comparison with the infrared spectra of other salts of the same anions. The 
spectra contained two strong bands at about 584 and 650 cm. and three weak bands at 
about 1160, 1215, and 1309 cm.", all attributable to the PCl,* ion. 

The PCl,* ion, like the isoelectronic silicon tetrachloride molecule, should be tetrahedral 
and have only two fundamental frequencies active in the infrared, v, and vy. By com- 
parison with the infrared spectrum 5 of silicon tetrachloride (v, = 221 cm.-) only one of 
these, vz, will be expected to be active above 400 cm.. In fact, two strong peaks are 
active in the infrared region. One of these must be v,, and the other is probably v, + vy, 
since this is observed close to v, in the infrared spectrum of silicon tetrachloride (vs = 621 
cm.1; v, + vg = 647 cm.*). Of the three weak bands at 1160, 1215, and 1309 cm.* in 
the spectrum of PCI,*, the one at 1309 cm.~ is by far the strongest and the others are very 
weak. They are probably the three combination bands 2v, + 2v,, vy + vg + vg, and 2y. 

(C) Infrared Spectrum of the PH,* Ion.—The infrared spectra of phosphonium iodide, 
tetrachloroborate, and trichlorofluoroborate were taken, and the contribution of the PH,* 
ion was identified by comparison with the infrared spectra of other salts of the same anions 
and by comparison with the infrared spectrum of phosphine. This last step was necessary 
because of the high dissociation pressure of the compounds, phosphine being one of the 
dissociation products. The infrared spectrum of phosphonium iodide has previously 
been studied ® in detail at —190°. Only two fundamental frequencies of the PH,* ion, 
vg and v4, are active in the infrared region and both these are found in all three compounds. 
They are observed at the following frequencies (in cm.1): PH,lI, v, 2345, v, 945; PH,BCl, 
vg 2445, v, 982; PH,BF,Cl, v, 2380, v, 980. It should be noted that quite large shifts have 
taken place in v, in going from phosphonium iodide to the tetrachloroborate, comparable 
to the size of shifts encountered in ammonium salts and quite unlike the constancy in 
value of v, found in PCl,*. However, the combination and overtone bands 2v, and 
vg + v4 which occur in many ammonium salts are not found, and the intensities of ¥ 
and v, are much lower than in the ammonium ion, probably because of the much lower 
polarity of the P-H than of the N-H bond. 

(D) Infrared Spectrum of the SO,Cl- Group.—The SO,Cl~ group has the C3, symmetry 
and should have six fundamental vibration frequencies, all infrared active. The spectrum 
of the group is very similar to that of the SO,F~ group, whose infrared spectrum has been 
examined and assigned by Sharp? and whose Raman spectrum has been studied by 


* Herzberg, ‘ Infrared and Raman Spectra,” van Nostrand, New York, 1945. 
5 Smith, J]. Chem. Phys., 1953, 21, 1997. 

* Martinez and Wagner, J. Chem. Physics, 1957, 27, 1110. 

7 Sharp, J., 1957, 3761. 
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Siebert. The infrared spectra of PCl,*SO,Cl- and Me,N*SO,CI- were taken, and the 
contribution of the SO,Cl~ ion was identified by comparison with the infrared spectra of 
other salts of the same cations. The results are given in Table 1, with Sharp’s results 
for SO,F~ for comparison. 

It will be seen that the present assignment of frequencies is slightly different from 
that of Sharp, who, on the evidence of SO,F~ alone, assigned the peak at 1277 cm.* to 
v,(4;) + vs(Z) and that at 1299 to v,(Z). The evidence from the infrared spectrum of 
S0,Cl- seems to indicate a reversal of this assignment. 

(E) Infrared Spectrum of the BF,Cl- Group.—Like the SO,CI~ group, this group has 
the C3, symmetry, with 6 fundamental vibration frequencies, all active in the infrared 
region. It is isoelectronic with chlorotrifluoromethane, whose infrared spectrum has been 
examined by Thompson and Temple.® The infrared spectra of tetramethylammonium, 
tetrachlorophosphonium, phosphonium, and nitrosyl chlorotrifluoroborates were recorded, 
and the contribution of the BF,Cl- group was identified by comparison with the infrared 
spectra of other salts of the same cations. The frequencies and assignments are given 
in Table 2, together with the corresponding assignments in chlorotrifluoromethane for 
comparison. 

(F) Infrared Spectra of POCI;,BF, and POCI,,BCl,—There are two possible structures 
for these compounds: they can either be POCI,*BF,Cl- and POCI,*BCl,~ or Cl,PO> BF, 
and Cl,PO->BCl,. The infrared spectra of both these compounds have been recorded 
and compared with these of (C,H;),0O-> BF;, BF,Cl-, CsH;N,BF;,!° C;H;N,BCl,, and BCl,~. 
The assignment of frequencies in POCI];,BF; is unequivocally in favour of the Cl,PO> BF;. 


TABLE 1. The infrared spectrum of the SO,Cl- group (cm.*). 


Me,NSO,Cl PC1,SO,Cl KSO,F Assignment 
535 540 S-Cl stretch v, (A) 
565 562 565 sym. SO, deform. v, (A) 
585 580 583 asym. SO, deform. v, (E) 
732 S-F stretch v, (A) 
970 
1044 1044 1073 sym. S-O stretch », (A) 
1150 1160 2 (Ay) + ¥ (E) 
1275 1250 * 1277 asym. S-O stretch », (E) 
1299 vq (Ay) + vs (E) 


TABLE 2. The infrared spectra of the BF,Cl- group (cm.*). 


PC,BF,Cl PH,BF,Cl NOBF,Cl Me,NBF,CI_ CF,Cl Assignment 
466 456 478 sym. X-F def. v, (A,) 
ba 96 3 
aes = — to asym. X-F def. v, (E) 
650 645 645 783 X-Cl stretch v, (A,) 
765 767 vg (E) + vs (Aj) 
S44 854} 1092 
880 887 1102 sym. X-F stretch vy, (A,) 
1112 
1028 1040 1037 1210 . 
ies =} )=«(1077 «+ ~soto7t: SS s1965 S 88m. X-F stretch », (E) 
1200 1195 1194 1198 vq (Ay) + v5 (E) 


No peak which can be reasonably assigned to a B-Cl stretching mode can be found in the 
infrared spectrum of the compound, so no BF,CI~ cation can be present. Furthermore, 
a peak, assigned to the B-O stretching mode, is found close to that in the diethyl ether— 
boron trifluoride complex. The absorption bands found in the infrared spectrum of 
phosphorus oxychloride-boron trifluoride, their assignments, and the relevant parts of 
the infrared spectra of some other compounds are given in Table 3. 

* Siebert, Z. anorg. Chem., 1957, 289, 15. 


* Thompson and Temple, J., 1948, 1442. 
* Katritzky, /., 1959, 2049. 
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The interpretation of the infrared spectrum of phosphorus oxychloride-boron trichloride 
is less unequivocal. It is not possible on the B-Cl stretching frequencies alone to decide 
between the two possible structures. However, the presence of the additional frequency 
at 1190 cm., which we assign to B-O stretching, by comparison with phosphorus oxy- 
chloride-boron trifluoride and diethyl ether—boron trifluoride, and which could not occur 
in the Cl,PO*BCl,~ structure, is strong evidence in favour of the Ci,;PO,BCl, structure. 
The spectra of these compounds are given in Table 4. 

One of the most interesting features of the infrared spectra of the boron trifluoride and 
trichloride complexes with phosphorus oxychloride is that the P-O stretching frequencies 
are hardly shifted at all from that of the unco-ordinated phosphorus oxychloride: POCI,, 
1290—1300 cm.; POCI,,BF;, 1298 cm.+; POCI,,BCl,, 1293 cm.+. This is in marked 
contrast to the behaviour of the phosphorus oxychloride adducts with stannic chloride and 
titanium tetrachloride prepared by Sheldon and Tyrer," who found the frequency lowered 
by as much as 75 cm.. Of course, it is just possible that the assignments of the P-0 
and B-O frequencies could be reversed in these two compounds, but this seems improbable, 
particularly as the frequencies at 1290 in POCI,,BCl, and POCI,,BF, seem to have much 
the same shape and intensity as that in phosphorus oxychloride itself. An explanation 
of the difference in these results and those of Sheldon and Tyrer may be that since neither 
boron trifluoride nor boron trichloride has any available d-orbitals on the central atom in 


TABLE 3. The vibration spectra of some BF, adducts (cm.").* 


POCI,, BF; (C,H;),0,BF, C,H,;N,BF, BF,Cl- BF,- 
v Assmt. v Assmt. v Assmt. v Assmt. v Assmt. 
486 


532 BF;, asym. 520)\-B’F,,-B"F, 517)\-BF,,-B™F, | lal at 
deform. 5307 asym. deform. 525/ asym.deform. 532/ asym. deform. 5357 », 


645 B-Cl stretch 


combin. 


nan) Ot Ya 759 Combination 744 Combination 766 v, + v3 770 Weak », 
— band band band (forbidden) 


ro stretch 9005 stretch 9125 stretch 8875 stretch 
1030 . 1025, ; 1125\asym. BF,  1040\asym. BF, —-1033)», 
1og2}48ym. BF, jogs}asym. BF, 1168} stretch 1077) abeetch 1058 
1150 B-Ostretch 1166 B-Ostretch 1249 B-N stretch 

1298 


ous Ye BF,  876\sym. BF, 893 sym. BF, 854\sym. BF, 


* POCI, has frequencies 484, 588, and 1290 cm.*. 


TABLE 4. The vibration spectra of some BCl, adducts. 


POCI, POCI,,BCl, C,H;N,BCl, BCl,- W 
v v Assmt. v Assmt. v Assmt. 
484 482 
588 585 
667 ; 715 
700 } B-Cl stretch 157 
1190 B-O stretch 1103 B-N stretch 
1293 1275 2v, + 2% 
1380 Vy + met Ms 
1460 2v5 


. 663 y+ % 
} B-Cl stretch a 


the P-O-B bond there can be no px-dz bond between the oxygen and the boron and 
hence no delocalization of the z-electrons in the P=O bond. However, in stannic chloride 
and titanium tetrachloride vacant d-orbitals are readily available on the central metal 
atom and hence the z-electrons of the P=O bond can readily co-ordinate into the d-shell 
of the metal producing a px-dx bond between the oxygen and the tin or titanium with 


11 Sheldon and Tyrer, /. Amer. Chem. Soc., 1958, 80, 4775; 1959, 81, 2290. 
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subsequent delocalization of the x-electrons across the P-O-Sn bonds, increasing the Sn-O 
bond strength but weakening the P=O bond. This weakening is then reflected in the 


infrared spectra. 


UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, November 11th, 1959.] 


468. Linear Free-energy Relations in the Steroid Series. Basic 
Strengths of Aminocholestanes. 


By C. W. Birp and R. C. Cookson. 


Equatorial aminocholestanes are generally more basic than their axial 
epimers. Because of interference with the 15-methylene group the 76-di- 
methylamine is abnormally weak. A plot of the pK, of the equatorial 
amines, cyclohexylamine and 2a-, 38-, 6a-, and 78-aminocholestane, against 
the logarithm of the rate of oxidation of the corresponding alcohol with 
chromic acid gives a straight line. The points for the axial 3«- and 7a- 
positions fall on a separate but parallel line. The line connecting points 
for the pair of axial positions opposed to the 10-methyl group, 28 and 68, is 
also parallel but even further displaced.? 


In order to clarify the influence of hindrance to solvation of ions on acid—base equilibria * 
we required a series of epimeric amines attached to a rigid, non-polar framework of known 
conformation. For the purpose we selected the aminocholestanes. 

Reduction of the oximes of the various cholestanones gave in each case a mixture of the 
two epimeric amines, more equatorial amine from sodium and alcohol, more axial amine 
from lithium aluminium hydride. Methylation of the primary amines was effected with 
formaldehyde and formic acid. The bases were purified as their hydrochlorides or hydro- 
bromides (most of which were soluble in chloroform and some even in benzene). 

The problem of selecting an aqueous solvent in which all the bases and their salts were 
sufficiently soluble for determination of their dissociation constants was solved by using 
50% t-butyl alcohol. Measurements, made with a glass electrode and calomel standard, 
were reproducible within -+-0-03 unit of pK,. Although the values no doubt differ from 
the true thermodynamic constants, deviations are probably roughly constant throughout 
the series. To compare the solvent with better documented systems, such as ethanol- 
water, Fig. 1 shows the apparent pK, of cyclohexylamine in mixtures of water and t-butyl 
alcohol of varying composition, together with the values recorded * for methylamine in 
mixtures of ethanol and water. Ona molar scale t-butyl alcohol seems to be more effective 
than ethanol in breaking down the quasicrystalline structure of water. 

Since in general an ion will be more heavily hydrated than a neutral molecule, a 
decrease in solvation of a protonated base due to shielding by unsolvated hydrocarbon 
groups will cause a fall in basic strength. Although the amines are undoubtedly solvated 
in aqueous solution, the heat of hydration of the protonated ammonium ions is probably 
at least 70—80 kcal./mole greater,5 so that one is justified in concentrating attention on 
changes in hydration of the ions. The pK, values of the pairs of epimeric amino- 
cholestanes listed in Tables 1 and 2 justify the resulting expectation that an axial amine, 
being usually less accessible to solvation when protonated, should be a weaker base than 
its equatorial epimer. In this system the only polar effects within the molecule will be 
those from the negligible C-H dipoles and the inductive effect, which will be the same for 


Preliminary note: Bird and Cookson, Chem. and Ind., 1955, 1479. 
® For full details see Bird, Ph.D. Thesis, London, 1957. 

3 Wepster, Rec. Trav. chim., 1957, 76, 357. 

* Gutbezahl and Grunwald, J. Amer. Chem. Soc., 1953, 75, 559, 565. 
* Briegleb, Z. Elektrochem., 1949, 58, 350. 
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each of a pair of epimers and very nearly the same for the 2- and 3-amines and for the ¢. 
and 7-amines. 

In general, the more hindered the position on the cholestane nucleus, the greater the 
difference between the basicity of the epimers, in the increasing order, 3, 2, 7, 6. Even 
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in our small range of bases, there are however some exceptions to the general rule: it can | 
perhaps be applied safely, at least in our solvent, only to epimeric cyclohexylamines in 
which the axial epimer is hindered by at least one additional non-polar, axial 3-substituent. ) 
Thus the 3-amino-steroids do not conform to the rule: 3«-aminocholestane is stronger than 


TABLE 1. Primary amines. 


Compound Conformation pK, Compound Conformation pK, 
Cyclohexylamine ......... (eq) 9-71 6a-Aminocholestane ...... eq 8-99 
2a-Aminocholestane ...... ex 9-25 68-Aminocholestane ...... ax 8-38 ’ 
28-Aminocholestane ...... ax 8-99 7a-Aminocholestane ...... ax 8-21 
3a-Aminocholestane ...... ax 9-42 7B-Aminocholestane ...... eq 8-55 
38-Aminocholestane ...... eq 9-30 I 

c 
TABLE 2. Tertiary amines. 
Conform- Conform- 
Compound tion pK, Compound ation pK, 
Dimethylcyclohexylamine ...... (eq) 8-81 3a-Dimethylaminocholest-5-ene ax 8-53 
2a-Dimethylaminocholestane ... eq 8-38 38-Dimethylaminocholest-5-ene eq 8-18 


ga, - ef oes eel: 


28-Dimethylaminocholestane ... ax 8-09 3a-Dimethylaminocoprostane... eq 8-36 
3a-Dimethylaminocholestane ... ax 8-32 _Di : . 
38-Dimethylaminocholestane ... eq 8-55 yn ae we: 
6a-Dimethylaminocholestane ... eq 8-10 

68-Dimethylaminocholestane ... ax 7-56 

7a-Dimethylaminocholestane ... ax 7-48 

7B-Dimethylaminocholestane ... eq 6-69 a 


its equatorial epimer, although the normal relative basicities hold when the amines are ! 
methylated; the accuracy of our measurements does not distinguish between the basicities 
of the two 3-dimethylaminocoprostanes; the axial epimer is the stronger of the two 
3-dimethylaminocholest-5-enes. The presence of unsaturation near the basic centre 
renders the last, of course, a special case. For example, the equatorial amine might be 
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made less basic by the C -»— C= dipole, or the axial salt might be stabilised by hydrogen- 
bonding to the double bond, either direct or through a water molecule. Cj) is also the 
most easily distorted position on the cholestane nucleus. 

The 7-dimethylaminocholestanes present a particularly interesting anomaly. Although 
7a-aminocholestane is, as expected, a weaker base than its equatorial epimer, 7«-dimethyl- 
aminocholestane is stronger than 7$-dimethylaminocholestane. In other words, whereas 
methylation of cyclohexylamine and the other seven aminocholestanes causes an average 
fall in pX, of 0-9 (with extreme values of 0-7 and 1-1), methylation of 78-aminocholestane 
lowers the pK, by 1-9, yielding much the weakest of the whole series of bases. The most 
stable conformation of the cyclohexyldimethylammonium ion would be expected to be 
that with the *N-H bond parallel to the axial bonds and the hydrogen atom strongly 
bonded to the solvent. In 7$-dimethylaminocholestane the 15-methylene group makes 
that conformation impossible and renders the hydrogen atom inaccessible to the solvent.* 
One can see that in a model the axial 28- and even 68-dimethylamines, though hindered, 
are more accessible, and they are in fact not abnormally weak. 

In a mixture of water and t-butyl alcohol the ammonium ions will presumably be 
surrounded by a primary solvation shell of water molecules only, succeeded by the secondary 
shell which may well also consist mainly of water molecules. Solvation will, of course, 
be centred on the positive nitrogen atom, and the projection of an unsolvated hydrocarbon 
residue through the “‘ iceberg ’’ ? frozen around that atom will reduce solvation and weaken 
the base. Now the strengths of the equatorial amines decrease in the order cyclohexyl- 
amine > 38- > 2a- > 6a- > 78-aminocholestane. In the first three bases at least the 
inductive effects and the usually recognised repulsions between unbound atoms are almost 
identical, so that the decreasing basicity can be attributed to increasing disruption of the 
solvation shell: a charge 5 A or more from the nitrogen atom causes an appreciable change 
in basicity. 

In a paper * that appeared after our work was finished Hall showed that the pK, values 
of unhindered primary amines varied linearly with Taft’s o* values for substituents. 
Plots of the pK,,’s of secondary and tertiary amines against the sum of the substituents’ o* 
values also gave straight lines, but points for each class of amine (primary, secondary, 
tertiary) lay on separate lines. Branching of the chain made a primary or secondary 
amine weaker than predicted from the polar o* values, although it did not affect the 
strength of tertiary amines. Hall therefore concluded that tertiary amines are much less 
susceptible to hindrance to solvation than other amines. Thus 1,2,2,6,6-pentamethyl- 
piperidine ® is the most basic of all tertiary amines. The dramatic fall in pK, of 7$-di- 
methylaminocholestane shows, however, that in suitable circumstances tertiary amines 
are more weakened by hindrance than are primary. 

Comparison 1° of the equilibrium constants (K) for the aminocholestanes with the rate 
constants (k) for oxidation of the corresponding alcohols to ketones by chromic acid 
yields some interesting regularities. In Fig. 2, log K (=pK,) for the primary amines is 
plotted against log & for oxidation of the corresponding alcohols. A similar plot for the 
tertiary amines is shown in Fig. 3. Although there is an almost perfect linear relation for 
the equatorial compounds, the points for the axial epimers do not lie on the same, or on 
any other single, straight line. But lines through the pairs 3a, 7«, and 28, 68 are almost 


* For rather similar reasons 78-cholestanyl benzoate is hydrolysed faster than its epimer (Barton 
and Rosenfelder, J., 1951, 1048). 


* For a review of ionic solvation in water see Feates and Ives, J., 1956, 2798; also Bockris, ‘‘ Modern 
Aspects of Electrochemistry,” Butterworths, London, 1954, p. 47. 
* Frank, J. Chem. Phys., 1945,°18, 378, 393, 507. 
* Hall, J. Amer. Chem. Soc., 1957, 79, 5441. 
* Hall, J. Amer. Chem. Soc., 1957, 79, 5444. 
* For a review of linear free-energy relations see Taft in “‘ Steric Effects in Organic Chemistry,” 
ed. Newman, Wiley, New York, 1956. 
n — and Eschenmoser, Helv. Chim. Acta, 1955, 38, 1529. 
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parallel with the single equatorial line. It must be significant that all the points on any 
one line refer to substituents in similar environments: the first line accommodates 
equatorial substituents, the second axial substituents opposed only to axial hydrogen 
atoms, and the third axial substituents opposed to an axial methyl group. 

Schreiber and Eschenmoser ™ pointed out that the rate of oxidation of the varios 
secondary alcohols by chromic acid paralleled the intramolecular compression of their 
hydroxyl groups, very plausibly attributing the trend to steric acceleration: if the rate 
of formation of the intermediate chromate ester and its equilibrium concentration are not 
important, the more compressed the hydroxyl group the less will its energy be below that 
of the transition state, where the carbon atom is becoming trigonal. Whether the proton 


Fic. 2. Plot of pK, for -NH, against log k 
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eliminated is pulled off by a solvent molecule or by the departing chromate ™ does not 
affect the essential argument. 

On the other hand, we have attributed changes in basicity of the amines mainly to 
changes in solvation of the ammonium ions. So we have a remarkably linear relation 
between a rate controlled by intramolecular forces (steric acceleration) and an equilibrium 
controlled by intermolecular forces (solvation)—at first sight perhaps a surprising situation. 
One should at least consider the possibility that the two sets of data share a more obviously 
common origin, and are either both dictated by intramolecular repulsion or both by 
changes in solvation energy. 

For reasons that have been given,*-*-13 we reject the possibility that the hindered amines 
are weaker because the effective size of *NH is substantially greater than that of N 
with an electron pair. The possibility remains, though, that the rates of oxidation by 
chromic acid are also mainly controlled by solvation. For example, if the chromate ester 
were more solvated than the transition state for its breakdown to ketone, then hindrance 
to solvation would increase the rate. Or again, if the oxidation proceeds through a cyclic 

transition state (A), the more hindered the chromate ester is to 


oO vo H external solvation, the faster it will remove the proton from carbon. 
% 4 ve (A) However, in the absence of knowledge about the detailed mechanism 
w& ‘Oo’ of oxidation, all we can say is that there is a parallel between the 


weakness of a base and the rate of oxidation of the corresponding 

alcohol, and that both are due to pressure on the substituent or its associated solvent 
molecules. 

The only other reactions in this series for which quantitative data are available are the 

reductions of ketones and of oximes by lithium aluminium hydride, where the yields of 


12 Westheimer ef al., J. Amer. Chem. Soc., 1952, 74, 4387 and previous papers; Rocek and Krupicka, 
Coll. Czech. Chem. Comm., 1958, 28, 2068; Kwart and Francis, J]. Amer. Chem. Soc., 1959, 81, 2116. 
18 Aroney and Le Févre, J., 1958, 3002. 

44 Dauben, Blanz, Jiu, and Nicheli, J. Amer. Chem. Soc., 1956, 78, 3752. 
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epimers are known. The proportion (Q) of the two epimers formed by reduction of the 
ketone will be the ratio of their rates of formation. A plot of the log of the ratio of the 
rates of oxidation of the alcohols with chromic acid against the log of the ratio of the 
amounts of the epimeric alcohols formed by reduction again gives two parallel straight 
lines (Fig. 4). The line joining the points for 2- and 6-compounds in a similar plot for 
reduction of oximes is also widely spaced from, but parallel to, the line joining 3- and 7- 
compounds. 








St 
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EXPERIMENTAL 


M. p.s are corrected. Rotations were measured for CHCl, solutions. Solutions for 
chromatography were prepared in light petroleum (b. p. 40—60°), and chromatographed on 
Spence’s Grade H alumina with solvents of increasing polarity. Axial amines were always 
eluted before their equatorial epimers. It was impossible to obtain satisfactory analyses for 
several compounds. 

Reduction of Oximes.—Reduction with sodium and pentyl alcohol gave the equatorial 
aminocholestane.4® Reduction with lithium aluminium hydride was carried out in boiling 
ether for 1—4 days. The excess of hydride was then decomposed and enough water was added 
to coagulate the aluminium hydroxide, which was removed and washed twice with chloroform. 
The residue from evaporation of the solvents was taken up in dry ether, from which the bases 
were precipitated as their hydrochlorides. The regenerated bases were chromatographed 
quantitatively, to give the following proportions of axial amine in the epimeric mixture: 3-, 
67%; 2-, 725%; 6-, 90%; 7-, 90%. 

The primary amines were methylated with a hot mixture of formaldehyde and formic acid. 

2a-Aminocholestane hydrochloride, crystallised in needles (from methanol-ethyl acetate), 
m. p. 330—334° (decomp.), [a], 24° (c 1-08) (Found: C, 76-1; H, 117%; equiv., 423. 
C,,HyN,HCI requires C, 76-5; H, 11-8%; equiv., 424). 

The hydrochloride of 2«-dimethylaminocholestane seemed to be amorphous: the Aydro- 
bromide crystallised from ethyl acetate in needles, m. p. 226—228°, [a],, 31° (c 0-72) (Found: 
C, 69-1; H, 10-6%; equiv., 498. C,.H,,N,HBr requires C, 70-15; H, 110%; equiv., 497). 

28-Aminocholestane hydrochloride, crystallised from methanol-ethyl acetate, had m. p. 
299—302° (decomp.), [a], 30° (c 0-94) (Found: C, 75-9; H, 11-8%; equiv., 424). 

26-Dimethylaminocholestane also formed an amorphous hydrochloride: the hydrobromide 
separated from ethyl acetate-light petroleum in needles, m. p. 253—254°, [aJ,, 685° (c 0-89) 
(Found: C, 68-1; H, 10-8%; equiv., 497). 

3a-Aminocholestane hydrochloride #* had m. p. 260° (Found: equiv., 425). 

3a-Dimethylaminocholestane,!’ crystallised from acetone in plates, m. p. 89-5—91°, fl, 
24-5° (c 0-76) (Found: equiv., 414. Calc. for C,gsH,,;N: equiv., 416). 

38-Aminocholestane hydrochloride * had m. p. 325—328° (Found: equiv., 422). 

38-Dimethylaminocholestane, crystallised from ethanol in prisms, m. p. 103—104°, 
[a], 23° (c 0-97) (Found: equiv,, 415). 


%® Dodgson and Haworth, J., 1952, 67. 

* Labler, Czerny, and Sorm, Chem. Listy, 1954, 48, 1058; Evans, Shoppee, and Summers, Chem. 
and Ind., 1954, 1535. 

a "ce McKenna, and Powell, J., 1953, 1110. 

G 
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6a-Aminocholestane hydrochloride * after recrystallisation from methanol-ethyl acetate 
had m. p. 329—333° (decomp.), [a], 34° (c 0-76) (Found: C, 76-5; H, 11-6%; equiv., 421). 

6a-Dimethylaminocholestane hydrochloride, crystallised from methanol-ethyl acetate, had 
m. p. 251—254° (decomp.), [a], 47° (c 0-77) (Found: C, 76-5; H, 120%; equiv., 453. 
C.,H;,N,HCl requires C, 77-0; H, 120%; equiv., 452). 

68-A minocholestane hydrochloride, crystallised from aqueous methanol in needles, m. p, 128°, 
[a], 4° (c 0-71) (Found: C, 76-4; H, 11-8%; equiv., 432). 

68-Dimethylaminocholestane hydrochloride, crystallised from methanol-ethyl acetate, had 
m. p. 237—240°, [aJ,, 15° (c 1-03) (Found: C, 77-0; H, 118%; equiv., 454). 

7a-Aminocholestane hydrochloride, crystallised from methanol, had m. p. 141—143°, [a], —1° 
(c 0-8) (Found: C, 76-6; H, 11-8%; equiv., 423). 

7a-Dimethylaminocholestane hydrochloride, crystallised from methanol-ethyl acetate, had 
m. p. 280° (decomp.), [a], —5° (c 0-83) (Found: C, 77-1; H, 12:2%; equiv., 454). 

78-A minocholestane hydrochloride, crystallised from methanol, had m. p. 290° (decomp), 
[a],, +50° (c 0-79) (Found: C, 76-7; H, 119%; equiv., 424). 

78-Dimethylaminocholestane hydrochloride, crystallised from ethyl acetate—light petroleum, 
had m. p. 211—213°, [a),, 40° (c 0-44) (Found: C, 76-4; H, 12-1%; equiv., 454). 

Cyclohexylamine hydrobromide ! had m. p. 197-5—198-5° (Found: equiv., 184. Cale. for 
C,H,,;N,HBr: equiv., 180). 

Dimethylcyclohexylamine hydrobromide *® had m. p. 200—201° (Found: equiv., 210. 
Calc. for C,H,,N,HBr: equiv., 208). 

Dr. J. McKenna very kindly supplied the three following amines: 3a-dimethylamino- 
cholest-5-ene, m. p. 70—71° (Found: equiv., 419. Calc. for C,g3H;,N: equiv., 414); 38-di- 
methylaminocholest-5-ene, m. p. 150—151° (Found: equiv., 418); and 38-dimethylamino- 
coprostane, m. p. 62° (Found: equiv., 421). 

Professor S. Sorm kindly supplied 3a-dimethylaminocoprostane, m. p. 74° (Found: equiv, 
417). 

Measurement of Dissociation Constants.—The amine or ammonium salt (about 15 mg.) was 
dissolved in equal volumes (15 ml. of each) of t-butyl alcohol (which had been distilled from 
sodium) and distilled water (free from carbon dioxide). While the solution was stirred under 
nitrogen, carbonate-free 0-05n-sodium hydroxide or f)-05Nn-hydrochloric acid was added dropwise 
from a burette that could be read to 0-005 ml. The hydroxide was standardised against 
potassium hydrogen phthalate. The pH values were measured with a glass electrode, a 
calomel electrode directly immersed, and a Doran pH-meter, calibrated with buffers at pH 
3-98 and 9-20. The temperature was 23° + 1°. The equivalent weight was determined from 
the end-point. The pK, value, determined graphically from the point of half-neutralisation, 
was reproducible within + 0-03. 


We are grateful to Professor D. H. R. Barton, F.R.S., for his helpful interest. One of us 
(C. W. B.) is indebted to the Essex Education Committee (1954—56) and the Ford (Dagenham) 
Trust (1956—57) for financial assistance. 


BIRKBECK COLLEGE, Lonpon, W.C.1. [Received, December 28th, 1959.) 
18 Vanghelovici and Vasiliu, Bull. Soc. chim. Romania, 1935, 17, 249; Chem. Abs., 1936, 30, 7119. 


1® Osterburg and Kendall, J. Amer. Chem. Soc., 1920, 42, 2619. 
© Wieland, Schépf, and Hermsen, Annalen, 1925, 444, 66. 
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469. Substitution at an Olefinic Carbon. The Reactions of: the 
Ethyl @-Chlorocrotonates with Nucleophiles. 


By D. Emyr Jones, R. O. Morris, C. A. VERNON, and R. F. M. Waite. 


Ethyl $-chloro-cis- and -trans-crotonate * have been found to undergo 
relatively rapid nucleophilic displacement of halogen with a number of 
nucleophiles in ethanol solution. The reactions are of the second order and, 
with sulphur-containing nucleophiles such as the ethylthio ion, ~SEt, give, 
in the main, products with unchanged geometric configuration. The con- 
figurations of the products have been established by the use of nuclear 
magnetic resonance spectroscopy. Experiments with deuterated ethanol 
as solvent showed that the reactions are not of the “ elimination-addition ”’ 
type. The mechanisms of these reactions, and of nucleophilic displacements 
at an olefinic carbon atom generally, are discussed. 


NUCLEOPHILIC replacement of halogen in simple vinyl halides is known to be difficult. 
The reasons for this and for the obviously analogous case of simple aryl halides have been 
discussed by various authors.+3 Nevertheless, there are numerous reports of apparent 
nucleophilic replacement of a vinylic halogen atom, and a summary of these has been 
given by Miller and Yonan.* 

A priori, it is reasonable to suppose that nucleophilic replacement of an atom attached 
to an ethylenic carbon atom will be favoured by the structural factors which favour 
nucleophilic aromatic substitution, #.e., the process XHC=CHCl + Y~ —» XHC=CHY + 
Cl-, will be assisted if X is strongly electron-withdrawing. However, several other 
reaction paths, the most important of which involves elimination followed by addition, 
can lead to the same products, 1.e.: 


xX\ vw HY x\ 
c=CHCl —w 9XCCH — > C=CHY 
H~ Elimin. Addn. HZ 


The best conditions for observing the substitution are, therefore, those in which (a) X is 
strongly electron-withdrawing and (b) Y~ is weakly nucleophilic towards hydrogen. 

In seeking a system we noted that Autenreith,® between 1887 and 1890, showed that 
the halogen atom of the isomeric 8-chlorocrotonic acids is easily displaced by a variety of 
nucleophiles. With reagents of the type RO~ the same product was obtained from both 
chloro-acids. With reagents of the type RS~, on the other hand, the two chloro-acids gave 
different products. The properties of each pair of products, however, showed them to be 
geometric isomers. Autenreith concluded, largely from consideration of melting points 
and other simple physical properties, that these reactions proceed with retention of geo- 
metric configuration. Scheibler and Voss,* working with the ethyl esters rather than the 
free acids, later arrived at essentially similar conclusions. 

The systems investigated by these early workers obviously provide favourable condi- 
tions for observing nucleophilic substitution at an ethylenic carbon atom (i.e, X = 
CO,H, CO,Et, strongly electron-withdrawing; Y = EtS~, weakly nucleophilic towards 
hydrogen), and their results constitute a strong a priori case for supposing that the reactions 
studied were actually of this type. We decided, therefore, to investigate these and other 

* Throughout this paper the terms cis and trans refer to the crotonic acid structure. For example, 


ethyl B-ethylthio-cis-crotonate denotes a compound with the methyl and ethoxycarbonyl groups in the 
cis-relation, as in ethyl crotonate. 


1 Hughes, Trans. Faraday Soc., 1938, 84, 185. 

* Gold, J., 1951, 1430. / 

* Bunnett and Zahler, Chem. Rev., 1951, 49, 273. 

* Miller and Yonan, J. Amer. Chem. Soc., 1957, 79, 5931. 

5 Autenreith, Ber., 1887, 20, 1531; 1896, 29, 1639. Amnalen, 1889, 254, 222; 1890, 259, 332. 
* Scheibler and Voss, Ber., 1920, 58, 382. 
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similar reactions, by modern methods. The ethyl esters presenting fewer complications 
than the free acids, we studied the ester reactions, especially those with the sulphur. 
containing nucleophiles, in some detail by kinetic, isotopic, and stereochemical techniques, 
The results leave no doubt that the early workers were substantially correct: nucleophilic 
substitution occurs easily in these systems and, under certain conditions, proceeds largely 
with retention of geometric configuration. Preliminary accounts of our work haye 
already been published.?.* 

Recently, two other groups of workers have investigated reactions involving nucleo 
philic substitution at an ethylenic carbon. Miller and Yonan®* studied the reactions 
between iodide ions and cis- and trans-w-bromo-4-nitrostyrene and gave an important 
theoretical discussion of the reactions. Montanari ® and Modena '**% and their colleagues 
have studied the reactions of 1-chloro-2-phenylsulphonylethylene and similar compounds 
with a variety of nucleophiles. The results of these workers and of the present investig. 
ation appear to be entirely consistent and are summarised below. 


EXPERIMENTAL 


(A) Materials —8-Chlorocrotonic acids. These acids were made by a modification of 
Geuther’s method. A suspension of phosphorus pentachloride (1 kg.) in benzene (350 
g.) was kept at 0° with stirring. Ethyl acetoacetate (330 g.) was added in small portions 
during 3 hr. The mixture was set aside at 0° for 24 hr. Ice-cold water was added slowly 
(6 hr.), with efficient stirring and at a low temperature. The mixture was then left overnight, 
The aqueous layer was repeatedly extracted with ether. The benzene layer was extracted with 
sodium hydrogen carbonate solution and these extracts, after acidification, were extracted with 
ether. Ether was removed from the combined ether extracts, leaving a mixture of crude 
6-chlorocrotonic acids (30%). 

To obtain the pure acids, the crude mixture was’steam-distilled. The cis-acid was obtained 
from the distillate and, after sublimation, had m. p. 60-3—60-6°. The tvans-acid, which is 
not steam-volatile, was recrystallised from light petroleum (b. p. 60—80°) and had m. p. 
93-8—94-0°. 

Ethyl 8-chlorocrotonates. The crude mixture of acids was esterified as described by Scheibler 
and Voss. The mixed esters (90%) were fractionated under reduced pressure through a long, 
helix-packed column. Ethyl #-chloro-cis-crotonate had b. p. 48-4—48-5°/10 mm., m,,*° 1-4512 
(Found: C, 48-6; H, 6-1; Cl, 24-2. Calc. for C,H,O,Cl: C, 48-5; H, 6-1; Cl, 23-9%). Ethyl 
8-chloro-trans-crotonate had b. p. 69-5—69-7°/10 mm., ,** 1-4562 (Found: C, 48-5; H, 61; 
Cl, 24-5%). 

Ethyl ®-chloro-a-methylcrotonate. §-Chloro-a-methylcrotonic acid was made from ethyl 
methylacetoacetate and phosphorus pentachloride as described above. The crude acid (52%) 
appeared to consist of only one isomer. Esterification with ethanol gave the ethy] ether, b. p. 
61-1°/10 mm., »,,** 1-4551 (Found: C, 50-95; H, 6-7; Cl, 23-1. Calc. for C,H,,0,Cl: C, 51-85 
H, 6-8; Cl, 21-9%). The acid and the ester are of unknown geometric configuration. Attempts 
to prepare the other isomer (cf. Otto and Berkurts 45) failed. 

1-Bromo-2-p-chlorophenyl-1,2-diphenylethylene. The cis- and the trans-form of this com- 
pound were prepared by Koelsch’s method."* The lower-melting compound had m. p. 104 
(Found: C, 65-4; H, 4:05. Calc. for C,,H,,ClBr: C, 64-9; H, 3-8%). The higher-melting 
form had m. p. 158° (Found: C, 64-7; H, 42%). 

1-Chloropropene. The two isomers of this were prepared by treating 1,1-dichloropropane 
(112 g.) with sodium ethoxide (from 23 g. of sodium) in absolute ethanol (500 c.c.). The 


7 Jones and Vernon, Nature, 1955, 176, 791. 
® Morris, Vernon, and White, Proc. Chem. Soc., 1958, 303. 

* Montanari, Bull. Sci. Fac. Chim. ind. (Bologna), 1958, $1, 16 and references given there. 
10 Modena, Ricerca sci., 1958, 28, 341. 

11 Maioli and Modena, Gazzetta, 1959, 89, 854. 

18 Modena and Todesco, Gazzetta, 1959, 89, 856. 

13 Modena, Todesco, and Tanti, Gazzetta, 1959, 89, 878. 

14 Geuther, Z. Chem., 1871, 14, 237. 

18 Otto and Berkurts, Ber., 1885, 18, 847. 

1@ Koelsch, J]. Amer. Chem. Soc., 1932, 54, 2045, 2487. 
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solution was refluxed for 2 hr. and then distilled. The distillate boiling up to 78° was collected 
and washed several times with distilled water. After drying, the product was fractionated. 
cis-1-Chloropropene had b. p. 32-1—32-8°/760 mm., ,*° 1-4028; évans-1-chloropropene had 
b. p. 37-2—38-0°/760 mm., ,,*° 1-4022. These constants are in agreement with those of Hatch 
and Perry }? who determined the configuration of these compounds. 

Ethanethiol and thiophenol. These were commercial samples, dried and fractionated; they 
had b. p. 35° and 168-5—169-0° respectively. Both were stored under nitrogen. 

Dry LiCl. An aqueous 6n-solution containing H**Cl was neutralised with lithium 
hydroxide and washed with acetone into a solution of inactive lithium chloride (2-7 g.) in 
acetone. The solvent was removed in vacuo and the solid was extracted with dry acetone 
(Soxhlet). The solvent was again removed and the solid was then heated without fusion in a 
Rowe crucible in a stream of dry hydrogen chloride. 

Solvents. Acetone was dried over anhydrous potassium carbonate and distilled. Ethanol 
was dried by refluxing with sodium ethoxide and ethyl phthalate and then distilled.'* 

Sodium (30 g.) was dissolved in dry ethanol (300 ml.). Deuterium oxide (25 g.; 97-7% 
D,0) and ethyl phthalate (277 g.) were added and the mixture was refluxed. The ethanol was 
distilled off and then refractionated from more sodium and ethyl phthalate. The deutero- 
ethanol (600 c.c.) had b. p. 78-3—78-4°/769 mm. and contained ca. 30% of C,H,-OD. 

(B) Kinetic Measurements.—The reactions of the ethyl 6-chlorocrotonates and of $-chloro- 
a-methylcrotonate with ethoxide ions (sodium ethoxide) in ethanol were followed by titration 
of the residual base at appropriate time intervals. Good second-order rate coefficients were 
obtained in each run. The values of k, (1. mole™ sec.~4) are summarised in Table 1. 


TABLE 1. 
Temp. [RC1} [EtO-] 108k, Temp. [RCI] [EtO-] 10°K, 
Et f-chloro-cis-crotonate Et £-chloro-trans-crotonate 
—11-5° 0-05 0-086 1-04 0° 0-04 0-0816 0-915 
0 0-05 0-0716 4-28 20 0-04 0-0800 10-2 
0 0-05 0-0872 4-11* 30-9 0-04 0-0764 34:8 
0 0-05 0-2565 3-33 
20-0 0-05 0-0783 35-2 Et f-chloro-«-methylcrotonate 
34-9 0-1307 0-1942 0-71 
44-6 0-0983 0-1857 1-90 
63-4 0-1008 0-1782 12-0 


* The reactions are not, in the mathematical sense, strictly of second order since k, decreases 
slightly as [EtO-] increases. This effect, which may be partly due to incomplete dissociation of 
sodium ethoxide and partly to a salt effect, is common in reactions involving a neutral and a negatively 
charged species. It does not imply, however, that a concomitant first-order process is present. In 
all cases no reaction was observed in the absence of sodium ethoxide, even at elevated temperatures. 


In a few runs both the rate of disappearance of base and the rate of appearance of chloride 
ions were determined. The rate coefficients, calculated from the two sets of data were the same 
within experimental error. The following is typical: for ethyl §-chloro-cis-crotonate, 
[LiOEt] = 0-10, temp. = 20-0°, k, (disappearance of EtO-) = 2-60 x 10°, k, (appearance of 
Cl") = 2-65 x 10° 1. mole™ sec.7}. 

For the reactions with thioethoxide and thiophenoxide ions, the procedure was as follows. 
A weighed amount of the pure thiol was added to ethanol containing an equivalent amount of 
sodium ethoxide, and the reacting solution was allowed to come to thermostat-temperature. 
Organic chloride was added and aliquot parts were withdrawn at appropriate times in the usual 
way. Titration was carried out either in ethanol to lacmoid, or in aqueous solution with Methyl 
Red-Bromocresol Green, as indicator. Good second-order rate coefficients were obtained in 
each run. The following ‘result with ethyl 6-chloro-x-methylcrotonate (0-100m) and sodium 
thioethoxide (0-1647Mm) in ethanol at 60-0° is typical: 


SND cv ciiicectsneqeadioins 0 180 360 540 720 1020 1320 1620 
SIE. érenstbovigneniinanes 0-00 00102 0-0188 0-0251 0-0312 0-0402 0-0475 0-0537 
10*k, (1. mole= sec.-!) ...... — 3-58 3-63 3-47 3-47 3-53 3-53 3°55 
| eae 1920 2220 2820 3420 4020 4620 ce) 

SIRE Gidtaseiesavselp vides 0-0586 0-0626 0-0698 0-0749 0-0792 0-0822 0-1000 


10°, (1. mole-! sec.-1)_...... 3-53 3-50 3-52 3-49 3-50 3-45 _ 


” Hatch and Perry, J. Amer. Chem. Soc., 1949, 71, 3262. 
* Manske, J. Amer. Chem. Soc., 1931, 58, 1106. 
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It was found that the presence of excess of thiol had no appreciable effect on the rates, i.¢,, the 
rates are insensitive to changes in the ratio RS“: EtO~. The results are summarised in Table 9 
where , is in 1. mole™ sec.. 

Some kinetic runs on the cis- and ¢rans-l-chloropropenes were also carried out. The 
procedures were as before except that, because of the high reaction temperatures, the sealed. 
tube technique was necessary. The results (k, in 1. mole™ sec.*; temp. 129°) are given in 
Table 3. 1-Bromo-2-p-chlorophenyl-1,2-diphenylethylenes were found to be unreactive both 
towards ethoxide and thioethoxide ions in ethanol at 160°. It was estimated that the rate 
coefficients did not exceed 107 1. mole™ sec. in any of the four reactions tried. 

Reaction between the ethyl @-chlorocrotonate and dry Li**Cl was studied with ethanol as 
solvent. With both isomers the rates of exchange were immeasurably small at 100°. At 
higher temperatures slow exchange was, however, observed. For the cis-compound the rate 
coefficient was found to be ca. 6 x 10° 1. mole™ sec. at 150°. This value must, however, be 


TABLE 2. 

Compound Temp. Thiol [RCI {RS-] 10%, 
Et B-chloro-cis-crotonate ............ —11-5° EtSH 0-05 0-0760 0-797 
—9-5 ‘x ra 0-0805 0-994 

0 ob o- 0-0830 2-43 

20-0 - ‘ 0-0785 15-1 
0 PhSH 0-055 0-0960 0-055 
20-0 a os 0-0988 0-385 
25-1 ne be 0-0955 0-600 

Et B-chloro-trans-crotonate ......... —11-5 EtSH 0-05 0-0757 1-71 
0 - i 0-0809 5-60 

20-0 » és 0-0768 32-4 
0 PhSH 0-055 0-0975 0-223 

20-0 eo Re 0-0957 1-78 

25-1 - i 0-0956 2-75 
Et B-chloro-a-methylcrotonate 34-9 EtSH 0-1051 0-1776 0-447 
49-9 is 0-0959 0-1684 1-66 

60-0 “ “vs 0-100 0-1647 3-45 

TABLE 3. 
Compound Nucleophile (N) {RCI} [N] 10°, 
cis-1-Chloropropene ............seseeeeeeeee EtO- 0-2830 0-0796 335 
EtS- 0-2870 0-0873 46 

trans-1-Chloropropene ..............+.s0+0+ EtO- 0-2920 0-0946 2-6 

EtS- 0-2890 0-0758 1-92 


regarded as an upper limit to the value of the true exchange rate, since, at 150°, ethyl 8-chloro- 
crotonates undergo slow solvolysis in ethanol. 

(C) Products.—The following procedure, with appropriate minor modifications for particular 
materials, was used in all cases. Solutions of the organic chloride and of the nucleophile were 
allowed to reach thermal equilibrium in a thermostat-bath at the desired temperature. The 
solutions were mixed and reaction was allowed to continue for a predetermined time. In the 
experiments at elevated temperatures the reaction flask was sealed. The concentrations of 
the reactants were usually ca. 0-5, i.e., not far removed from those used in the kinetic experi- 
ments. The volume of solution and the reaction time were so chosen that at least 25 g. of 
product were formed. At the end of the reaction time, the mixture was poured into a large 
volume (e.g., 5 1. for 350 c.c. of solution) of ice-cold water which was then repeatedly extracted 
with ether. The combined ether extracts were reduced in volume and dried (MgSO,). Ether 
was then removed by distillation. The resulting product, if solid, was recrystallised. Liquid 
products were distilled, under reduced pressure, through an efficient fractionating column with 
small hold-up. 

(a) Ethyl 8-chloro-cis-crotonate and ethoxide ions. From a reaction in ethanol (150 c.c.) with 
[RCI] = 0-71m, and [NaOEt] = 0-85m, at 0° for 24 hr., there was obtained as sole product 
ethyl 8-ethoxycrotonate (88%), m. p. 30-2°, b. p. 81°/13 mm (Found: C, 60-44; H, 8-8. Cale. 
for C,H,,0,: C, 60-75; H, 89%). With 2,4-dinitrophenylhydrazine in warm aqueous 
hydrochloric acid this gave ethyl acetoacetate 2,4-dinitrophenylhydrazone, m. p. 90°, whilst 
alkaline hydrolysis gave §-ethoxycrotonic acid, m. p. 135°. 

(b) Ethyl 8-chloro-trans-crotonate and ethoxide ions. From a reaction in ethanol (150 c.c), 
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with [RCI] = 0-75m, and [NaOEt] = 0-85m, at 0° for 24 hr., there was obtained ethyl 6-ethoxy- 
crotonate (87%), m. p. and mixed m. p. 30-2° (Found: C, 60-5; H, 8-9. Calc. for C,H,,O;: 
C, 60-75; H, 89%). Experiments with different times and concentrations gave no other 


ucts. 

(c) Ethyl Q-chlorocrotonates and phenoxide and p-nitrophenoxide ions. Both isomers, on 
reacting with sodium phenoxide in ethanol (78°; 7 hr.) gave the same liquid product, b. p. 
144°/14 mm., ”,*° 1-5159. Mild hydrolysis of the compound with acid gave ethyl acetoacetate, 
jdentified as 2,4-dinitrophenylhydrazone. Similar reactions with sodium -nitrophenoxide 
gave a solid product, m. p. 86°. The two products are presumed to be ethyl 8-phenoxycrotonate 
and ethyl 6-p-nitrophenoxycrotonate respectively. 

(d) Ethyl Q-chlovo-x-methylcrotonate and ethoxide ion. The sole product isolated from a 
mixture (250 ml.), containing RCI (0-49m), NaOEt (0-50m) after 2 hr. at 78°, was a liquid (82%), 
b. p. 82°/10 mm., m. p. —5°, m,* 1-4161, whose infrared spectrum was consistent with its 
formulation as ethyl 6-ethoxy-«-methylcrotonate. 

(e) Ethyl 8-chloro-cis-crotonate and thioethoxide ions. (i) A reaction in ethanol (350 c.c.) with 
[RCI] = 0-77m, [NaSEt] = 0-58m, at 0° for 24 hr., gave 41 g. of liquid product. On distillation 
at 6 mm., six fractions were obtained. Fraction 3 (2-8 g.), from its physical properties, b. p. 
36—95°, m,** 1-5030, was identified as unchanged ethyl $-chloro-cis-crotonate. Fractions 
4 (24-0 g.; b. p. 94—96°, m,** 1-5078) and 6 (4-8 g., b. p. 117°, m,** 15185) were the isomeric 
ethyl 6-ethylthiocrotonates which for convenience will be referred to as (L) and (H), i.e., lower- 
and higher-boiling respectively. 

A number of experiments gave similar results. By assuming that each intermediate 
fraction contains only two components, its composition can be calculated from its refractive 
index. The total yield of (L).and (H) and the proportion in which they are formed can then 
be obtained. Table 4 presents the results of separate experiments expressed in this way. 
The average yield of these esters in these experiments was ca. 90%. Considering the procedure 
involved, this is an acceptable figure: less than a 10% loss in handling could not have been 
expected. It was indeed shown that, recovery, by the method described, from an ethanol 
solution containing known amounts of sulphides, was about 90%. 


TABLE 4. Products of the reaction between ethyl 8-chloro-cis-crotonate and sodium ethyl 


sulphide in ethanol. 

[RCI] [NaSEt] Reaction time Yield (L) (H) 

(M) (mM Temp. * — (hr.) (%) (%) (%) 
0-76 0-60 0 24 83 88 12 
0-202 0-174 0 0-7 94 87 13* 
0-77 0-58 0 24 91 82 18 
0-77 0-60 0 24 88 82 18 
0-77 0-59 78 0-75 90 88 12 


* 52% reaction. 


It may be concluded, therefore, that the reaction between ethyl B-chloro-cis-crotonate and 
thioethoxide ions in ethanol gives the two isomers (L) and (H) in the ratio 85:15 (+3). This 
ratio is, as can be seen from the results in Table 4, not sensitive to considerable changes in 
temperature, reagent concentration, and reaction time. 

(ii) Properties of esters (L) and (H). The esters were pure [Found for (L): C, 55-3; H, 7-7; 
S, 183; for (H): C, 55-5; H, 7-9; S, 18-4. Calc. for C,H,,0,S: C, 55-1; H, 8-1; S, 184%). 

Physical data, after several distillations of large quantities, were: Ester (L), b. p. 108— 
109°/10 mm., 113°/17 mm., »,*5 1-5079, Amax. 2800 A (e 18,000). Ester (H), b. p. 131—132°/10 
mm., 136°/17 mm., m,?5 1:5190, Amax, 2900 A (e 12,000). 

Treatment of esters (L) and (H) with hydrochloric acid gave free thiol. Addition of 2,4-di- 
nitrophenylhydrazine to the resulting solution gave the ethyl acetoacetate hydrazone (m. p. 90°). 

Boiling ester (L) with alcoholic potassium hydroxide for 5 hr. gave an acid, m. p. 90-5° 
(Found: C, 49-7; H, 6-9. Calc. for C,H,0,S: C, 49-3; H, 6-85%). Similar treatment of 
ester (H) gave an acid, m. pr 114-0—114-3° (Found: C, 49-5; H, 6-2; S, 21-7. Calc. for 
CyHy»0,S: C, 49-3; H, 6-85; S, 21-9%). These two acids, the isomeric 8-ethylthiocrotonic 
acids, were prepared by Autenreith § who recorded m. p. 92° and 112° respectively. 

These properties are consistent with the view that esters (L) and (H) are the geometric 
isomers of ethyl 6-ethylthiocrotonate. The infrared and nuclear magnetic resonance spectra 
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are described below. At room temperatures (L) is the stable form. A sample of ester (H), 
kept for 7 months, was found to have completely isomerised into form (L). However, ester (H) 
can be distilled without isomerisation at <20 mm. In some of the early experiments an 
“ air-bleed ’”’ was used as a device to prevent bumping during distillation but this causeq 
extensive isomerisation of form (H); the use of glass wool overcomes this difficulty. 

(f) Ethyl 8-chloro-trans-crotonate and thioethoxide ions. This reaction gave, as with the 
cis-compound, a product containing unchanged starting material and esters (L) and (H) (see 
Table 5). 


TABLE 5. Reaction at 0°. 


[RCI] (m) [NaSEt] (m) Reaction time (hr.) Yield (%) (L) (%) (H) (%) 
0-34 0-29 24 93 8 92 
0-77 0-67 24 86 9 91 


(g) Ethyl @-chlorocrotonate and thioethoxide ions in the presence of excess of ethanethiol. 
Experiments in which either chloro-compound was left for prolonged periods with sodium ethyl 
sulphide and excess of ethanethiol gave, as products, ester (L) and ethyl 68-diethylthiobutyrate, 
The following is typical: the reaction in ethanol (350 c.c.) of ethyl 6-chloro-tvans-crotonate 
(0-73m) and sodium ethyl sulphide (0-83m) in the presence of ethanethiol (0-83M) gave, after 
5 days at 0°, a product, which on distillation yielded, besides small intermediate fractions, 
ester (L) (17 g.), b. p. 80°/3 mm., ”,** 1-5001, and the diethylthio-ester (5 g.), b. p. 104—105°/3 
mm., ”,*° 1-4930 (Found: C, 51-1; H, 8-4; S, 27-1. Calc. for CygH90,S,: C, 50-9; H, 85; 
S, 27°1%). 

An authentic sample of the dithiobutyrate was prepared as follows: ethyl aceto- 
acetate (40 g.) was condensed with ethanethiol (43 g.) by dry hydrogen chloride. The mixture 
rapidly separated (30 min.) into two layers. The upper oily layer was washed, dried, and 
distilled, giving a slightly yellow liquid, b. p. 127°/8 mm., u,,** 1-4922, apparently identical with 
the above. Both substances on treatment with base in ethanol gave ester (L). 

(h) Ethyl 8-chlorocrotonates and thioethoxide ions im deuteroethanol. The products were 
isolated as described above. Samples of solvent (ca. 2 g.) and of the 8-ethylthio-esters were 
placed in a platinum boat contained in a silica tube (60 x lcm.). Air, dried by s»'phuric acid 
and by passage through a trap cooled by liquid oxygen, was slowly passed over the sample and 
thence through a catalyst consisting of a mixture of copper oxide and dry lead chromate. 
The catalyst was heated to 700—800° and the sample slowly vaporised by heat. The products 
of combustion were condensed in a trap cooled by alcohol—carbon dioxide. Small samples 
(ca. 4 mg.) of the water obtained were heated with purified zinc dust at 400° for 4 hr. The 
hydrogen produced was analysed mass-spectrometrically. The results are tabulated. 


Compound [NaSEt] (m) Reaction time * (min.) Yield (%) (L)(%) (D) (%) 
GE | ncscoservinssuscssessnisces _- — — — 0-88 
Et £-chloro-cis-crotonate ...... 0-90 10 85 82 <0-1 
Et £-chloro-trans-crotonate t 0-90 20 90 ll <01 


* AtO°. ¢ Concn. 1-195M. 


If one hydrogen atom in the esters had been isotopically equilibrated with the solvent, the 
percentage of deuterium in the hydrogen samples would have been 0-88 x 6/14 = 0-37. Some 
difficulty was experienced in the conversion of the water into hydrogen and rather small amounts 
of hydrogen were obtained. Under these circumstances the limit of detection of deuterium was 
considered to be ca. 0-1%; no more than this was found from the ester. 

The experiment, therefore, excludes mechanisms requiring isotopic equilibrium of one 
hydrogen atom in the ester molecules with solvent: it does not, as it stands, exclude the 
possibility that some exchange may have occurred. 

(j) Ethyl 8-chlorocrotonates and thiophenoxide ions. The pattern of the results was similar 
to that obtained with thioethoxide ions. Reaction mixtures obtained from either chloro-ester 
gave (a) unchanged chloro-ester (in cases where [RCI] > [NaSPh]) and (6) the isomeric ethyl 
8-phenylthiocrotonates (L’) and (H’). A typical experiment was as follows: on reaction in 
ethanol (350 c.c.) of ethyl §-chloro-trans-crotonate (0-774m) and sodium phenyl sulphide 
(0-65m), at 0° for 60 hr., there were obtained 47-5 g. of product. Fractionation gave the 
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Frac- Frac- 

tion B. p./mm. mp Wt. (g.) Ester tion B. p./mm. mp* Wt. (g.) Ester 
1 71°/13 1-4568 49 Unchanged 4 133—139°/3 1:5725 12-5 
2 up to 133°/3 1-5128 1-0 5 139—142°/3 1-5750 5:3 
3 133°/3 1-5676 8-0 L’ 6 142—143°/3  1-5760 15-0 H’ 


tabulated fractions. It will be observed that the fractionation is not as sharp as with the 
ethylthio-compounds, owing, no doubt, to the lower pressures required. The estimates of the 
proportions of esters L’ and H’ are correspondingly less precise (Table 6). 


TABLE 6. Products of reactions of ethyl 8-chlorocrotonates with thiophenoxide ions at 0°. 


[RCI] {[NaSPh] Reaction time Yield (L’) (H’) 

Compound M) (m) (min.) (%) (%) (%) 

Et B-chloro-cis-crotonate ... 0-81 0-61 46 89 93 7 
o» » PO, 0-63 60 81 83 17 

Et f-chloro-trans-crotonate 0-77 0-65 60 89 36 64 


The ester L’ (Found: C, 64:7; H, 6-5; S, 14:1. Calc. for C,.H,,0,S: C, 94:6; H, 6-3; 
S, 144%) had b. p. 127—129°/1-5 mm., 133°/3 mm., ,** 1-5670; ester H’ (Found: C, 64-6; 
H, 6-4%) had b. p. 134—136°/1-5 mm., 143°/3 mm., n,** 1-5760. 

Both esters gave thiophenol on mild acidic hydrolysis. The resulting solution gave the 
same 2,4-dinitrophenylhydrazone (m. p. 90°) as ethyl acetoacetate under the same conditions. 

Hydrolysis of ester L’ with alcoholic potassium hydroxide gave an acid, m. p. 172—174° 
(cf. Autenreith’s value ® of 176°) (Found: C, 61-5; H, 5-2; S, 16-5. Calc. for CygH,,0,S: 
C, 61-8; H, 5-2; S, 165%). Ester H’ similarly gave an acid, m. p. 135—136° (cf. Autenreith’s 
value,> 155°) (Found: C, 61-7; H, 5-1; S, 16-3%). 

Reaction mixtures containing excess of thiophenol gave, on prolonged standing, ester L’ 
and a fraction, b. p. 142°/3 mm., »,** 1-6000. This fraction was, by analogy, considered to be 
ethyl 68-diphenylthiobutyrate; it was not further characterised, partly because, owing to some 
decomposition on distillation, it was difficult to obtain pure. 

(k) Ethyl B-chloro-a-methylcrotonate and thioethoxide ions. Reaction in ethanol (300 c.c.), with 
[RCI] = 1-03m, [NaSEt] = 0-83m, at 60° for 20 min., gave only one product, a colourless liquid, 
b. p. 112—113°/9 mm., »,** 1-5088, presumably ethyl $-ethylthio-«-methylcrotonate. On this 
basis the yield was 73% (Found: S, 17-9. Calc. for C,H,,0,S: S, 17-00%. Cand H analyses 
gave erratic results, possibly because the compound readily polymerises). 

(1) cis-1-Chloropropene with ethoxide and thioethoxide ions. The reaction of cis-1-chloro- 
propene with ethoxide ions in ethanol at 129° gave, apparently as sole product, methyl- 
acetylene. With thioethoxide ions under the same conditions a liquid (73%), b. p. 113— 
114°/760 mm., ”,** 1-4723, was obtained, which decolorised bromine in carbon tetrachloride, 
formed an addition complex with mercuric chloride and was presumably 1-ethylthiopropene. 

(C) Configurations of Esters (L), (H), (L’), and (H’).—A variety of methods were used in an 
attempt to determine the geometric configurations of these compounds, namely (a) conversion 
into compounds of known configuration, (b) dipole-moment measurements, (c) infrared spectro- 
scopy, and (d) nuclear magnetic resonance spectroscopy. Only the last two gave useful 
information: the first two will, therefore be described only in outline. 

(a) Reaction of esters (L) and (H) with Raney nickel. The object was to carry out the reaction, 
EtS-CMe:CH,°CO,Et —» Me’CH‘CH-CO,Et. Since the configurations of the ethyl crotonates 
are known, the configurations of the sulphides would follow, granted the assumption that no 
change in geometry occurs during the reaction. This might not be a bad assumption: Zederic 
et al.,!® for example, showed that desulphurisation of certain optically active sulphones and 
sulphoxides proceeded without loss of optical activity although the corresponding sulphide 
racemised under the conditions used. 

Raney nickel was prepared from Raney alloy by the method of Mozingo ef al.2® This 
preparation was too active: treatment of ester (L) or (H) gave only ethyl butyrate. The 
nickel was, therefore, deactivated by treatment with ammonia and acetone. Ester (L) then 
gave unchanged starting matefial, ethyl butyrate, and ethyl tvans- and cis-crotonate, identified 
by vapour-phase chromatography. It was found, however, that the Raney nickel caused 


1 Zederic, Bonner, and Greenlee, ]. Amer. Chem. Soc., 1957, 79, 1696. 
* Mozingo, Wolf, Stanton, Harris, and Folkers, J. Amer. Chem. Soc., 1943, 65, 1013. 
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ready isomerisation of ethyl cis-crotonate into the frans-isomer. Many attempts to prepare 
a nickel which did not produce this isomerisation were unsuccessful. 

(b) Dipole-moment measurements. Dipole moments were determined in conventional 
manner by measuring the polarisation in a non-polar solvent (benzene) at a number of different 
concentrations. The resonance technique was employed with a concentric dielectric cell and 
a standard condenser. The difference between the values for esters L and H is too small for 
diagnostic purposes (see Table 7), especially since the group moments for CO,Et and SEt do 
not lie along the directions of the bonds linking these groups to the molecule.** 


TABLE 7. 
Compound Dipole moment (Dp) Compound Dipole moment (p) 
Et B-chloro-cis-crotonate ...... 1-43 BUOY Bibi scgseteusdvccsssususe 2-22 
Et f-chloro-trans-crotonate ... 2-45 MUR | éthepehoceactniccses 2-56 


(c) Infrared spectra. The spectra of the chloro-esters and -acids, of esters L, H, L’, and H’, 
and the acids derived from them (L,, H,, L’,, H’, respectively) were examined in the region 
2—16 » with Grubb-—Parsons grating spectrometer (G.S. 2A) fitted with a double-beam attach- 
ment. The liquids were examined as such, the solids as mulls in Nujol. Table 8 gives the main 


TABLE 8. Infrared maxima (cm.) for (1) ethyl B-chlorocrotonate, (2) B-chlorocrotonic acid, 
(3) ethyl B-ethylthiocrotonate, (4) B-ethylthiocrotonic acid, (5) ethyl B-phenylthtocrotonate, 
(6) 8-phenylthiocrotonic acid; column (7) ts the probable assignment. 
(1) (2) (3) (4) (5) (6) (7) 
cis trans cis trans L H I, Hy, L’ H’ 5 |. ee 
1712 1721 1692 1698 1701 1689 1678 1672 1698 1695 1667 1667 C=Ostr 


1631 1637 1634 1634 1592 1577 1597 1570 1595 1587 1590 1587 C=Cstr 
1580 1580 1577 1572 C=—Carstr 


1473-1473 
1437 1420 1439 1477 1437 =—-:1487 CH, deform 
1374 1372 1372 1372 
1361 1359 1361 1362 1362 1364 
1326 1300 1332 §=1325 1330 §=©1323 
1299w 1297w 
1266 1264 1264 1264 1267w 
1236 1229 1233 1227 1238 1230 
1189 1183 1183 =: 1183 1185 =1185 C-O ester str 
1112w 1117 —s:11110 1115 
1101 1101 = 1101 
1086 1092 1094 1092 1089 = 1091 
1054 1066w 1066w 
1037 1046 1043 1044 1042 1044 
1000w 1000w 1000w 1000w 1022w 1022w 
1000w 1000w 
952w 965w 965w 


917 944w 916 912 922 955w 917 916 919 950w 915 916 


860 843 858 856 834 818 840 819 849 823 845 825 =C-H out-of- 
plane deform 


793w 792w ‘1787 


747w 763w 751 751 750 754 
715 718 713 713 
701 696w 706 706 706 
680 684w 689 690 690 691 
685 656 668 659w 649 662 644 C-Cl and C-S 
str 
628w 


frequencies found. The assignments to specific modes of vibration are based on tables given 
by Bellamy.** The relevance of these spectra to the determination of the configurations of 
esters L and H, etc., is examined in the Discussion section. 


*t Le Févre, “‘ Dipole Moments,” Methuen, London, 1938. 
*2 Bellamy, “ The Infrared Spectra of Complex Molecules,” Methuen, London, 1954. 
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d) Nuclear magnetic resonance spectra. Proton resonance spectra were obtained with a 
Varian (V4300B) high-resolution spectrometer operating at 40 Mc. Samples were.contained 
in tubes of 5 mm. outside diameter. Where necessary a capillary of water was used as an 
external reference. The effects of field inhomogeneities were reduced by spinning the sample. 
Spectra were referenced by the side-band technique.** Measurements were made directly on 
the liquid esters. The chloro-acids were dissolved in carbon tetrachloride: the other acids 
were examined as their sodium salts in solution in deuterium oxide. Chemical shifts were 
calculated, in parts per million, from the function f, = 10°(H, — H,)/H,, where H, and H, 
are the resonance fields for the sample and the reference sample respectively. Susceptibility 


Fic. 1. Proton magnetic resonance spectrum 


of ih Pemwve-eeerctonas. Fic. 2. Proton magnetic resonance spectrum of 


a1:2 mixture of ethyl B-chloro-cis-crotonate 
and its trans-isomer. 
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corrections have not been made. The differences in susceptibility for a cis-trans-pair would, 
in any case, be expected to be small.2* However, in all cases except for the chloro-acids, 
spectra were obtained for approximately 2: 1 mixtures of each pair of isomers. These spectra 
confirmed that the shifts of certain peaks were real and were not due to susceptibility differences. 

Fig. 1 shows the spectrum of ethyl #-chloro-cis-crotonate. The triplet and quartet at 
3-88 and 0-95 p.p.m. are characteristic of the ethyl group. From its position * and relative 
area the peak at 2-55 p.p.m. is assigned to the C-methyl protons. Similarly the peak at —0-93 
p.p.m. arises from the olefin-proton. Weak coupling between these two types of protons 
splits the C-methyl proton peak into a doublet and the olefinic-proton peak into a quartet 
(incompletely resolved in the spectrum illustrated). The separation between components of 
these multiplets is ca. 1-5 c./sec. The spectra of the other compounds were assigned by similar 
arguments. 


TABLE 9. Chemical shifts (8) (p.p.m.). 


Compound C-Me protons Olefinic protons 
Et B-chloro-cis-crotomate .........ccseceeeeeerecereeeeeeeeees 2-559, —0-93 " 
Et B-chloro-trans-crotonate ...........cscscscscecsecssecsees 2-83 }o 37 _ 0-083 —0-05 
B-CRIOTO-C6O-CEOROMG OEIE onc cccniccssscscceccssccssceseses 2-25, — 1-25 : 
B-Chloro-trams-crotonic acid ...........0.sceeeeeececcceeenses 2-50 Jo 25 _ a5} 0-00 
DOT Ba ndicadeanantesdichbideagesunci eign deeboiacen 2-70 } —0-40 } 
0-10 —0-30 
dis “TEAC adage cddnnsecsscnivedebeedbinendeskebgsgeetearersess 2-80 —0-70 
OE Tick |. o<ainttiensainkncvuiiiined secsobececeedecatinenngescunrenans 2-63} 0.07 —o) 0-25 
Sh: /TERia ba swonshsukbccteatanaineardunsacsondpenbirenss dial eegs 2-70 —0-98) — 
BME EE dei catsaspicakesoesdebhvcdbarelanshtiebnestouiaasestinees 4 18) 
0-68 —0-57 
Res UN | ah-sep-asich cies cadth secednuenus xvopansiedecdvepevaterswans 3-38 —0-75 
PE Mitt caret sndaachyndacevvadacncabvsci tamale sdsat betenntale aay ~oS} 
0-55 —0-25 
- DA a sassvemapenpagoverscderdisetensbeckietiasheseasine iinet 3-30 —1-05 
PE GE os o0bsincscchnsiicnsudiccchesdsansacanhoobaphumeleane _— — 2-05 ' 
LES AE LEE. LIL IE = 3.533 0°58 


Fig. 2 shows the spectrum. of a mixture of ethyl $-chloro-trans- and -cis-crotonate in the 
approximate ratio 2:1. The shift in the C-methyl proton signal, obtained by external 
reference, is real, and, from the relative areas, in the correct direction. Other spectra of 


*3 Selwood, ‘“‘ Magnetochemistry,” Interscience Publ. Inc., New York, 1943. 
* Gutowsky, Ann. New York Acad. Sci., 1958, 70, 786. 
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mixtures were similar. Table 9 summarises the chemical shifts observed. The significance 
of the observed shifts and their use in assigning configurations are discussed in the next section, 


DISCUSSION 


Configuration of the Products—The results show that the isomeric ethyl 8-chloro- 
crotonates react readily, in ethanol solution, with a variety of nucleophiles. Chloride ion 
is released and the products are of the general formula X-CMe=CH-CO,Et, where X- 
is the nucleophile. For example, with ethoxide ions both chloro-esters give a substance 
which from its analysis, reactions, and infrared spectrum is shown to be the substitution 
product, ethyl $-ethoxycrotonate. With thioethoxide or thiophenoxide ions two com- 
pounds are formed from each chloro-ester. From their analyses, chemical reactions, 
ultraviolet, infrared, and nuclear magnetic resonance spectra, these have, in each case, 
been shown to be the two geometric forms of the substitution product. 

It is clearly of importance to determine the configurations of the ethyl 8-ethylthio- 
crotonates (L and H) and of the corresponding phenylthio-compounds (L’ and H’). As 
described in the Experimental section, experiments with Raney nickel and dipole moment 
measurements gave little useful information. However, the infrared spectrum (Table 8) 
of ethyl @-chloro-cis-crotonate has a strong band at ca. 920 cm., which for the érans- 
isomer is replaced by two weak absorptions near 950 cm.!. Strong absorptions near 920 
cm. also occur for esters (L) and (L’); for the isomers (H) and (H’) these, again, are re- 
placed by two weak absorptions near 950 cm.1. This indicates that esters L and L’ are 
related to cis-crotonic acid and esters H and H’ to ¢rans-crotonic acid. The other 
diagnostically useful feature of the spectra supports this. All six esters and their corre- 
sponding acids show a strong band in the region 810—860 cm.+1, presumably due to out-of- 
plane deformation of the system =C-H. For the chloro-ester and the acid with the 
trans-configuration this band occurs at lower frequency. This pattern is repeated with the 
other compounds. Taken together, therefore, the information indicates that the L series 
has the cis- and the H series the ¢rans-configuration. 

However, the infrared spectra of these compounds are complicated. In designating 
the geometric configurations we have used only a small number of the observed frequencies. 
We did not consider, therefore, that the configurations could be regarded as firmly estab- 
lished solely in this way. The proton nuclear resonance spectra, however, gave much less 
ambiguous information. Table 9 shows that, for the compounds of known configuration, 
the chemical shifts for the C-methyl protons are smaller in the cis- than in the ¢rans- 
configurations. For the other substances studied the shift for each of the compounds 
designated L was consistently smaller than that for its H isomer. The spectra of mixtures 
of isomers (cf. Fig. 2) showed that these differences did not arise from differences in bulk 
susceptibility. Consequently, irrespective of the origin of these effects, we may assign 
all the L compounds to the cis- and all the H compounds to the ¢rans-series. 

The configurations of the 8-methylglutaconic acids have recently been determined by 
Jackman and Wiley * in a similar way. The method is probably widely applicable and 
the origin of the observed separation in the C-methyl proton resonances for each pair of 
isomeric compounds is of interest. Models show that weak hydrogen-bonding between 
the hydrogen of the methyl group and the carbonyl-oxygen is possible in the cis-compounds. 
It is known ® that hydrogen bonding usually shifts proton resonance to lower field 
strengths and it is, therefore, reasonable to suppose that it accounts for the effects in the 
present case. 

The chemical shifts for the olefinic protons are also of interest. Except for the chloro- 
compounds, the olefinic proton resonance occurs at lower field strengths in the érans- 
compounds (i.¢., those with the olefinic hydrogen and the substituent, X, in cis-relation: 


%6 Jackman and Wiley, Proc. Chem. Soc., 1958, 196. 
** Korinek and Schneider, Canad. J. Chem., 1957, 35, 1157. 
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X = Cl, SEt, SPh). Owing to the diverse nature of the $-substituent X, it is probable 
that more than one effect is being observed. In the compounds which contain the phenyl 
group, for example, ring currents from the aromatic nucleus *” may contribute to the shift. 
In the chloro-compounds the distance between the interacting groups is larger and the 
effect is correspondingly smaller. The results for maleic and fumaric acid presumably 
reflect weak hydrogen-bonding between the olefinic proton and the carboxyl group when 
these have the cis-relation and are to be compared with the effects described above for the 
C-methyl protons in the crotonic acid series. 

It will be observed that the configurational assignments based on the proton resonance 
spectra agree with those based, although more tentatively, on the infrared spectra. Table 
10, summarising the relevant physical data, shows that the cis-isomer is the more volatile 
and the lower-melting, except for the 6-phenylthiocrotonic acid. 


TABLE 10. Properties of substituted ethyl crotonates. 


M. p. of 
Compound B. p./mm. np*® derived acid 
Et f-ethylthio-cis-crotonate (L) ...........0cseeeeeeeees 108—109°/10 1-5079 90-5° 
Et f-ethylthio-trans-crotonate (H) ..............0+e+e+ 131—132°/10 1-5190 114—114-2° 
Et B-phenylthio-cis-crotonate (L’) ..........0.seseeeeee 133°/3 1-5670 172—174° 
Et B-phenylthio-trans-crotonate (H’) ...........s.e+0+ 143°/3 1-5760 135—136° 


The methods used above are successful provided both isomers of a pair are available. 
Ethyl 8-ethoxycrotonate has, however, been obtained only in one form. Its configuration 
and that of the corresponding phenoxy-derivative, which is also known only in one form, 
cannot, therefore, be determined by the methods described. However, they are probably 
both in the cis-form. Compounds X-CMe:CH:-CO,Et of known configurations (X = Cl, 
SEt, Ph) are stable in the cis-configuration. It is reasonable to suppose that where 
X = OEt or OPh the isomer isolated is the stable one. Chemical evidence obtained by 
Arndt % for the ethoxy-compound and by Ruhemann and Wragg ® for the phenoxy- 
compound also suggests that both have the cis-configuration. 

Ethyl 6-chloro-«-methylcrotonate and its ethoxy- and ethylthio-derivative are also 
known only in one isomeric form. For these there is no evidence justifying assignment 
of configuration. . 

Kinetic and Stereochemical Course of the Reaction—Each of the isomeric ethyl 8-chloro- 
crotonates with either thioethoxide or thiophenoxide ions gave products which were 
isolated in both geometric forms. It was necessary, for two reasons, to establish that the 
amounts isolated reflected the isomeric composition of the reaction mixtures. First, in 
fractional distillation losses of the highest-boiling fraction (here the trans-esters) are 
usually the greatest, because of residual liquid in the column and pot. In our experiments 
this source of error was minimised by working with relatively large amounts of products 
(more than 25 g.) and by using an efficient fractionating column with a small hold-up. 
Secondly, recovery of the frans-esters can also be reduced by thermal isomerisation 
during distillation. In some of our early experiments this undoubtedly occurred but it 
was found that by careful drying of the products and by working at sufficiently low 
pressures the effect could be eliminated. In the experiments quoted in the Experimental 
section it is considered that no isomerisation occurred during distillation with the ethylthio- 
compounds. The isoldted trans-ester could be redistilled without change. With the 
phenylthio-compounds, however, a little isomerisation may have occurred. 

Next we had to show that none of the product arises from a secondary process. Obvious 
possibilities are isomerisation, during the reactions, of either the substrate or the products. 
The first of these was easily eliminated. In all the product runs quoted the chloro-ester 
was in excess, and in each case starting material was recovered in approximately the 

7 Pople, J. Chem. Phys., 1956, 24, 1111. 


28 Arndt, Ber., 1940, 78, 779. 
*® Ruhemann and Wragg, J., 1901, 1185. 
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expected amount; no fractions corresponded to isomerised chloro-ester. Further, 
isomerisation of either chloro-ester would have produced deviations of a characteristic 
kind in the kinetics, and none such was observed. 

Isomerisation in the products can, however, occur under certain conditions. For, 
example, it was found that ethyl §-ethylthio-tvans-crotonate on treatment, in ethanol, 
with thioethoxide ions and excess of ethanethiol isomerised by the annexed route. 


Et'CO-O SEt Et-CO-OV SEt Et‘CO-O Me 
»- \ ee od H-—C At a 4 
H Me _EtSH H~ Me —EtSH H SEt 


These reactions, and similar reactions with the phenylthio-compounds, would reduce 
the amounts of the ¢rans-product in the reaction mixtures. It was found, however, that 
prolonged reaction times and a large excess of thiol were necessary before isomerisation 
produced in this way became important. The reaction of the cis-chloro-ester and thio- 
ethoxide ions was investigated, with this point in mind, in some detail. The results 
(Table 4) show that variations in reagent concentration, reaction time, and temperature 
produced no large change in the relative amount of trans-product isolated. Only after 
allowing the product to stand for prolonged periods with excess of ethanethiol was a 
significant change observed. It was concluded, therefore, that, with thioethoxide ions as 
nucleophiles, providing the reactions were carried out with an excess of chloro-ester, no 
significant isomerisation of the product occurred. 

Table 11 gives the mean values obtained in the product experiments (generally at 0°; 
at 78° results did not differ significantly). It shows that the reactions of the two ethyl 
8-chlorocrotonates with thioethoxide or thiophenoxide ions proceed largely with retention 
of geometric configuration, but are not completely stereospecific. Since ethyl 6-ethylthio- 
and 6-phenylthio-trans-crotonate are thermodynamically unstable they cannot be artefacts: 
formation of products with inverted configuration ffom the cis-chloro-ester is, therefore, 
unequivocal. The origin of products with cis-configuration in the reactions of the trans- 
chloro-ester is less firmly established. With thioethoxide ion ca. 9% of ethyl 6-ethylthio- 
cis-crotonate is, apparently, formed; and in our opinion this amount could not have been 
formed, under the conditions of the reaction, from the main product. This reaction also, 
therefore, is not entirely stereospecific. With thiophenoxide ion, however, it seems likely 


TABLE ll. Results of product experiments. 
[RCI] = 0-2—0-8m, ca. 20% excess. Usually ca. 40 g. of chloro-ester used. Yields ca. 90%. 
Product (%) * 


Chloro-ester Nucleophile cis trans No. of runs 
cis EtS- 85 15 6 
trans = 9 91 3 
cis PhS~ 88 12 2 
trans ie 36 64 2 
cis EtO- (100) (0) 2 
trans - (100) (0) 2 
cis PhO- (100) (0) 2 
trans * (100) (0) 1 


* Parentheses denote cases where only one isomer is known. 


that some of the cis-product isolated may have been formed by secondary processes, for 
reasons given above. 

The steric course of the reactions with ethoxide and phenoxide ions remains unknown; 
and, since only one of the isomers can be prepared in each case, it is impossible to decide 
if any of the products isolated have been formed by secondary isomerisation. This also 
applies to the reaction of ethyl 6-chloro-«-methylcrotonate. 

All the reactions showed simple second-order kinetics, i.¢., the rate law was uniformly 
v = k,{RCI)[X~]. In the absence of the nucleophile X~, no detectable solvolysis occurred 
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unless the temperature exceeded 100°. No disturbance indicating isomerisation of 
substrate or build-up of intermediates was found. Within the limits of our analytical 
methods the expected stoicheiometry was obtained with respect both to the appearance 
of chloride ion and to the disappearance of nucleophile. 

Table 12 summarises the kinetic parameters obtained. The rate coefficient for the 
reaction between ethyl 8-chloro-trans-crotonate and ethoxide ions in ethanol at 0° (k, = 
0-000915 1. mole sec.') has been taken at unity. The relative rates refer to 0° and to 
concentrations [RCI] ca. 0-05 and [X~] ca. 0-10M. The results show that the reactions of 


TABLE 12. 
Relative E 
Compound Nucleophile ky (kcal./mole) logy, B 
Et B-chloro-trans-crotonate ..........seseeeeeees EtoO- {h 19-2 12-4 
és eo Sin). »_ = ehaaneuieaapeeeentn EtS- 6-12 14-5 9-39 
» * 00 i(i«éC Rte ewes eoseceees PhS 0-24 16-0 9-19 
Et B-chloro-cis-crotomate ..........scseeeeeeeeees EtO- 4-49 17-6 11-8 
» ” ou |)! dag aemenonmiediass pened EtS~ 2-66 14-1 8-71 
os o Oe Se re ern ees PhS~ 0-060 15-3 8-13 
Et f-chloro-«-methylcrotonate ...............4+. EtO- 0-011 20-5 11-4 
& » bp: ‘Lemna sabaabaelnndale EtS~ 0-013 16-7 8-49 


ethyl $-chloro-a-methylcrotonate with ethoxide or thioethoxide ions are slower than the 
corresponding reactions with either of the 8-chlorocrotonates. The precise rate factors 
depend on which configuration is chosen for comparison, but, irrespective of this, it is clear 
that the methyl group slows the reaction by factors which, at 0°, are around 107—10*. 

Other comparisons are ‘harder to make. The simplest statement might be that the 
reactions of both isomeric ethyl §-chlorocrotonates with ethoxide and thioethoxide ions 
are of approximately the same rate at any temperature over the range studied, while the 
reactions with thiophenoxide ions are significantly slower. More precise comparisons are 
of little value. For example, for the trans-chloro-ester at 0° the relative rates are EtO~ 1, 
EtS~ 6-12, and PhS~ 0-24, and at 100° 12-0, 1-0, and 0-12 respectively. The activation 
energies, however, show a clear trend. The order is EtO- > PhS~ > EtS~ for both 
isomers. The differences between the reactions with ethoxide and thioethoxide ions are 
particularly large; 4-7 and 3-5 kcal./mole for the tvans- and the cis-isomer respectively. 

Mechanism.—There are several formally possible mechanisms consistent with the 
observation that the ethyl @-chlorocrotonates react with a variety of nucleophiles by 
second-order processes giving substitution products. These are: 

(a) A mechanism in which addition of the nucleophile is followed by loss of chloride 
ion. If, for the moment, geometry is neglected, this can be formulated as: 


Et-CO*O-CH=CMeCl ——pe EtCO*OCH-CMeCIX ——t Et-CO-O-CH=CMeX 


If addition of X~ and loss of Cl~ occur together the mechanism becomes a synchronous 
substitution process. 

(6) A mechanism in which base-catalysed elimination of hydrogen chloride is followed 
by addition to the triple bond thus formed: 


Et>CO*O"CH=CMeC!l —— a EtCO*O"C=C*Me — Et-CO*O*CH=CMeX 
x= 


(c) A mechanism involving prototropic rearrangement as the first step. The sequence 
might be: 
Et-CO-CH=CMeCl === Et*CO*O°CH,*CCI=CH, (I) —— Et*CO*O°CH,’C=CH ——® Et*CO*O*CH=CMeX 

or Et-CO-O*CH=C=CH, 

Mechanism (c) is unlikely for several reasons. First, the equilibrium between ethyl 
8-chlorocrotonate and the intermediate (I) will be very unfavourable for the formation 
of the latter; for example, in an analogous system, ethyl 1-chlorovinylacetate is readily 
8° Morris, Ph,D, Thesis, London, 1959. 
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converted into ethyl «-chlorocrotonate by both ethoxide and thioethoxide ions. Secondly, 
elimination of hydrogen chloride from the intermediate (I) is unlikely to be rapid, 
particularly with the sulphur-containing nucleophiles. Mechanism (c) would not account, 
therefore, for the ease of the overall reactions or for the relatively small differences between 
the rates for the reactions with different nucleophiles, although it remains a formal 
possibility for the reactions involving ethoxide ions. 

Mechanism (b) can also be rejected, at least for the reactions with thioethoxide and 
thiophenoxide ions. The arguments are: First, this mechanism requires that the same 
isomeric product, or, at least, the same mixture of isomers, shall be produced from both 
chloro-esters. Since this is not the case, the reactions can involve mechanism (6) either 
only for one of the isomeric chloro-esters or only as a minor concomitant to some other 
mechanism for one or both of the chloro-esters. Neither of these possibilities is attractive, 
The similarity in the kinetic parameters for the reactions with any particular nucleophile 
argues against a different reaction path for each isomer. Further, since the isomer ratios 
in which the products are formed do not appear to change significantly with temperature 
it seems likely that only one reaction path is important. Secondly, the relative reactivities 
of the chloro-esters towards ethoxide and thioethoxide ions are inconsistent with mechanism 
(0). If either isomer reacted with thioethoxide ions by this mechanism the more strongly 
basic ethoxide ion would be expected to produce a large increase in rate. Thirdly, the 
studies on ethyl 6-chloro-«-methylcrotonate show that reactions similar to those of the 
isomeric ethyl 8-chlorocrotonates occur, even when, for structural reasons, mechanism (0) 
is precluded. 

In order to confirm the conclusions from these arguments the reaction of both of the 
ethyl §-chlorocrotonates with thioethoxide ion were carried out in deuteroethanol. 
Mechanisms (5) and (c) require that, under these conditions, isotopic exchange would be 
complete for one of the hydrogen atoms in the product. This was found not to be the case. 
Consequently mechanisms (5) and (c) can be excluded for the reactions with thioethoxide 
ions and, by analogy, for the similar case of thiophenoxide ions. These reactions are, 
therefore, firmly established as substitution processes [mechanism (a)]. 

It is not possible, at the moment, to be equally certain about the reactions with ethoxide 
ion. Since only one substitution product can be obtained and since the deuterium test 
has not yet been applied, it remains possible that one of the isomers, presumably the 
trans-isomer, reacts by mechanism (0). It is, of course, true that the results with ethyl 
8-chloro-a-methylcrotonate show that a reaction path other than (8) is available with 
ethoxide ions. Nevertheless, the mechanism of these reactions cannot yet be regarded as 
established. 

Mechanism (a) can proceed either as a synchronous process or with the formation of 
an intermediate adduct. This distinction recalls the previous controversy over the 
similar case of nucleophilic aromatic substitution. The view now prevailing, largely due 
to Bunnett’s work, is that, at least in sufficiently activated systems, reaction occurs 
through an intermediate adduct of some stability.*4 In the reactions of the ethyl 6-chloro- 
crotonates with thioethoxide and thiophenoxide ions there seems no doubt that a similar 
intermediate adduct is formed. No other formulation of the mechanism can accommodate 


as%  Et'CO “. _/* 
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easily the fact that both isomeric forms of the product are produced in each of the reactions. 
The reaction of the cis-chloro-ester with thioethoxide ions, for example, must be represented 


*! Bunnett, Quart. Rev., 1958, 12, 1. 
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as occurring through the intermediate (II). Irrespective of the precise geometry of the 
intermediate, it is clearly similar to that formed in the aromatic system, sincé (a) the 
carbon atom undergoing substitution has become tetrahedral and (b) the negative charge 
can be distributed by resonance. 

Although the data obtained in this investigation are rather limited a number of kinetic 
similarities between the two kinds of substitution emerge. First, replacement at an 
olefinic carbon requires an activating group. For example, the reaction between ethyl 
g-chloro-cis-crotonate and thioethoxide ions is, at 129°, ca. 10° times faster than the 
corresponding reaction (which also gives a replacement product) with cis-1-chloropropene. 
However, from the work of Truce and his colleagues,®* it seems likely that the latter 
compound reacts by the elimination-addition mechanism [t.e., (6)]. The activating effect 
of the ethoxycarbonyl group is, therefore, greater than this comparison would indicate. 
It is significant in this respect that neither isomer of 1-bromo-2--chloropheny]-1,2-di- 
phenylethylene reacts appreciably with thioethoxide ions at 160°. These reactions are, 
therefore at least 10° times slower than that of the cis-chloro-ester. Thus the ethoxy- 
carbonyl group is powerfully activating in vinyl substitution: its effect is much greater 
than in aromatic systems. Comparison of ethyl @-chloro-«-methylcrotonates with the 
ethyl -chlorocrotonates shows that a methyl group attached to the olefinic carbon one 
atom removed from the centre of substitution reduces the rate 100—1000-fold. Again there 
is a qualitative similarity to nucleophilic aromatic substitution, but, as with the ethoxy- 
carbonyl group, the effect is much greater in the vinylic system. For example, a para- 
methyl group in 1-chloro-2,4-dinitrobenzene reduces the rate of substitution by ethoxide 
ions * only by a factor of ca. 6. The behaviour of chloride ion as a nucleophile provides 
another similarity between the vinyl and aromatic systems. The rate coefficient for the 
reaction of the cis-chloro-ester with chloride ion is at least 10° times slower than with the 
thioethoxide ion. Bevan and Hirst, working with #-fluoronitrobenzene, found similar 
large differences. 

Other recent investigations of nucleophilic vinyl substitution appear to be consistent 
with our results. Miller and Yonan * studied the reactions of the isomeric w-bromo-p- 
nitrostyrenes with iodide ion in diethylene glycol monobutyl ether at ~200°. The 
reactions, compared with ours, are very slow and have high activation energies (23-9 and 
27-9 kcal./mole for the cis- and the trans-isomer respectively). Although the primary 
products of substitution could not be isolated, it was shown by a method based on selective 
dehydrohalogenation of cis-isomers, that the reaction proceeded largely with retention 
of configuration. These authors state that ‘the experimental data almost exclude 
mechanisms which invert the carbon at the reactive site.” 

Modena and his co-workers 1°15 following the earlier work of Montanari, studied 
reactions of the type: 


Ph*SO,°CH=CHCI + X~ ——t» Ph’SO,°CH=CHX + Ci- 


They found retention of configuration with both isomers with the nucleophiles MeO-, 
EtO-, PhO-, and N,~. Electron-releasing groups in the para-position of the benzene 
ring reduced the rate: electron-withdrawing substituents had the opposite effect. The 
reactions of the corresponding sulphoxide, Ph‘SO*CH=CHCl with MeO- and PhS~ also 
preceeded with retention of configuration. The rates of all these reactions are of the same 
order of magnitude as those in the present study: clearly the groups Ph:SO, and Ph:SO, 
like Et-CO, are good activating groups. 

An interesting study of non-activated vinyl substitution has been made by Carra and 
Beltrame.** They found the second-order rate coefficients for the reaction of Ph,C=CHCl 


* Truce, Boudakian, McManimie, and Heine, J. Amer. Chem. Soc., 1956, 78,2743. 
* Bevan, Hughes, and Ingold, quoted by Bunnett and Zahler, ref. 3. 
*“ Bevan and Hirst, J., 1956, 254. 
** Carra and Beltrame, Gazzetta, 1959, 89, 2027. 
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with ethoxide ion in ethanol to be 2-44 x 10 1. mole sec. at 130°. The corresponding 
bromide reacted about four times more readily. Replacement of the two phenyl groups 
by two methyl groups increased the rate. The activation energies of all the reactions 
were high, greater than 30 kcal./mole. It seems possible that, although substitution 
occurs with the diphenyl compound, the dimethyl analogue reacts by a mechanism similar 
to our (c). 

Several theoretical discussions **4 have been given of a one-stage displacement on an 
olefinic carbon which would be the analogue of the Sy2 mechanism for a saturated carbon, 
In the transition state (III) the carbon atom undergoing substitution has linear sp- 
hybridisation. Of the remaining two #-orbitals, one forms the x-bond and the other 
binds X and Y. As Gold? pointed out, such a reaction path would give inversion of 
geometric configuration. However, we agree with the view expressed by Miller and 
Yonan * that in such a reaction path the reaction centre is highly shielded and for most 
cases (and certainly in the ethyl 6-chlorocrotonates) at least one of the pairs, R,X and R’,Y, 
would be within bonding distance. 

The alternative one-stage displacement mechanism involves a tetrahedral arrangement 
at the reactive centre (IV), and leads to retention of configuration. Neither of these 
processes adequately explain our results, although there is a formal possibility that the 


(IIT) (IV) 


products of retained configuration arise via (IV) and those of inverted configuration arise 
from a different reaction via (III). However, we have‘dlready given reasons for supposing 
that the isomeric products are found, in any given reaction, from a common intermediate. 

The observed facts can be accounted for by assuming (a) that the approach of the 
nucleophile is at right angles to the plane of the olefin, (b) that the chloride ion, by the 
principle of microscopic reversibility, departs along the same or a reciprocal path, and (c) 
that in the intermediate the groups attached to the distal olefinic carbon remain in the 
original plane of the molecule. For the reactions between the chloro-esters and thio- 
ethoxide ion, the sequence of events is shown in Fig.3. The intermediate (X) (and similarly 
for X’) is presumably a hybrid of (X,) and (X,). Since the ethoxycarbonyl group produces 
so large an effect on the rate, (X,) must be the important structure, and, on a time average, 
the group Et-CO, and the atom H remain in their original plane. In order for the reactions 
to proceed, the intermediates X and X’ must, by rotation, pass into the rotamers Y, or 
or Y, and Y,’ or Y,’. In each case, the intermediates pass through conformations in 
which certain groups are eclipsed. Table 13 gives a list of these. 


TABLE 13. 
Transformation Steric course Eclipsed pairs 
xX —+» Y, Inversion EtS, Et-CO,; Cl, H 
xX —» Y, Retention Me, Et-CO,- 
Xx’ —»> Y,’ Inversion EtS, H; Et-CO,, Cl 
Xx’ —> Y,’ Retention Me, H 


Models show that some steric compression is to be expected for the pairs EtS, Et-CO,, 
and EtCO,, Cl, and possibly for Et‘CO,, Me. Hence X and X’ will pass more easily into Y, 
and Y,’ than into Y, and Y,’. The differences in the energy barriers must, in fact, be 
slight. For the cis-chloro-ester, which gives 85%, of the product with retained configuration, 
the energy difference must be ca. 1 kcal./mole. 

In the above scheme the steric course of the reactions is determined by the rotational 
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energy barriers in the intermediates X and X’. On this basis substitution at an olefinic 
centre could, by suitable choice of groups, be made to follow any steric course. For 
example, compounds of type X*-CH=CHC1 should show a more pronounced tendency to 
give products with retained configurations than those of type X*CH=CRCI (X is a strongly 
activating group and R is any group other than H). It is, perhaps, noteworthy in this 
respect that, whereas ethyl $-chlorocrotonates (R = Me) gives some inverted products, 
the reactions studied by Miller and Yonan * and by Modena and his colleagues,!°"4 in both 
cases with compounds of type X-CH=CHCI, gave only products retaining their configuration. 
A compound with a relatively bulky group R would also be of interest. On the theory 
given above, whereas the isomer with trans-relation between R and X should behave 
normally, i.e., react largely with retention of configuration, cis-relation between R and X 
should favour inversion. 

Our analysis is based on the assumption that the groups attached to the distal olefinic 
carbon atom remain in the plane of the molecule. If this is not the case, then as Miller 
and Yonan * have pointed out, the situation is more complicated. Consider the inter- 
mediate Z, formed from the cis-chloro-ester and thioethoxide ion. If elimination of 
chloride occurs trans to the electron pair, then retention results from inversion at the distal 


SEt carbon atom and rotation through the angle «, at the reaction centre. 
Inverted products result from rotation at the reaction centre through 

Et-CO, 42 H the angle (8). However, there seems no particular reason for assuming 
MeX>c1 trans-elimination. It is at least conceivable that, for reasons of 


overlap loss of chloride ion occurs when the electron pair and the 
(2) chlorine atom are in cis-relation. It seems that in either event the 

steric course of the reaction will be governed by the factors discussed above. 
It must be stressed that out detailed analysis applies only to the reactions of the ethyl 
8-chlorocrotonates with thioethoxide and thiophenoxide ions. The reactions with 
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ethoxide ion and the reactions of ethyl @-chloro-«-methylcrotonate, although probably 
of the same form, are not yet sufficiently understood for detailed analysis. 





One of us (C. A. V.) thanks Professor S. I. Miller (Illinois Institute of Technology) and 
Dr. G. Modena (University of Bologna) for very helpful and stimulating discussions. The 
encouragement and advice of Professor Hughes and Sir Christopher Ingold are also acknow- 
ledged. We thank the Department of Scientific and Industrial Research for a maintenance 
grant (to R. O. M.). 


WILLIAM RAMSAY AND RALPH FoRSTER LABORATORIES, 
Gow_ER St., Lonpon, W.C.1. (Received, January 11th, 1960. 
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470. Synthesis of 3,6-Di-O-(8-D-glucopyranosyl)-D-glucose. 
By J. R. Turvey and J. M. Evans. 


STRUCTURAL analysis of laminarin! and yeast glucan? by partial acid hydrolysis and 
identification of the fragments produced has indicated that these polysaccharides may be 
unbranched. The evidence for this was based partly on the failure to isolate a 
trisaccharide of structure 3,6-di-O-(8-D-glucopyranosyl)-D-glucose (trisaccharide Y; I) 
which should be obtained if these polyglucoses possess branched structures. It must be 
observed, however, that this negative evidence is ‘not conclusive and that there are 
alternative explanations of the absence of trisaccharide Y from the partial hydrolysates 
even if the structures are branched. A reference to the Figure makes this clear. 
Trisaccharide Y would not accumulate in the partial acid hydrolysate, (i) if either of the 


2 


(a) (c) 


A point of branching in a glucan containing B-1,3- and B-1,6-links. 


O 
O§ 5 by ~~) Ay i 
(1) (11) (i111) 
(Trisaccharide Y) 


é} = Glucose; Y = reducing glucose unit. 


linkages marked (a) and (+) were, because of its position, more easily hydrolysable than 
other 8-1,3- and 8@-1,6-linkages, or (ii) if the link (c), which might be either 8-1,3 or 8-1,6, 
were relatively more resistant. In the latter case, a branched tetrasaccharide would be 
produced instead of trisaccharide Y. We now report a chemical synthesis of trisaccharide 


1 Peat, Whelan, and Lawley, J., 1958, 724, 729. 
2 Peat, Whelan, and Edwards, J., 1958, 3862. 
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Y and some additional information on its rate of hydrolysis, which indicates that the 
linkages (a) and (6) are not abnormally sensitive to acid hydrolysis. Trisaccharides similar 
to Y, i.e., those with a reducing glucose unit having sugar units attached glycosidically to 
it at two points other than C,), have been reported by Bailey et al.3 and by Klemer,‘ but 
only limited information concerning their behaviour towards acid has been given.* 

The Koenigs-Knorr reaction was used in this synthesis, 1,2,4,2’,3’,4’-hexa-O-acetyl- 
laminaribiose being condensed with acetobromoglucose in the usual manner.5 Three 
synthetic oligosaccharides are possible products (after removal of acetyl groups), namely, 
the trisaccharides (I) and (II) and the tetrasaccharide (III). After removal of unchanged 
glucose and laminaribiose by chromatography on charcoal, the presence in the reaction 
mixture of two trisaccharides and one tetrasaccharide was indicated by paper chrom- 
atography. Fractionation by thick-paper chromatography gave trisaccharide Y in a 
chromatographically pure form. Partial acid-hydrolysis of Y gave sugars with the Rp 
values of laminaribiose and gentiobiose but, after reduction of the trisaccharide with 
sodium borohydride, only non-reducing disaccharides corresponding in Ry values to 
laminaribi-itol and gentiobi-itol were present in the hydrolysate. By contrast, the 
trisaccharide (II), which was also isolated, gave after reduction and partial hydrolysis 
gentiobiose and laminaribi-itol. 

The hydrolysis of trisaccharide Y in 0-33N-sulphuric acid at 100° was followed by 
estimation of reducing power and by paper chromatography. In the initial stages of 
hydrolysis there was no rapid increase of reducing power, and gentiobiose and laminaribiose 
were liberated at approximately equal rates. After hydrolysis for 2 hr. under these 
conditions the conversion (as glucose) of trisaccharide Y was 40-4°% compared with 35— 
40% for laminarin hydrolysed under the same conditions. It is concluded therefore 
that the linkages in this trisaccharide are not abnormally sensitive to acid and that 
the failure to isolate it from hydrolysates of laminarin and yeast glucan cannot be 
attributed to this cause. 


Experimental.—The general methods of chromatography and the Koenigs—Knorr reaction 
were as described by Peat et al.5 The analytical methods, reduction with sodium borohydride, 
and partial hydrolysis of oligosaccharides have also been described.*** 

Synthesis of trisaccharide Y. Laminaribiose (from laminarin;! 5 g.) was dissolved in 
anhydrous pyridine (100 ml.), triphenylmethy] chloride (10 g.) was added, and the solution left 
for 5 days at 18°. Acetic anhydride (20 ml.) was then added and the solution left for a further 
2 days, then cooled to 0°. Water (1 ml.) was cautiously added and the precipitated triphenyl- 
methanol filtered off. The filtrate was poured into iced water (2-5 1.) containing sodium acetate 
(10 g.) and left at 0° overnight. The precipitate was filtered off, washed with water, dissolved 
in acetone (100 ml.), and reprecipitated by pouring into water (500 ml.). Several such 
reprecipitations gave crude amorphous 1,2,4,2’,3’,4’-hexa-O-acetyl-6,6’-di-O-triphenylmethy]l- 
laminaribiose (11-2 g.; [a],,!* +5-9° in CHCI,) which did not crystallise. Removal of triphenyl- 
methyl groups was accomplished by dissolving the compound (10 g.) in glacial acetic acid 
(50 ml.) and adding 50% (w/v) hydrogen bromide in glacial acetic acid (6 ml.) as previously 
described. Attempts to crystallise the resulting 1,2,4,2’,3’,4’-hexa-O-acetyl-laminaribiose 
failed but the crude amorphous compound had [{aJ,,"* + 2-0° (c 0-24 in CHCI,). 

The hexa-O-acetyl-laminaribiose (3-8 g.) was condensed with 1-bromo-2,3,4,6-tetra-O-acetyl- 
a-D-glucose (3 g., 1:15 mol.), and the products deacetylated as previously described.5 The 
mixture of sugars obtained (4-8 g.) was fractionated on a charcoal—Celite column (5 x 50 cm.), 
glucose and laminaribiose being removed by 10% (v/v) aqueous ethanol and the higher oligo- 
saccharides with 50% (v/v) aqueous ethanol. After concentration of the latter solution to 
dryness (at 35°), examination by paper chromatography revealed two trisaccharides and a 
more slowly migrating sugar,, possibly a tetrasaccharide. The two trisaccharides were 

* Bailey, Barker, Bourne, and Stacey, Nature, 1955, 176, 1164; Bailey, Barker, Bourne, Grant, and 
Stacey, J., 1958, 1895. 

* Klemer, Chem. Ber., 1956, 89, 2583; 1959, 92, 218. 


§ Peat, Whelan, and Evans, J., 1960, 175. 
* Peat, Whelan, and Roberts, J., 1957, 3916. 
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separated by two chromatographic fractionations on thick filter paper, with butan-1-ol-acetic 
acid—water (4:1:5 by vol.) as solvent. A chromatographically pure specimen of the more 
slowly migrating sugar, trisaccharide Y (170 mg.), was obtained. The second trisaccharide 
(II) (94 mg.) was chromatographically identical with authentic 3-O-8-gentiobiosylglucose. 

For the results of partial hydrolysis of the trisaccharides and of the alcohols prepared by 
their reduction with sodium borohydride, see above. 

Hydrolysis of trisaccharide Y. The trisaccharide (170 mg.) was dissolved in water (15 m1.), 
and the concentration determined by complete acid-hydrolysis to glucose. A portion of this 
solution was used for measurement of specific optical rotation. The value observed (+ 14-4°) 
is in contrast to the values for 3-O-8-gentiobiosylglucose and 6-O-f-laminaribiosylglucose 
(—3-2° and —6-0° respectively) but is in agreement with the value (+ 14°) calculated from the 
known molar rotations of laminaribiose and gentiobiose. Comparison of the reducing power 
of the trisaccharide to Somogyi’s alkaline copper reagent ’ with that of glucose indicated an 
apparent molecular weight of 520. 

Portions (1 ml. each) of the solution were hydrolysed in a total volume of 10 ml. of 0-33n- 
sulphuric acid at 100° for varying times. The reducing power (as glucose) of each portion, was 
measured after cooling, and the percentage conversion calculated. The values obtained after 
0-5, 1, 2, and 4 hr. were 11-5, 26-6, 40-4, and 51-7% respectively. Each portion was also 
examined by paper chromatography. In the early stages of hydrolysis, gentiobiose and 
laminaribiose were produced at comparable rates, but in the later stages laminaribiose 
disappeared before gentiobiose. 


We thank Professor S. Peat, F.R.S., for his advice and the Department of Scientific and 
Industrial Research for a grant (to J. M. E.). 


UNIVERSITY COLLEGE OF NorRTH WALEs, 
BANGOR, CAERNARVONSHIRE. [Received, July 24th, 1959.) 


7 Somogyi, J. Biol. Chem., 1945, 160, 61. 





471. Isolation of Conessine from Holarrhena mitis R.Br. 
By V. P. BHAVANANDAN and G. P. WANNIGAMA. 


Holarrhena mitis R.Br. is a rather tall slender tree with white smooth bark and is endemic 
to Ceylon.42 The bark juice of this plant is used by native physicians in Ceylon as a 
remedy for dysentery and fevers. From this bark we have isolated conessine, and 
obtained evidence for the occurrence of the N-demethylated conessines. In general, we 
followed the procedures adopted by Haworth, McKenna, and Nazar-Singh * for H. anti- 
dysenterica and Pyman * for H. congolensis. 


Experimental.—The dry ground bark (7545 g.) was mixed with lime (1245 g.) and extracted 
(Soxhlet) for 24 hr. with methanol (12 1.). The extract was concentrated to a thick brown 
syrup, which was dissolved in chloroform and shaken with dilute hydrochloric acid, the acid 
extract then being basified with ammonia. The liberated bases, isolated with ether, were 
mixed with hot 25% ethanolic oxalic acid. On cooling, conessine hydrogen oxalate separated 
as prisms, m. p. 260° (2-5 g.) (Found: C, 62-7; H, 7-9; N, 5-1. Calc. for C,,H,,O,N,: C, 62-7; 
H, 8-2; N, 5:2%). 

The ethanolic mother-liquor was concentrated, diluted with water, and made alkaline with 
ammonia. The recovered bases, isolated with ether, were N-methylated with formaldehyde 
and formic acid. The methylated bases were treated with hot 25% ethanolic oxalic acid; 
conessine hydrogen oxalate (10 g.) separated as prisms, m. p. and mixed m. p. 260°. 


1 Trimen, ‘“‘ A Handbook to the Flora of Ceylon,” Dulau & Co., London, 1895, Part III, p. 131. 
® Kirtikar and B. D. Basu, “‘ Indian Medicinal Plants,’’ L. M. Basu, Allahabad, India, 1935, Vol. II, 
p. 1573. 
* Haworth, McKenna, and Nazar-Singh, J., 1949, 831. 
* Pyman, J., 1919, 163. 
5 Siddiqui, J. Indian Chem. Soc., 1934, 11, 283. 
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An aqueous solution of the total conessine hydrogen oxalate was basified with potassium 
carbonate and the product extracted with light petroleum (b. p. 60—80°). Evaporation of 
the dried (Na,SO,) extract gave an oil which crystallised on addition of dry acetone. Recrystal- 
lised from acetone, conessine separated out as plates, m. p. and mixed m. p. 125° (6-5 g.) (Found: 
C, 80-9; H, 11-4; N, 80. Calc. for CyHyN,: C, 80-9; H, 11-2; N, 7-9%), [aJ,94 +23-8° 
(c 3°86 in EtOH). 

X-Ray powder photographs of the conessine obtained and of authentic conessine were very 
similar. They were taken with a 9 cm. powder camera with Cu-K« radiation. 


The authors thank Professor E. L. Fonseka for his kind encouragement, Professor R. D. 
Haworth, F.R.S., for a sample of authentic conessine, and Dr. C. A. Beevers of the University 
of Edinburgh for the X-ray powder photographs. Microanalyses were performed by Dr. 
K. W. Zimmermann of the C.S.I.R.O. Microanalytical Laboratory, Melbourne, Australia. 


THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CEYLON, 
CoLomBo, CEYLON. [Received, November 9th, 1959.] 





472. Organic Complex-forming Agents for Metals. Part IV.* 
Some New Heterocyclic “* Complexones.” 


By P. Brppte, E. S. Lang, and J. L. WILLANs. 


As only a few compounds containing the NN-diacetic acid grouping adjacent to a hetero- 
cyclic tertiary nitrogen atom have been described, the synthesis of some representative 
compounds based on the benzimidazole, thiazole, and benzothiazole ring systems was 
carried out. 2-Amino- and 2-amino-6-methyl-benzothiazole, and 2-amino-thiazole and 
-benzimidazole, with hot alkaline sodium chloroacetate solution, gave compounds contain- 
ing two CH,*CO,H groups per molecule. It has been tacitly assumed that in all these cases 
the grouping introduced is the NN-diacetic acid grouping. It must be pointed out, how- 
ever, that the heterocyclic amines used are tautomeric (¢.g., 2-aminobenzothiazole === 
2,3-dihydro-2-iminobenzothiazole) and thus the possibility that reaction with sodium 
chloroacetate could occur with the imino-form cannot be precluded. It is noteworthy 
that only two CH,°CO,H groups could be introduced into the 2-aminobenzimidazole 
molecule. Although Irving and Weber?! prepared 1-benzimidazolylacetic acid from 
benzimidazole and sodium chloroacetate, they too were unable to introduce more than two 
CH,°CO,H groups into 2-aminomethylbenzimidazole with this reagent, the 1-position 
remaining unsubstituted. 

In an attempt to extend the reaction to benzoxazole, cyanogen bromide was caused to 
react with o-aminophenol, 2-amino-4-nitrophenol, and 2-aminoresorcinol forming, respec- 
tively, 2-amino-, 2-amino-5-nitro-, and 2-amino-4-hydroxy-benzoxazole. On treatment 
with sodium chloroacetate these compounds decomposed with evolution of ammonia, 
demonstrating the instability of the benzoxazole ring system to alkaline reagents. 

All these new “‘ complexones ” form complexes with metals in the expected fashion. 
The benzothiazole derivatives are of particular interest in that they precipitate copper at 
low pH values (3—4), deposition becoming complete as the pH is raised. Precipitation of 
copper by this class of amino-acid was unexpected, except possibly in pH ranges where the 
hydroxide could exist. Nickel, on the other hand, forms complexes with these reagents 
and remains in solution. 


Experimental.—Cyanogen bromide. In the following reactions slightly less than a molecular 
proportion of cyanogen was usetl in order to ensure its complete removal from the reaction 
mixture so as to facilitate working-up. 


* Part III, J., 1956, 4670. 
1 Irving and Weber, /J., 1959, 2296. 
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2-Aminobenzoxazole. Cyanogen bromide (10-0 g., 0-095 mole) was added in separate portions 
to a cooled, stirred solution of o-aminophenol (10-9 g., 0-1 mole) in alcohol (50 ml.) during } hr, 
After 1 hour’s stirring, the mixture was filtered and the filtrate diluted with water (100 ml), 
treated with charcoal, and neutralized with aqueous sodium hydroxide. Colourless crystals of 
the base were deposited (2-5 g.; m. p. 130—131°) (Found: C, 62-9; H, 4:3; N, 21-0. Cale. for 
C,H,ON,: C, 62:7; H, 4:5; N, 20-9%). Skraup * gives m. p. 129—130°. 

2-Amino-5-nitrobenzoxazole. Sodium 2-amino-4-nitrophenoxide (17-6 g., 0-1 mole) was 
agitated with water (50 ml.), and cyanogen bromide (10-0 g., 0-095 mole) added in separate 
portions. After 1 hour’s stirring a dark brown product was filtered off. This was redissolved 
in dilute hydrochloric acid, and the solution was filtered and made basic with aqueous sodium 
hydroxide. The basic product was precipitated as a yellow solid, m. p. 294° (decomp.) (Found: 
C, 47-0; H, 2-7; N, 23-65. C,H,O,N, requires C, 46-9; H, 2-8; N, 23-5%). 

2-Amino-4-hydroxybenzoxazole. 2-Aminoresorcinol hydrochloride (22-0 g., 0-137 mole) in 
water (50 ml.) was neutralized with sodium hydrogen carbonate, cyanogen bromide (13-0 g., 
0-123 mole) was added dropwise to the stirred slurry, and the mixture left for 2 days and then 
filtered. The filtrate was neutralized and the colourless precipitate filtered off. The base 
(10-2 g.) was recrystallized from water and had m. p. 183—184° (Found: C, 55-3; H, 3-9; N, 
18-75. C,H,O,N, requires C, 56-0; H, 4-0; N,18-7%). Asolution of this compound in acetone 
gave a red colour with uranyl nitrate solution. 

2-Aminobenzimidazole. o-Phenylenediamine (43-2 g., 0-4 mole) was stirred with water 
(400 ml.) in an ice-bath, and cyanogen bromide (35-5 g., 0-333 mole) added dropwise during } hr. 
The mixture was stirred for 3 hr., filtered, and made basic with aqueous sodium hydroxide, the 
base being precipitated and filtered off; it had m. p. 229—230° (from aqueous acetone) (Fcund) 
N, 31-5. Calc. for C,H,N,: N, 31-6%). Pierron® gives m. p. 222°. The benzoyl derivative, 
prepared by using benzoyl chloride and aqueous alkali, had m. p. 241-5—242° (Found: C, 70-7; 
H, 4:5; N, 17-4. C,,H,,ON, requires C, 71-0; H, 4-65; N, 17-7%). 

2-Aminobenzothiazole. 2-Aminothiophenol and cyanogen bromide reacted almost quantit- 
atively under the above conditions, to give 2-aminobenzothiazole, m. p. 129—130°, not 
depressed on mixing with an authentic sample. ¥ 

Reaction of aminoheterocyclic compounds with chloroacetic acid. The following general procedure 
was used: Chloroacetic acid (0-6 mole) was dissolved in a solution of sodium hydroxide (0-6 mole) 
in water (75 ml.). The amino-compound (0-1 mole) was added and the mixture raised to the b. p. 
with stirring. A solution of sodium hydroxide (0-6 mole) in water (75 ml.) was added dropwise 
to keep the mixture alkaline to phenolphthalein. When no further reaction occurred the mixture 
was cooled and filtered and the filtrate made acid with hydrochloric acid. The ‘‘ complexones” 
separated from this solution and were recrystallized from water. Thus were obtained: 

2-D1t(carboxymethyl)aminothiazole (39% yield from 2-aminothiazole), m. p. 210—215° 
(decomp.) [Found: C, 35°85; H, 4-45; N, 11-5; S, 136%; M (by titration), 236. 
C,H,O,N,S,H,O requires C, 36-0; H, 4-3; N, 12-0; S, 13-7%; M, 234]; 2-di(carboxymethyl)- 
aminobenzothiazole (64-5% yield from 2-aminobenzothiazole), very sparingly soluble in water, 
m. p. 230—240° (decomp.) [Found: C, 49-6; H, 3-8; N, 10-85; S, 12-35; M (by titration), 
270. C,,H,O,N,S requires C, 49-65; H, 3-8; N, 10-5; S, 120%; M, 266]; 2-di(carboxy- 
methyl)amino-6-methylbenzothiazole (40-1% yield from 2-amino-6-methylbenzothiazole, m. p. 
244—-245° (decomp.) [Found: C, 48-0; H, 4:35; N, 10-2; S, 11-5, M (by titration), 301. 
C,,H,,N,SO,,H,O requires C, 48-3; H, 4:7; N, 9-4; S, 10-7%; M, 298]; 2-di(carboxymethyl)- 
aminobenzimidazole (78-1% yield from 2-aminobenzimidazole), m. p. 262° (decomp.), gave a low 
nitrogen value on analysis [Found: C, 49-7; H, 4:6; N, 115% M (by titration), 260. 
C,,H,,0,N;,H,O requires C, 49-5; H, 4:9; N, 15-7%; M, 259]. 

Atomic ENERGY RESEARCH ESTABLISHMENT, 

HARWELL, Dipcot, BERKS. [Received, November 23rd, 1959.] 


Skraup, Annalen, 1919, 419. 
Pierron, Ann. Chim. Phys., 1908, 15, 145. 
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473. Method for obtaining the Rate Coefficient and Final 
Concentration of a First-order Reaction. 


By E. S. SwWINBOURNE. 


WHEN carrying out kinetic studies it is frequently difficult or impracticable to measure 
the concentration of reactant at the start of a reaction or after equilibrium has 
been attained. Guggenheim ? outlined a useful method for computing the reaction rate 
coefficient for a first-order process when the initial concentration is unknown and Hartley’s 
method,? although tedious, may be used for the same purpose. 

The final and (in some cases) the initial concentrations in a first-order process may be 
estimated from the extremely simple extrapolation procedure outlined below. The treat- 
ment is for a gas reaction obeying the law, 


| (po — p) = (bm — po) exp (—At) 


although its adaptation to any first-order process is obvious. 


If pressure readings f,, po, . . . . Pa are made at times 4, ¢, . . . t,, and a second series 
oe Soe pn’ is made at the corresponding times ¢, + T, ¢, ++ T,....t, + T (where 
T is constant) then 
| (bo — fa) = (ba — Py) exp (—ht) 
and (po — pn’) = (bo — Po) exp [—A(fa + T)] 
Dividing of one these two equations by the other and rearranging them, we have 
t Pn = Po (1 — exp RT) + ,’ exp (RT) 
. A straight line is therefore obtained when the pressure readings in the first series are 


plotted against the corresponding pressure readings in the second series, and an estimate 
of the reaction rate coefficient may be evaluated from the logarithm of the slope of the line. 
Fort = 0, pn = pn’ = pw. Therefore p.. is the point on the line at which , and ,’ have 
equal value. If the time of commencement of the reaction is known it is possible to 
extrapolate back along the curve and find the corresponding initial pressure. 

The method has been successfully applied to the pressure-time data for the pyrolysis 
of cyclohexyl chloride * and cyclopentyl chloride, and good agreement was found between 
the values of k so estimated and as determined by Guggenheim’s procedure. Its applic- 
ation to the tabulated data is shown in the accompanying diagram. 


— ie Vee, ee 


% t (min.) p (cm.) ¢ (min.) Pp (cm.) ¢ (min.) p (cm.) 

(0) (15-1) Po 10 24-2, 18 27:2, 
' 2 17-7, py; A 12 25-2, 20 27-6, 
. 4 19-8, ¥ Po’ 14 26-0, 22 28-0, 
" 6 21-5, p,’ 16 26-7, 24 28-3, 
¥ 8 23-0, 


In the graph, T = 4 min., and extrapolation gives #,, = 30-0 cm. The reaction being 
assumed to commence at time ¢ = 0, extrapolation back along the curve gives py = 
15-1 cm. From the slope, & has been estimated as 1-63 x 10% sec.“ compared with 
1:65 x 10% sec. computed by Guggenheim’s method (same T calculations by the method 
of averages.5 


1 Guggenheim, Phil. Mag., 1926, 2, 538. 

® Hartley, Biometrika, 1948, 35, 32. 

* Swinbourne, Austral. ]. Chem., 1958, 11, 314. 

* Swinbourne, unpublished work. 

* Livingston in ‘‘ Technique of Organic Chemistry,”’ Interscience Publ. Inc., New York, 1953, Vol. 
VIII, p. 190, ed. Friess and Weissberger. 
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The features of the method may be critically assessed as follows: 

(1) The original pressure data are used directly without the necessity of first taking 
logarithms, differences, etc. Plots are therefore quickly and easily made, and a number of 
graphs using different values of T may be conveniently compared on the one diagram. 

(2) Readings taken towards the end of the reaction are “ telescoped ”’ on the graph and 
thus weighted less than those near the beginning which give a more accurate indication of 
the rate. 

(3) Values of k, ., and pressure at zero time (which is often close to the theoretical] 
initial pressure, py) may be readily determined from the one straight-line graph. In order 
to obtain reliable estimates of k and .., the data should normally be recorded over a period 
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of time greater than the half-life (¢;) and preferably greater than two half-lives (this will 
depend upon the accuracy of the recorded values); T should be of the order of 0-5t, to 4. 
For the accurate estimation of slope, a numerical method (e.g., the method of averages) is 
to be preferred. 

(4) The method is relatively insensitive to deviations from the strict first-order law, so 
it is advisable to have an independent check of the conformity of the reaction to this law. 

(5) In comparison with the other two procedures previously mentioned, the present 
method has the advantages of simplicity and versatility. It appears to have the same 
order of reliability as Guggenheim’s procedure for the estimate of k from a given set of 
data. The method due to Hartley is the most formally correct but, in view of the accuracy 
of measurement and the assumptions normally involved in chemical kinetic studies, it is 
doubtful whether it has any practical advantage over the other procedures (particularly in 
view of the more complex nature of the computations involved). 


The author is indebted to Dr. Allan Maccoll for helpful advice and to the Imperial Chemical 
Industries of Australia and New Zealand Ltd. for the award of a Post-Graduate Travelling 
Fellowship. 


UnIverRsiITy COLLEGE, Lonpon, W.C.1. [Received, October 30th, 1959.] 
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474. LEchinocystic Acid in Fouquieria peninsularis. 


By F. Girar and L. Ropricuez HAHN. 


SEVEN species of genus Fouguieria (Fouquieriaceae) have been found in Mexico. 
F. peninsularis, Nash, is known in Baja California (mainly in the Southern Territory) as 
“ palo de Adan ” (Adam’s stick) or “ cirio’ (candle). Its bark produces foam with water 
and is used for washing. We have isolated from it a sapogenin which was identified as 
echinocystic acid by mixed melting points with the authentic sapogenin and its 
derivatives. 

Echinocystic acid was first found, as saponin, in the root of Eguinocystis fabacea, a 
Cucurbitacea from California,’ and it has not been found in any other saponin. Recently ? 
it has been found as free sapogenin in the seeds of various Strophanthus species together 
with the cardiac glucosides. 


Experimental.—The botanical classification of “‘ palo de Adan” was made by Dr. F. 
Miranda (Institute of Biology of the University of Mexico). 

Extraction and purification. The dried and ground bark (received as splits from La Paz, 
Baja California) was percolated with ethanol containing 5% of benzene. The extracts were 
concentrated to a syrup which was hydrolysed with ethanol (400 ml.), water (400 ml.), and 
hydrochloric acid (40 ml.) for 4hr. under reflux. The solution was diluted with water (4 1.), and 
the resin obtained filtered off, dried (10% yield), and extracted with boiling isopropyl ether 
(61). The ethereal extract was decolorised with charcoal and evaporated to give crude echino- 
cystic acid, m. p. 295—300° (0-85—2-58% yield). Crystallisation from methanol, acetone, or 
propan-2-ol gave the pure acid, m. p. 309—310°, [«],,2° +35-1° (c 2-0 in dioxan) [Found: C, 76-1; 
H, 10-3%; M, (Rast) 533, (titration) 496. Calc. for Cyp5H,,0,: C, 76-2; H, 10-2%; M, 473]. 
It gave a positive reaction with tetranitromethane, and did not contain a carbonyl group. 

With boiling acetic anhydride (24 ml.; 1 hr.) the acid gave the diacetate (from ethyl acetate), 
m. p. 274—276°, [aJ,2° —11-0° (c 2-0 in dioxan) (Found: C, 73-6; H, 9-8. Calc. for C,,H,,0,: 
C, 73:3; H, 9-4%). With ethereal diazomethane it gave the methyl ester (from methanol), 
m. p. 210—212°, {a],,2° +27-6° (c 2-0 in alcohol) (Found: C, 75-6; H, 10-2. Calc. for C,,H,.0,: 
C, 76-5; H, 10-3%). The methyl ester diacetate, prepared from the diacetate, had m. p. 200— 
201°, {aJ,2° —9-0° (c 2-0 in ethanol) (Found: C, 72-9; H, 9-5. Calc. for C,,H,,0,: C, 73-6; H, 
95%). 

The microanalysis were by Dr. A. Bernhardt, Mulheim/Ruhr (Germany). 


The authentic samples of echinocystic acid and its derivatives were generously provided by 
Professor C. R. Noller. 


LABORATORIOS FARQUINAL, INDUSTRIA NACIONAL QUIMICO FARMACEUTICA, 
Mexico, D.F. (Received, December 7th, 1959.] 


1 Bergsteinsson and Noller, J. Amer. Chem. Soc., 1934, 56, 1403. 
* Barton, Mohr, Reichstein, and Schindler, Helv. Chim. Acta, 1956, 39, 413. 





475. The Tetrafluoroiodates. 
By G. B. HARGREAVES and R. D. PEACOCK. 


ALTHOUGH hexafluoroiodates, formed by the action of iodine pentafluoride on alkali 
fluorides, have been known for several years,! no attempts appear to have been made to 
prepare tervalent iodine complexes analogous to the tetrafluorobromates MBrF,. During 
recent work it was noticed that a solution of alkali iodide in iodine pentafluoride, which has 
been treated with cold fluoriné until the iodine colour just disappears, has mild reducing 
properties, e.g. it can reduce ? MoF, to quinquevalent MoF,~. Since the iodide ion does 


1 Emeléus and Sharpe, J., 1949, 2206. 
* Hargreaves and Peacock, J., 1958, 4390. 
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not exist in iodine pentafluoride solution it follows that a colourless reducing agent js 
present which can only be another complex fluoroiodate. We have confirmed this 
deduction by observing the behaviour of mixtures of potassium iodide and potassium 
fluoride dissolved in iodine pentafluoride. As expected, in the presence of sufficient 
potassium fluoride the initial iodine colour caused by the action of the iodine pentafluoride 
on the potassium iodide present soon disappears, especially on warming of the mixture, 

Solid tetrafluoroiodates MIF, (M = K,Rb, and Cs) and solvated compounds MIF, IF, 
(M = Cs and Me,N) are obtained by the action of iodine pentafluoride on the alkali iodides 
in cold, dilute solution (Table). They are white powders, decomposed by moist air and by 
water. It is clear that the stability of each series of salts is markedly dependent on the 
size of the cation, and parallels that of other polyhalides such as the tetrachloroiodates, 
The Debye X-ray powder photographs, like those given by the hexafluoroiodates, are not 
sufficiently good to indicate the symmetry or the unit-cell size, but their complexity 
suggests that the tetrafluoroiodates are not isostructural with the corresponding tetra- 
fluorobromates.® 





Product from 


Starting material hot solution Product from cold solution 
Nal NaF NaF 
KI KIF, (> 150°) KIF, (<70°) 
RbI RbIF, (> 150°) _RbIF, (70°) 
1m vacuo 
CsI CsIF, (> 150°) CsI,F, (60°) ————» CsIF, (>120°) 
100° 
Me,NI Me,NI,F, Me,NI,F, (slow decomp. at 140°) 


(Temperatures in parentheses indicate limit of thermal stability.) 


Experimental.—Tetrafluoroiodates(111). A large excess of iodine pentafluoride, prepared from 
the elements and purified by trap-to-trap distillation in a, vacuum, was allowed to interact with 
finely powdered, freshly dried alkali iodide in the cold. Iodine was immediately liberated, 
and when all the solid had dissolved the excess of solvent «was pumped off and the residual solid 
carefully warmed to about 50° in a vacuum to remove iodine. Tetrafluoroiodates were then 
obtained as follows: potassium salt (Found: F, 33-0; I, 45-3. KIF, requires F, 31-4; I, 48-4%), 
which slowly decomposed even at room temperature with loss of iodine; rubidium salt (Found: 
I, 43-3; F, 26-2%; RbI equivalent, 309. RbIF, requires I, 44-6; F, 26-3%; RbI equivalent, 
288); solvated cesium salt (Found: I, 46-6; F, 30-7. CsI,F, requires I, 46-3; F, 30-7%); and 
solvated tetramethylammonium salt (Found: I, 52-2; F, 33-9. Me,NI,F, requires I, 50-9; F, 
34-3%). When the solvated cesium salt was heated in a vacuum at 100° cesium tetrafluoro- 
iodate was produced (Found: I, 37:9; F, 24-8. CsIF, requires I, 38-7; F, 22-6%). 
The tetramethylammonium salt solvate did not give a definite compound when heated; samples 
contained 51:8% and 53-4% of iodine after being heated in a vacuum at 80° and 140°, 
respectively. At 220° iodine pentafluoride was evolved but the “‘ Pyrex ”’ vessel was attacked. 

Cesium iodide was allowed to interact with a small excess of iodine pentafluoride. A white 
deposit, mixed with purple iodine crystals, was obtained. When the solvent had been removed 
in a vacuum the residue gave correct analytical figures for cesium hexafluoroiodate (Found: I, 
32-0. CsIF, requires I, 33-9%). 

Hexafluoroiodates(v). Alkali iodides were treated as before with excess of iodine penta- 
fluoride, and the solutions were boiled for a few minutes. They were then rapidly cooled and 
the iodine pentafluoride was pumped off. None of the residual solids, when treated with water, 
yielded free iodine (Found: I, 45-7; F, 40-2. Calc. for KIF,: I, 45-3; F, 40-7%. Found: I, 
38-3; F, 35-5. RbIF, requires I, 38-3; F, 35-5%. Found: I, 33-0; F, 30-0. CsIF, requires 
I, 33-9; F, 30-5%). 


We thank Imperial Chemical Industries Limited, General Chemicals Division, Widnes, for 
the use of a fluorine cell, and the Department of Scientific and Industrial Research for a 
maintenance grant (to G. B. H.). 


CHEMISTRY DEPARTMENT, UNIVERSITY OF BIRMINGHAM, 
EDGBASTON, BIRMINGHAM, 15. [Received, December 11th, 1959.) 


8 Sly and Marsh, Acta Cryst., 1957, 10, 378. 
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476. Alkaloidal Constituents of Senecio discolor, D.C.: Retrorsine 
and Isatidine. 


By R. SCHOENTAL. 


In a collaborative investigation with Professor G. Bras, Mona, and Dr. P. Gyérgy, Philadel- 
phia, aimed at the identification of the specific factors responsible for “‘ veno-occlusive ” 
disease of the liver in children in Jamaica,! about 8 Ib. of dried leaves of Senecio discolor, 
D.C. (a plant which may be used for the preparation of ‘‘ bush-teas ” *) were received 
from Professor A. D. Skelding, Department of Botany, Mona. 

The main alkaloid isolated from the plant proved to be retrorsine and to be present 
mostly in the form of its N-oxide. 


Experimental.—The crushed leaves were extracted with ethanol by percolation at room 
temperature, the extract was concentrated im vacuo, and the residue extracted with dilute 
hydrochloric acid. The filtered clear solution gave an opacity with the Mayer reagent, and a 
much stronger precipitation with the silicotungstic reagent. The latter reacts with pyrrolizidine 
alkaloids and with their N-oxides, but the Mayer test is given only by the alkaloids. It was 
thus evident that N-oxides predominate. This was confirmed by the isolation of only a small 
quantity of alkaloid by direct extraction of the basified extract with chloroform. The aqueous 
extract was therefore reduced with zinc and hydrochloric acid by Koekemoer and Warren’s 
procedure * before extraction of.the alkaloids. The yield of crude alkaloids was about 1-5 g., but 
this probably represented only part of the actual content of the plant, decomposition being 
indicated by darkening during the reduction. On paper chromatography the alkaloids gave a 
major spot corresponding to retrorsine. They were chromatographed on alumina with chloro- 
form and then with methanol. On concentration, the chloroform eluate gave crystals which, 
recrystallised from alcohol, and then from acetone, afforded retrorsine as prisms, m. p. and 
mixed m. p. 216—217° (decomp.) (depressed on admixture with seneciphylline) (Found: C, 61-9; 
H, 7:3; N, 4:2. Calc. for C,,H,,O,N: C, 61-5; H, 7-2; N, 40%), having the correct infrared 
absorption spectrum (in KCl). 

The methanolic eluate gave a brown oil on concentration. No attempt was made to identify 
minor alkaloids from the mother-liquors, as the presence of retrorsine and isatidine would 
account for the lesions seen in rats that were given the crude products of chloroform or butanol 
extracts from the plant material. The liver lesions were indistinguishable from those due to 
retrorsine ° or isatidine.® 


I thank Professor A. D. Skelding for the plant material, Professor F. L. Warren, Natal, for 
the gift of retrorsine, Dr. R. H. F. Manske for the gift of seneciphylline, and Dr. R. K. Callow, 
F.R.S., for the infrared absorption spectra and their evaluation. Microanalyses were by 
Mrs. B. Jarrett. 


ToxiIcoLoGy RESEARCH UNIT, M.R.C. LABORATORIES, 
WoOODMANSTERNE Roap, CARSHALTON, SURREY. [Received, December 21st, 1959.] 


1 Bras, Jelliffe, and Stuart, Arch. Path., 1954, 57, 285. 

2 Asprey and Thornton, West Indian Med. J., 1955, 4, 76. 

* Koekemoer and Warren, J., 1951, 66. 

‘ Christie, Kropman, Leisegang, and Warren, J., 1949, 1700. 

5 Davidson, J. Path. Bact., 1935, 40, 285; Schoental and Magee, J. Path. Bact., 1959, 78, 471. 
* Schoental, Voeding, 1955, 16, 268. 
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477. Chemistry of New Zealand Melicope Species. Part VIII* 
Constituents of the Bark of Melicope mantellii Buch. 


By R. C. CAMBIE. 


Melicope mantellit Bucu. has been considered by botanists at various times to be a distinct 
species,! a variety of M. ternata® or a hybrid of M. ternata and M. simplex? In earlier 
parts of this series *® it was shown that, besides meliternatin and ternatin, the bark of 
M. ternata contains meliternin, wharangin, and xanthoxyletin, while the bark of M. simplex 
contains melisimplexin, melisimplin, evodionol, and alloevodionol 7-methyl ether. As the 
barks of these species contain some constituents not common to both it was considered 
that chemical examination of the bark of M. mantellit might aid the botanical identification, 
Accordingly, the bark was extracted and worked up as in the previous investigations and 
has led to the isolation of the same constituents as are present in M. ternata. 

Although paper-chromatographic investigation indicated that the constituents were 
distributed in light petroleum, ether, and ethyl acetate extracts, the bulk of flavonoid 
material was contained in the ether extract. Meliternatin, the principal constituent, was 
isolated by dilution of a concentrated hydrochloric acid extract and separated from small 
amounts of meliternin by fractional crystallisation. Ternatin occurred in the fraction 
soluble in sodium hydroxide while xanthoxyletin crystallised from the neutral fraction. 
These compounds were all identified by direct comparison with authentic samples, 
Although no authentic sample of wharangin from M. ternata remained for direct comparison, 
a small amount of a flavonoid compound was isolated from a fraction soluble in sodium 
carbonate, whose properties agreed well with those previously recorded for wharangin‘ 
From a sodium hydrogen carbonate extract, cinnamic acid, a constituent not detected in the 
previous investigation of M. ternata, was isolated. There was no evidence for the presence 
of melisimplexin or melisimplin when fractions and authentic samples were examined by 
co-chromatography. These results support the view that M. maniellii is probably a 
variety of M. ternata. 


Experimental.—Analyses are by Dr. A. D. Campbell, University of Otago, New Zealand. 
Infrared spectra were measured as potassium bromide discs. Descending paper chromato- 
graphy of flavonoid constituents was carried out on Whatman’s No. 1 paper with the system 
1% ammonia solution-dioxan-light petroleum (1:1:1; upper phase). The positions of spots 
were shown by ammonia vapour, and by spraying with Dragendorff’s reagent, and then with 
5% aqueous ferric chloride. Melisimplexin and melisimplin have R; 0-73 and 0-83, respectively. 

Extraction. The dried and ground bark (2-02 kg.), from a specimen of M. manteilii Buch. 
cultivated in the Auckland Domain, was exhaustively extracted (Soxhlet) with methanol, and 
the solvent removed in vacuo. The residual tar was dissolved in the minimum amount of 
methanol and intimately mixed with Celite. The dried and powdered mass was then 
successively extracted (Soxhlet) with light petroleum, ether, ethyl acetate, and acetone, each 
for 24 hr. The concentrates from the first three extracts were fractionated between saturated 
aqueous sodium hydrogen carbonate, 10% aqueous sodium carbonate, and 10% aqueous sodium 
hydroxide and then extracted with concentrated hydrochloric acid. The highly coloured acid 
extracts were immediately diluted with a ten-fold excess of water whereupon completely 
alkylated flavonols were precipitated. An amorphous colourless solid from the neutral fraction 
of the light petroleum extract contained a mixture of long-chain aliphatic alcohols (infrared 
spectrum) which were not further investigated. 


* Part VII, Briggs and Locker, J., 1951, 3136. 


1 Buchanan, Trans. New Zealand Inst., 1871, 3, 212. 
2 Kirk, ‘‘ The Forest Flora of New Zealand,’’ Government printer, New Zealand, 1889, p. 118; 
Cheeseman, “‘ Manual of the New Zealand Flora,’’ Government printer, New Zealand, 2nd Edn., 1925, 
. 539. 
- * Cockayne, The New Phytologist, 1923, 22, 115; Allan, Genetica, 1925, 7, 288. 
* Briggs and Locker, J., 1949, 2157. 
5 Briggs and Locker, J., 1950, 2376; 1951, 3131. 
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Meliternatin. Fractional crystallisation of the acid-soluble fraction of the ether extract 
from aqueous dioxan and then from ethanol gave, as the major product, meliternatin (181 mg.), 
m. p. and mixed m. p. 201—201-5°, R; 0-42 (Found: C, 61-6; H, 3-9; OMe, 17-0. Calc. for 
CysHyOs: C, 61-6; H, 3-8; 20Me, 16-8%) (identical infrared spectrum). 

Meliternin. The more soluble material from the fractional crystallisation above gave 
meliternin (16 mg.), m. p. and mixed m. p. 184—185°, Ry 0-17 (identical infrared spectrum). 

Ternatin. Crystallisation from aqueous ethanol of the residue from the sodium hydroxide 
soluble fraction of the ether extract gave ternatin (24 mg.), m. p. and mixed m. p. 209—210°, 
Ry 0-63 (identical infrared spectrum). 

Wharangin. Slow crystallisation from methanol of the residue from the sodium carbonate 
soluble fraction of the light petroleum extract gave wharangin (3 mg.), m. p. 274—276° (lit.,* 
m. p. 277—278°), R; 0-09. The properties were identical with those previously recorded. 
Infrared spectrum: 3448 (OH), 3333 (OH), 2941 (C-H), 2874 (C-H), 1650 (conjugated CO) cm.*}. 

Xanthoxyletin. The neutral fraction from the ether extract was washed well with water, 
and solvent was removed from the dried solution. The residue in the presence of ethanol slowly 
deposited xanthoxyletin (58 mg.), m. p. and mixed m. p. 134—135° (identical infrared spectrum). 

Cinnamic acid. The gum from the sodium hydrogen carbonate fraction of the ether extract 
was extracted with hot water. Concentration of the extract gave plates of cinnamic acid 
(20 mg.), m. p. and mixed m. p. 132—132-5° (Found: C, 72-8; H, 5-8. Calc. for C,H,O,: 
C, 73-0; H, 54%). 


The author thanks Dr. R. C. Cooper, Auckland Institute and Museum, for identification and 
assistance in collection of the specimen, Mr. J. A. McPherson, Auckland City Council Parks 
Department, for a generous gift of the bark, Mr. B. Anderson of this Department for R; measure- 
ments and Professor L. H. Briggs for continued interest in this work. Assistance is gratefully 
acknowledged from the Research Grants Committee of the University of New Zealand. 


DEPARTMENT OF CHEMISTRY, 
UNIVERSITY OF AUCKLAND, NEW ZEALAND. (Received, December 23rd, 1959.] 





478. The Heats of Combustion of Butanal and Heptanal. 
By G. R. NICHOLSON. 


THE standard heats of combustion of butanal and heptanal have been determined, and 
their heats of formation calculated. There is a previous estimated value ! for the heat of 
formation of butanal, and Kharasch ? quotes a value for the heat of combustion of heptanal 
based on early measurements by Louguinine (1880). 

Samples of the two aldehydes were supplied by Imperial Chemical Industries Limited, 
Heavy Organic Chemicals Division. Preparation of pure aldehydes presents considerable 
difficulty. It was stated that the butanal sample contained (°% by weight) water 0-21 and 
butyric acid 0-94, whilst the heptanal sample contained water 0-04 and heptanoic acid 1-25. 
In corrections of the combustion results for the acid impurities, Kharasch’s values? for 
their heats of combustion (524-3 and 986-1 kcal./mole for butyric and heptanoic acid, 
respectively) were used. There are no more recent reliable values for these acids, but 
errors of, say, +3 kcal./mole would be insignificant in this application. 


Experimental.—A Griffin-Sutton bomb * of capacity 240 c.c., in an isothermal calorimeter of 
Dickinson type,‘ was used, the apparatus having previously been calibrated by combustion of 
benzoic acid (B.D.H. thermochemical standard). Calorimeter temperatures were measured 
with a platinum resistance thermometer of Meyers’s type,’ which had been constructed and 
calibrated at fixed points in this laboratory, in conjunction with a Smith’s no. 3 type bridge.* 


? Parks, Kennedy, Gates, Mosley, Moore, and Renquist, J. Amer. Chem. Soc., 1956, 78, 56- 
* Kharasch, Bur. Stand. J. Res., 1929, 2, 359. 

* Carlton-Sutton, J. Sci. Insir., 1933, 10, 286. 

* Dickinson, Bull. Bur. Stand., 1915, 11, 189. 

5 Meyers, Bur. Stand. J. Res., 1932, 9, 807. 

* Smith, Phil. Mag., 1912, 24, 541. 











Notes. 





2378 


Soda-glass ampoules were completely filled with samples of the two aldehydes by means of a 
hypodermic syringe, and then sealed. Filling was done in a glove-box in an atmosphere of 
nitrogen since aldehydes react fairly quickly with atmospheric oxygen. The ampoules contained 
0-6—0-8 g. of sample. Sample weights were corrected for buoyancy, densities of 0-811 g_/c.c, 
for butanal’? and 0-850 g./c.c. for heptanal ®§ being used, and the stated water contents were 
subtracted. Sealed ampoules were pressure-tested at 30 atm. (equal to the initial oxygen 
pressure in the bomb), and those surviving were used for combustion. To promote breaking, 
the ampoules were smeared locally with 0-01—0-02 g. of petroleum jelly which was ignited by 
means of a platinum wire and cotton-thread fuse. Corrections to the gross heat evolved were 
made for the heats of combustion of the cotton and petroleum jelly (previously determined), 
the joule heat in the platinum wire, and the heat produced in the formation of nitric acid in the 
bomb from residual nitrogen in the oxygen. 

Corrections were also made for small quantities (up to 0-8 mg.) of residual carbon found 
fused in the remains of the ampoules after combustion. The gaseous products of combustion 
were tested for carbon monoxide by using a ‘‘ Pallado-Sulphite ” Detector (Siebe, Gorman and 
Co. Ltd.) and corrections made for up to 0-003% by volume of carbon monoxide. 

In the case of butanal ten satisfactory combustions gave a mean heat of combustion for the 
sample (less water) of 8-1894 + 0-0047 kcal./g. (1 cal. = 4-1840 absolute joules), referred to the 
usual standard conditions (isothermal combustion of the liquid at 25° and a constant pressure 
of 1 atm.) with CO,(g) and H,O(l) as products of combustion. The estimated error was 
calculated by combining the combustion error (twice the standard error of the mean) and the 
benzoic acid calibration error. Correction for butyric acid then gave the heat of combustion, 
for butanal alone, as 8-2106 + 0-0047 kcal./g., or —AH,°(l) = 592-05 + 0-34 kcal./mole (M, 
72-108). This leads to a heat of formation AH,°(l) = —57-43 kcal./mole by using appropriate 
heats of formation ® of CO,(g) and H,O(l). Parks et al.! have estimated the value AH;,°(l) = 
— 58-94 kcal./mole from that for butan-1l-ol on the assumption that the heat of hydrogenation of 
butanal is the same as that of acetaldehyde. 

In the case of heptanal, six satisfactory combustions gave a mean heat of combustion for the 
sample (less water) of 9-2801 + 0-0078 kcal./g. referred to standard conditions as above. 
Correction for heptanoic acid then gave the heat of combustion, for heptanal alone, as 
9-3017 + 0-0078 kcal./g. or —AH,°(l) = 1062-1 + 0-9 kcal./mole (M, 114-189). This is 
equivalent to AH,°(l) = —74-5 kcal./mole. Kharasch? gives 1062-4 kcal./mole for the heat 
of combustion derived from Louguinine’s results (1880). This value, however, should have the 
Washburn correction to standard states applied, and should also be corrected for temperature, 
molecular weight, and the energy unit to bring it up to date. If this is done the value becomes 
about 1061-7 kcal./mole, but this takes no account of possible impurity of Louguinine’s sample 
of heptanal. 


IMPERIAL CHEMICAL INDUSTRIES LIMITED, DyEstuFFs Division, 
HexaGcon House, BLacKLEY, MANCHESTER, 9. [Received, January 28th, 1960.] 


7 Imperial Chemical Industries Limited, Heavy Organic Chemicals Division, personal communic- 
ation. 

* “ Handbook of Chemistry and Physics,” Chemical Rubber Publ. Co., Cleveland, Ohio, 37th edn., 
1955. 

* “Selected Values of Chemical Thermodynamic Properties,’’ U.S. Dept. Commerce, Nat. Bur. 
Standards, Washington, D.C., 1952. 





479. The Heat of Combustion of 3,5,5-Trimethylhexanol. 
By G. R. NICHOLSON. 


Tue standard heat of combustion of 3,5,5-trimethylhexanol has been determined, and its 
heat of formation calculated. There are no previous published values for this compound. 

A sample of the alcohol was supplied by Imperial Chemical Industries Limited, Heavy 
Organic Chemicals Division. It was stated to contain 0-16% by weight of water and less 
than 0-0003 equiv. of acid; no other impurities were detected by chromatographic 
analysis. 
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Experimental.—The method of measurement was as previously described ! except that a 
Mahler-Cook bomb of capacity 540 c.c. was used. Ampoules for combustion contained 1-1— 
1:3 g. of sample. Sample weights were corrected for buoyancy by using a density * of 
0-826 g./c.c., and the stated water content was subtracted. 

It proved difficult to obtain complete combustion, but ultimately five satisfactory measure- 
ments were obtained. Corrections were made for residual carbon found fused into the ampoules 
after combustion (up to 2-9 mg.), but no carbon monoxide was detected by the method 
previously described ! (lower limit of sensitivity about 0-0005% by volume in the gaseous 
products of combustion). The mean heat of combustion for the sample (less water) was 
9-8465 -+- 0-0050 kcal./g. (1 cal. = 4-1840 absolute joules) referred to the usual standard 
conditions (isothermal combustion of the liquid at 25° and a constant pressure of 1 atm.), with 
CO,(g) and H,O(1) as products of combustion. The estimated error was calculated as before.' 
The acid impurity was taken to be 0-0003 mole of the corresponding carboxylic acid per mole of 
alcohol; this is equivalent to 0-03% by weight. For such a small impurity the heat of com- 
bustion of the acid need not be known precisely, and the value 1295 kcal./mole was estimated 
from values given by Kharasch* for lower aliphatic carboxylic acids. Correction for acid 
then gave the heat of combustion, for 3,5,5-trimethylhexanol alone, as 9-8470 + 0-0050 kcal./g. 
or —AH,°(l) = 1420-5 + 0-7 kcal./mole (M, 144-259). This leads to a heat of formation 
AH®,(l) = —109-2 kcal./mole by using appropriate heats of formation of CO,(g) and H,O(I).* 


IMPERIAL CHEMICAL INDUSTRIES LIMITED, DyEstuFFs DrvisiIon, 
HeExaGon Hous, BLacKLEY, MANCHESTER, 9. [Received, January 28th, 1960.) 


Nicholson, preceding paper. 

2 Imperial Chemical Industries Limited, Heavy Organic Chemicals Division, personal communic- 
ation. 

3 Kharasch, Bur. Stand. J. Res., 1929, 2, 359. 

4 “Selected Values of Chemical Thermodynamic Properties,’’ U.S. Dept. Commerce, Nat. Bur. 
Standards, Washington, D.C., 1952. 
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480. Polysaccharides from the Green Seaweed Caulerpa filiformis. 
Part II.* A Glucan of Amylopectin Type. 


By I. M. Mackie and ELizABETH PERCIVAL. 


Addition of cetyltrimethylammonium hydroxide to the borate complexes 
of the mixture of water-soluble polysaccharides isolated from Caulerpa 
filiformis led to the separation Of a pure glucan. Methylation and oxidation 
by periodate provided evidence that this glucan contains «-1,4’-linked 
glucose units with branches from Cg) and has an average chain length of 
ca. 24. The results of enzymic investigations are in harmony with this 
structure. 


A STARCH-TYPE polysaccharide, the so-called Floridean starch,! has been isolated from 
the red seaweed, Dilsea edulis, and an amylopectin-type polysaccharide has been obtained 
from the blue-green fresh-water alga, Oscillatoria.2. However, although it is often accepted 
that the reserve carbohydrate of green seaweeds is a starch, there is no record of the 
isolation and characterisation of a starch-type polysaccharide. Hitherto fractionation 
of the complex mixture of water-soluble polysaccharides isolated from these seaweeds has 
not been achieved. O’Donnell and Percival * reported the separation of a glucose-rich 
fraction from the mixture of acetylated polysaccharides extracted from Acrosiphonia 
centralis, and characterised it as a starch-like polymer containing «-1,4’-linked glucose 
units with branches at Cy).. The present paper describes an investigation of a glucan 
fractionated from the mixture of polysaccharides extracted by dilute acid from Caulerpa 
filiformis. 

The water-soluble sulphated polysaccharides, [a], +-120°, extracted from Caulerpa 
filiformis (see Part I) were treated as their borate complexes with an aqueous solution of 
cetyltrimethylammonium hydroxide. This precipitated sulphated polymeric material and 
left in the supernatant liquid a pure glucan which was precipitated as an amorphous powder 
by ethanol. It contained 98% of glucose and 0-9% of ash and had a limiting viscosity 
number [4], measured in 0-1M-sodium chloride solution, of 15. An aqueous solution, 
which had [a], +154°, gave a purple colour with iodine, exhibiting maximum absorption 
at 540 my. On treatment with salivary a-amylase it gave an apparent percentage 
conversion into maltose of 90. The $-amylolysis limit was 57 and this was increased to 83 
after treatment with isoamylase. Attempted fractionation by the thymol method * in 
the absence of oxygen failed to separate any amylose. Consumption of periodate by this 
polysaccharide corresponded to ca. 1 mole for every anhydro-sugar residue, and the oxo- 
polysaccharide, isolated after dialysis, was devoid of unattacked glucose units. This 
provides qualitative evidence that 1,2- and 1,3-glucosidic linkages are absent and that the 
polysaccharide contains 1,4’-linked glucose units with possible branch points at Cy). 
The production of formic acid on oxidation at room temperature with potassium meta- 
periodate * corresponded to an average chain length of 21. 

The properties of this polysaccharide are compared with those of other branched 1,4’- 
linked glucans in the annexed Table. This reveals that the glucan from C. filiformis and 
the amylopectin component of the starch of land plants have many properties in common. 

Methylation of the glucan was carried out with sodium and methy! iodide in liquid 
ammonia.’ The low yield (ca. 50%) of partially methylated glucan isolated after a single 





* Part I, Mackie and Percival, J., 1959, 1151. 


1 Fleming, Hirst, and Manners, J., 1956, 2831 and references cited therein. 

* Hough, Jones, and Wadman, /., 1952, 3393. 

3 O’Donnell and Percival, J., 1959, 2168. 

4 Haworth, Peat, and Sagrott, Nature, 1946, 157, 19. 

5 Hirst, Jones, and Roudier, /., 1948, 1779; Bell and Manners, J., 1954, 1891. 

* Fleming, Hirst, and Manners, J., 1956, 2831; Manners and Wright, unpublished work. 
7 Hodge, Karjala, and Hilbert, J]. Amer. Chem. Soc., 1951, 78, 3312. 

4 








2382 Mackie and Percival: Polysaccharides from the 


methylation is probably due to loss of shorter-chain material during dialysis of the 
methylated material. The loss of staining power to iodine caused by methylation of the 
glucan is further proof of an amylopectin-type structure since Hirst, Jones, and Roudier5 
record that methylated amylopectins give no appreciable colour with iodine. 


Comparison of the properties of amylopectin, Floridean starch, glycogen, and the 
amylopectin-type glucan. 


Floridean 
Property Amylopectin* starch ® Glycogen ¢ Glucan 
Callen Bin TEED sccaniivccvicnvssavsiasebbiidenddstovesesees +212° -+-176° + 196° + 154° 
JOGURO COMDEREION: cc ccsnvecscccesccenscoscoscccovesces Purple Deep red- Reddish- Purple 
dish-brown brown 
Rasen, C8 DOEERD COGRIEE,  cccscccccccsccssccceccconcecce 540 500 460 540 
Optical density at Aga, ..-..cccccscecccccsceccecccces 1-06 0-84 0-34 0-68 
PMID TED chee cen cvccsscccsccnsscevencceosenes 54 46 45 57 
Iso- and B-amylolysis limit  ...........cssseeeeeeees 76 54 65 83 
Sr-Ammylolyals (FG Pag®) — ccceccescccescccscvssccecosees 88 65 70 90 
Reduction of 10, (moles/anhydroglucose unit) 1-04 1-05 1-08 0-95 
Average Chain length .............ccccccccccccccceees 20 9 12 21 
Limiting viscosity number _............sseeeeeeeees ca. 150 — 10 15 


* Py = Apparent conversion into maltose. 


The tri-O-methyl derivative, [oJ], +200°, had a number-average molecular weight of 
15,120, corresponding to 76 anhydroglucose units, when measured by the isothermal 
distillation method. Although this value is small for an amylopectin-type polysaccharide, 
the method of extraction [dilute acid (pH 3—4) at 70° for 6 hours, followed by removal 
of protein with trichloroacetic acid] would degrade the polysaccharide considerably, and 
there is no doubt that in the native state the glucan; has a much larger molecule. 

The tri-O-methyl derivative was heated with methanolic hydrogen chloride, and the 
methylated methyl glucosides so obtained were hydrolysed with aqueous hydrochloric 
acid. The mixture of reducing sugars was separated on a column of powdered cellulose 
into 2,3,4,6-tetra-O-methylglucose (ca. 1 part), 2,3,6-tri-O-methylglucose (ca. 22 parts), 
2,3-di-O-methylglucose (ca. 1 part), and a mixture (ca. 1 part) of 2,6- and 3,6-di-O-methyl- 
glucose which probably owed their origin to demethylation during hydrolysis. A trace of 
monomethylglucose, but no free glucose, was found. These results confirm the presence 
of «-1,4’-linked glucose residues with probable branch points at Cig); the «-linkage being 
inferred from the high positive rotations of the glucan and its trimethyl ether. The 
molecular proportion of tetra~-O-methylglucose isolated corresponds to the presence of one 
non-reducing terminal glucose residue to every 28 glucose units in the molecule. This 
value, which is higher than the value of 21 found by periodate oxidation of the unmethylated 
material, is in agreement with the postulated loss of shorter-chain material during dialysis 
of the partially methylated polysaccharide. 


EXPERIMENTAL 


The analytical methods used have been described by O’Donnell and Percival,’ the solvent 
system number (6) being used for paper partition chromatography. 

Separation of the Glucan.—The water-soluble polysaccharide material (12 g.), isolated from 
Caulerpa filiformis (Part I), was dissolved in water (1 1.), and 0-6Mm-boric acid (400 c.c.) was 
added with stirring. Further addition of an aqueous solution of 0-1N-cetyltrimethylammonium 
hydroxide (180 c.c.) and 0-5Nn-sodium hydroxide ® (4-0 c.c.) produced a flocculent precipitate 
(A). After removal of (A), further addition of the quaternary hydroxide yielded a negligible 
amount of precipitate. Addition of ethanol to the supernatant liquid gave a gelatinous 
precipitate (B). 

Properties of the Glucan.—Adhering reagent was removed from material (B) by thorough 
washing with ethanol and ether. The resulting amorphous powder (3-9 g.) was soluble in 


8 Gee, Trans. Faraday Soc., 1940, 36, 1164; W. N. Broatch, Ph.D. thesis, Edinburgh, 1956. 
* Bouveng and Lindberg, Acta Chem. Scand., 1958, 12, 1977. 
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cold water, and had [a],, + 154° (c 1-0) (Found: Ash, 0-9%; SO,?-,0; N,0). Anacid-hydrolysate 
(n-sulphuric acid at 100° for 4 hr.) contained only glucose (paper chromatography) (Found: 
glucose, by cuprimetric titration 98-0%) which was separated in 77% yield as crystals, m. p. 
and mixed m. p. with glucose hydrate 82°, {a,, +52-0 (c 1-0). The polysaccharide gave a purple 
colour with iodine, exhibiting maximum absorption at 540 mu. 

Viscosity Determination (with Mr. A. WriGHT).—The specific viscosity (y,) of 0-1m-sodium 
chloride solutions of the polysaccharide was determined at several concentrations at 25°, and 

lim. 

the limiting viscosity number [y] determined graphically ! from the relation [4] = ¢ — n/c. 
Solvent time = 647-33 (T,). Final concentrations (c) are expressed as g. per ml. of solution. 
Results were as tabulated. 


T (sec.)  (T — T,)/T Tp.|¢ c 
NOUR Perse Rha necsentesnieoueltts 738-0 0-1401 15-66 0-00895 
wo FS mh, OB Nad .....cercecoseseecess 714-18 0-1032 15-38 0-00671 
io he j=) <beneeianelmmempaaibiets 700-14 0-0816 15-20 0-00537 
» + o so. | dima aint 691-50 0-0683 15-30 000447 


From graph of ».p,/c against 10°c we find [y] = 15. 


Enzymic Degradation.—(a) Salivary «-amylase. Polysaccharide (26-2 mg.), sodium chloride 
(5 mg.), and freeze-dried salivary «-amylase ™ (5 mg.; kindly supplied by Dr. D. J. Manners) in 
a total volume of 50 c.c. was incubated at 35° for 48 hr. The Py value was 90. In a control 
experiment, potato amylopectin (25-8 mg.) gave a Py value of 88. 

(b) Soya-bean B-amylase (with Dr. D. J. MANNERS and Mr. A. WriGHT). Polysaccharide 
(12-8 mg.) was incubated with 0-2m-acetate buffer (pH 4-6; 3 c.c.) containing soya-bean 
g-amylase solution (0-05 c.c.; 1000 units) in a total volume of 25 c.c. After 48 hr. the 
g-amylolysis limit was 57%. 

(c) Isoamylase and 8-amylase (with Dr. .D. J. MANNERS and Mr. A. WriGut). Poly- 
saccharide (20 mg.) in acetate buffer (pH 5-9; 6 c.c.) and water (5 c.c.) was treated with 
isoamylase solution (50 mg.) at room temperature for 65 hr. (The isoamylase was extracted 
from brewer’s yeast by Dr. Zeenat H. Gunja.) After inactivation of the isoamylase by heat, 
denatured protein was centrifuged off. To the supernatant solution (10 c.c.), 0-2m-acetate 
buffer (pH 4-6; 5 c.c.), 8-amylase (20 units per mg. of polysaccharide), and water (to 25-0 c.c.) 
were added. 

Periodate Oxidation.—(i) Uptake of periodate. The dry glucan (447 mg.) was oxidised with 
3% aqueous sodium periodate, and the reduction of periodate was measured at intervals: 1 
Lt FS err 1 3-5 4:5 24 76 96 120 
Moles of NalO, consumed/C,H,,0,... 0-739 0-848 0-864 0-933 0-957 0-960 0-980 
Chromatographic examination of the resulting solution of the oxopolysaccharide (isolated 

after 120 hours’ oxidation) showed the absence of glucose. 

(ii) Oxidation by potassium metaperiodate. Glucan (159 mg.), dissolved in 3% potassium 
chloride solution (80 c.c.), was oxidised with 4% sodium metaperiodate solution (20 c.c.) at 
room temperature in the dark.’ Portions (10 c.c.) were analysed at intervals: 


Ge CUA, EID) Siti cccsssiwedsnssccsuerecbetces 16 64 88 160 208 256 
10* Moles of H-CO,H/CgHy,O, _—....... 2. c eee enee 0-91 3-1 3:8 4-2 4-7 4:7 
Apparent chain-length (glucose residues) ...... 21 


Methylation in Liquid Ammonia.—The dried glucan (3-0 g.) was methylated in liquid 
ammonia with sodium and methyl iodide under the conditions used by Mackie and Percival 
(Part I). After addition of water the aqueous mixture was dialysed until free from inorganic 
ions. The partially methylated polysaccharide (1-75 g.; OMe, 18-6%) was isolated by freeze- 
drying and subjected to two further methylations under the same conditions. The product 
(1-6 g.) had [aJ,,27 + 200° (c 1-0 in CHCl,) (Found: OMe, 45-3. Calc. for a tri-O-methylglucan: 
OMe, 45-6%), was soluble in water, ethanol, chloroform, and benzene, and gave no colour 
with iodine. 

Determination of the Degree of Polymerisation by Isothermal Distillation.’"—The methylated 
glucan (73-4 mg.) (after drying to constant weight; 24 hr. at 80°/12 mm. over P,O,) was 
dissolved in dried ‘‘ AnalaR ”’ benzene (6-953 g.), the solution having a concentration of 1-05%. 

10 Greenwood and Robertson, /J., 1954, 3769. 

1 Liddle and Manners, /., 1957, 3432. 

#2 Halsall, Hirst, and Jones, J., 1947, 1399, 1427. 
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The changes in level of solution and solvent, in an apparatus kindly lent by Dr. T. G. Greenwood 
were measured over a period of 100 hr. The graph of change in level with time was a straight line, 
and the slope of the graph was the rate of distillation, which is proportional to the solute mole 
fraction. The apparatus constant K (2-2 x 10%) was determined by measuring the rate of 
distillation for benzene with mole fractions of triolein (M, 885-4). The value of K was the 
same whether calculated for the change in solvent level or for the change in solution level, 
The slope of the graph was 0-237/95 mm. hr.“}, and the calculated number-average molecular 
weight 15,120. 

Hydrolysis of the Methylated Polysaccharide——The material (1-1 g.) was refluxed with 
methanolic 3%, hydrogen chloride (50 c.c.) until the rotation was constant (7 hr.). Water 
(150 c.c.) was added and, after removal of methanol under reduced pressure, the mixture was 
heated at 100° until the rotation was again constant (6 hr.). After neutralisation by silver 
carbonate, de-ionisation with hydrogen sulphide and Amberlite resins, and concentration, the 
resulting syrup (0-9 g.) was separated into its constituents on a cellulose column under the 
conditions used for the methylated xylan hydrolysate (Part I). The fractions were weighed 
after filtration through “ Filter Cel,’’ concentration to dryness, dissolution in methanol, 
filtration, and concentration. 

Fraction 1. Crystalline material (95-7 mg.), Rg 1-0, which had m. p. 40°, [a], —16°, was 
apparently a mixture of tetra-O-methylglucose and methyl 2,3,6-tri-O-methylglucoside. It 
was therefore heated with n-hydrochloric acid (5 c.c.) at 100° until the rotation was constant 
(14 hr.). Neutralisation, de-ionisation, and concentration gave a syrup which was separated 
into fractions Ia and Id on a cellulose column (30 x 1-5 cm.). 

Fraction Ia. Crystalline 2,3,4,6-tetra-O-methylglucose (25 mg.), Rg 1-0, m. p. and mixed 
m. p. 84° after recrystallisation from ether, [a], + 80° (c 2-4). The derived aniline compound 
had m. p. and mixed m. p. 135°. 

Fraction Ib. Crystalline 2,3,6-tri-O-methylglucose (70 mg.), Rg 0-83, had m. p. and mixed 
m. p. 115° after recrystallisation from ether (Found: OMe, 41-0. Calc. for CgH,,0,: OMe, 
41-9%). 

Fraction 11. Syrupy methyl 2,3,6-tri-O-methylglucoside, after being heated with N-hydro- 
chloric acid (5 c.c.) at 100° for 14 hr. and neutralised, gave syrupy 2,3,6-tri-O-methylglucose 
(228 mg.), Rg 0-83, [a),, + 70° (c 2-3). 

Fraction III. Crystalline 2,3,6-tri-O-methylglucose (259 mg.), Rg 0-83, had m. p. and 
mixed m. p. 115° after recrystallisation from ether, {a],, + 98° (initial) —» + 70° (const.) (c 2-5), 
al, +70° (initial), dropping to —35° (after 10 hr. in 1% HCl-MeOH at 18°; c¢ 1-0) (Found: 
OMe, 41-1%). Total yield of 2,3,6-tri-O-methylglucose, 557 mg. 

Fraction IV. Syrup (19-5 mg.), Mg 0-10, Rg 0-54 and 0-83 (trace), [a], + 53° (c 2-0). 

Fraction V. Syrupy 2,3-di-O-methylglucose (8-0 mg.). The Mg (0-10) and Rg (0-54) values 
were identical with those of 2,3-di-O-methylglucose, [x], +-48°. The derived aniline compound 
had m. p. and mixed m. p. 132°. 

Fraction V1. Syrup (34 mg.), [a], +42°, Re 051. The Mg (0-05 and 0-65) values were 
identical with those of 2,6- and 3,6-di-O-methylglucose respectively. 

Fraction Vil. Syrup (8-3 mg.), Rg 0-25, corresponding to mono-O-methylglucose, Mg, 0-85 
identical with that of 3-O-methylglucose run as a control. Aqueous washing of the column 
failed to yield any further carbohydrate. 

Examination of the Precipitated Sulphated Polysaccharide.—To regenerate the polysaccharides, 
the precipitate (A) (see above), after thorough washing with ethanol, was dissolved in warm 
m-sodium chloride, and the mixture was poured into ethanol. ‘The precipitate (C) was obtained 
as a white powder after filtration and drying. Hydrolysis with N-sulphuric acid at 100° for 
7 hr. and chromatography of the resulting syrup showed the presence of galactose, glucose, 
mannose, xylose,and rhamnose. Incubation of the polysaccharides (C) with salivary «-amylase, 
followed by dialysis and precipitation with ethanol, gave material which was devoid of glucose. 
Fractionation of this glucose-free sulphated material is in progress and will form the subject 
of a future communication. 


The authors are grateful to Professor E. L. Hirst, C.B.E., F.R.S., for his interest and advice, 
the Institute of Seaweed Research for a maintenance grant (to I. M.M.), and the Arthur D. 
Little Research Institute for the use of their liquid ammonia methylation apparatus. 
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481. Modified Steroid Hormones. Part XIV.* 17«-Acetoxy- 
16-methylenepregn-4-ene-3,20-dione. 

By D. N. Kirk, V. Petrow, M. STANSFIELD, and D. M. WILLIAMSON. 
Reaction of the 16«,17x-epoxy-168-methylpregnan-20-one system (cf. I) 

with hydrobromic acid followed by Raney nickel, or with sulphuric acid in 

aqueous dioxan, leads to a 17a-hydroxy-16-methylenepregnan-20-one (cf. II). 

By utilising these reactions, 38-acetoxy-16«,17x-epoxy-168-methylpregn-5- 

en-20-one (I; R = Ac) has been converted by alternative routes into the 

compound named in the title. 


ALTHOUGH 16a-methylation of progesterone leads to a decrease in progestational activity,' 
it nevertheless seemed worth while to examine the effect of this structural alteration upon 
the biological activity of the orally active progestational agent 17«-acetoxyprogesterone. 
Methods for the preparation of 17«-hydroxy-16-methylpregnan-20-ones were not available 
at the time this work was initiated. Attention was therefore directed to an extension of 
the standard Julian procedure to appropriate 16-methylpregn-16-en-20-ones. 

Reaction of 3$-acetoxy-16-methylpregna-5,16-dien-20-one with alkaline hydrogen 
peroxide led to 16«,17«-epoxy-3$-hydroxy-168-methylpregn-5-en-20-one (I; R= H) in 
excellent yield. The last compound was acetylated and the acetate treated with 50% 
hydrogen bromide in acetic acid. In accordance with the normal practice the total 
product so obtained was treated without purification with Raney nickel to give a crystalline 
material, conveniently referred to at this stage as product X. 

Initially the constitution of a 3$-acetoxy-17«-hydroxy-16¢-methylpregn-5-en-20-one 
was assigned to product X on the basis of its mode of formation and its infrared absorption 
spectrum, which clearly revealed the presence of a 17-hydroxypregnan-20-one moiety. 
It was reasoned, however, that a definite orientation could not be assigned to the 16-methyl 
group believed to be present in this product, as information was not available at the time 
on the behaviour of the 168-bromo-16a-methyl system on reduction by Raney nickel. 
Attempts were made to define the stereochemistry about Cq,) by degradation of product X 
to a 38-hydroxy-16-methylandrost-5-en-17-one employing reduction of the 20-oxo-group 
with lithium aluminium hydride or sodium borohydride,t followed by periodate oxidation. 
These numerous experiments unexpectedly proved abortive. Product X passed normally 
into a 17«-acetoxy-3-oxo-A*-derivative which showed marked progestational activity on 
oral administration. 2 

After the above experiments attention was directed to the preparation of 38-acetoxy- 
16,17«-dihydroxy-16-methylpregn-5-en-20-ones by (i) osmic acid oxidation of the appro- 
priate 16-methylpregn-16-en-20-one, and (ii) hydrolysis of 38-acetoxy-16«,17«-epoxy-16- 
methylpregn-5-en-20-one with sulphuric acid in aqueous dioxan. Method (i) proved 
discouraging. Method (ii), in contrast, furnished material which surprisingly proved to be 
identical with product X. 

The formation of product X by the above two routes is clearly incompatible with its 
original formulation as a 3$-acetoxy-17a-hydroxy-16&-methylpregn-5-en-20-one. Its 
constitution as 38-acetoxy-17«-hydroxy-16-methylenepregn-5-en-20-one (II; R = Ac, 
R’ = H) is established by (i) its conversion into the known 38-acetoxy-16-methylene- 
androst-5-en-17-one (IV) (reduction with lithium borohydride in anhydrous tetrahydro- 
furan to the corresponding 17,20-diol, followed by cleavage of the glycol group with 
periodic acid), and (ii) by formation of formaldehyde (isolated as its dimedone derivative) 
when product X was treated with peracetic acid and the resulting epoxy-derivative 
oxidised with periodic acid. ‘In addition, the infrared spectrum of 38,17«-dihydroxy-16- 
methylenepregn-5-en-20-one (Il; R= R’ =H; derived from product X by alkaline 

* Part XIII, /., 1959, 3808. 

+ Lithium borohydride (see below) was not available at the time. 

* Unpublished work. 
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hydrolysis) showed strong bands at 1659 and 892 cm.", characteristic of an exocyclic 
methylene group. The infrared spectrum of product X in the region of 890—905 cm. 
was ambiguous, and did not permit certain identification of the methylene band, probably 
owing to interference from the 36-acetoxy-A®-system which absorbs in the region 902—905 
cm.13 





CH, 





AcO (IV) 


The residues from the purification of product X afforded a small quantity of an isomeric 
compound which we tentatively formulate as the A-16-methyl isomer. Its infrared 
spectrum did not show an absorption maximum near 1660 cm.+, and differed appreciably 
from that of product X in the “ fingerprint ’’ region. Treatment with 100°, formic acid 
at room temperature transformed it into the 16-methylene isomer (II; R = Ac, R’ = H), 
identified by its infrared spectrum. Examination of molecular models indicates that 
ring D is greatly strained by the presence of two trigonal carbon atoms in the A®-isomer, 
but reiatively unstrained in the 16-methylene isomer where only one trigonal carbon atom 
is present in the ring. 

Forced acetylation of 3-acetoxy-17«-hydroxy-16-methylenepregn-5-en-20-one (II; 
R = Ac, R’ = H) gave the 3,17-diacetate (II; R= R’ = Ac). The constitution of this 
compound was established by its alkaline hydrolysis to 38,17«-dihydroxy-16-methylene- 
pregn-5-en-20-one (II; R = R’ = H), which gave the original 3-acetate on mild acetyl- 
ation. This reveals the stability of the 17«-hydroxy-16-methylenepregnan-20-one system 
to enforced acylation. Acid hydrolysis of the 3,17-diacetate (II; R = R’ = Ac) gave 
17a-acetoxy-38-hydroxy-16-methylenepregn-5-en-20-one (II; R =H, R’ = Ac), con- 
verted by the Oppenauer method into 17«-acetoxy-16-methylenepregn-4-ene-3,20-dione 
(III; R= Ac). The last compound was additionally obtained by Oppenauer oxidation 
of the epoxide (I; R =H) to 16a,17«-epoxy-16-methylpregn-4-ene-3,20-dione, reaction 
with hydrobromic acid and Raney nickel to 17«-hydroxy-16-methylenepregn-4-ene-3,20- 
dione (III; R = H), and finally enforced acetylation. 


EXPERIMENTAL 

Rotations were determined in a 1 dm. tube. Ultraviolet and infrared absorption spectra 
were kindly determined by Mr. M. T. Davies, B.Sc. 

16,17a-Epoxy-38-hydroxy-168-methylpregn-5-en-20-one (I; R= H).—To 36-acetoxy-16- 
methylpregna-5,16-dien-20-one (60 g.) in ethanol (600 ml.) heated under reflux, aqueous 40% 
sodium hydroxide (30 ml.) was added, followed dropwise by hydrogen peroxide (100-vol.; 
120 ml.). The mixture was heated under reflux for 20 min., then allowed to cool, and the 
resultant solids were collected and purified from acetone—hexane, to give 16,17«-epoxy-36- 
hydroxy-168-methylpregn-5-en-20-one as prisms, m. p. 189—191°, [a],,2* —16° (c 0-64 in CHCI,) 
(Found: C, 76-5; H, 9-6. C,.H;,0, requires C, 76-7; H, 9-4%). 

38-A cetoxy-16,17a-epoxy-168-methylpregn-5-en-20-one (I; R = Ac) separated from methanol 

2 Sondheimer and Mechoulam, J]. Amer. Chem. Soc., 1957, 79, 5029. 

3 Jones and Herling, J. Amer. Chem. Soc., 1956, 78, 1152. 
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in blades, m. p. 179—181°, [aJ,,** —17° (c 0-78 in CHCI,) (Found: C, 74-2; H, 8-8. C.gH3,0, 
requires C, 74-6; H, 8-9%). 

38-A cetoxy-17a-hydroxy-16-methylenepregn-5-en-20-one (II; R= Ac, R’ = H).—(a) The 
epoxide (I; R = Ac) (63 g.), dissolved in glacial acetic acid (1 1.) and benzene (1 1.), was treated 
at 0° with 50% hydrogen bromide in acetic acid (100 ml.), with stirring for 30 min. An equal 
volume of water was added and the benzene layer was separated, washed until neutral, dried, 
and evaporated under reduced pressure. The crude product (67 g.) in acetone (2 1.) was stirred 
with Raney nickel (300 ml. of acetone suspension) to remove bromine at room temperature 
for 4 hr. Crystallisation from methanol gave 38-acetoxy-17a-hydroxy-16-methylenepregn-5- 
en-20-one as blades, m. p. 204—206°, [a],,** — 143° (c 0-70 in CHCl) (Found: C, 74-5; H, 9-1. 
CogH Og requires C, 74-6; H, 8-9%). 

The residues from the preparation of the 16-methylene compound were repeatedly crystallised 
from methanol, and afforded a small quantity of a compound believed to be 38-acetoxy-17«- 
hydroxy-16-methylpregna-5,15-dien-20-one, which formed flakes, m. p. 180—182°, [a],,2* —126° 
(c 0-36 in CHCI,) (Found: C, 74-5; H, 9-1. C,.H3,O, requires C, 74-6; H, 8-9%). 

A sample of the foregoing compound was dissolved in pure formic acid and kept at room 
temperature for 3hr. After precipitation in water and drying in vacuo at 50°, the product gave 
an infrared spectrum identical with that of the 16-methylene isomer (II; R = Ac, R’ = H). 

(b) 38-Acetoxy-16,17«-epoxy-168-methylpregn-5-en-20-one (I; R = Ac) (5 g.) was dissolved 
in dioxan (50 ml.) containing concentrated sulphuric acid (0-5 ml.). After 24 hr. at room 
temperature the mixture was poured into water, and the solid was collected. Crystallisation 
from methanol gave 38-acetoxy-17«-hydroxy-16-methylpregn-5-en-20-one, m. p. 204—206° not 
depressed on admixture with a sample prepared as described in (a). 

38-A cetoxy-16-methyleneandrost-5-en-17-one (IV).—38-Acetoxy-17«-hydroxy-16-methylene- 
pregn-5-en-20-one (II; R = Ac, R’ = H) (2 g.) and lithium borohydride (0-25 g.) suspended 
at 0° in anhydrous tetrahydrofuran (50 ml.) were stirred for 2 hr. The mixture was poured 
into water, and the precipitated 17,20-diol (no C=O band in the infrared spectrum) was dried. 
It was dissolved in ethanol (50 ml.) and treated with 50% periodic acid (5 ml.) in water (20 ml.) 
at room temperature overnight. An aqueous solution of sodium metabisulphite was added 
until the iodine colour was discharged and the product was precipitated. The solids were 
collected and crystallised from methanol, to give 38-acetoxy-16-methyleneandrost-5-en-17-one, 
needles, m. p. 163—165°, [a),,?7 —60° (c 0-48 in CHCl ), Amax, (in EtOH) 228 my (log ¢ 3-92) 
{lit.,4 m. p. 160—165°, [a],,?? —57-5° (in CHCls), Amax, (in EtOH) 228 my (log ¢ 3-9)}. 

Degradation of 38-Acetoxy-17a-hydroxy-16-methylenepregn-5-en-20-one to give Formaldehyde.— 
Peracetic acid (10 ml.; 40% solution in acetic acid) was added dropwise to the 16-methylene- 
compound (II; R = Ac, R’ = H) (4g.) and potassium acetate (0-5 g.) in chloroform (100 ml.), 
with stirring in 15 min. Stirring was continued for 3 hr. and the mixture was left at room 
temperature for 60 hr. The residue left after washing and evaporation crystallised from 
methanol, to give the epoxy-derivative (m. p. 178—180°) which (1 g.), without purification, was 
dissolved in ethanol (100 ml.) and treated with periodic acid (2 ml. of 50% solution) in water 
(8 ml.) at room temperature for 3 hr. Sulphuric acid (0-5 ml.) was added to the mixture which 
was then steam-distilled. The distillate was mixed with aqueous dimedone, and the ethanol 
was evaporated. The dimedone derivative of formaldehyde crystallised in needles, m. p. and 
mixed m. p. 187—189°. 

38-A cetoxy-20,20-ethylenedioxy-16-methylenepregn-5-en-17a-0l.—A solution of the 20-ketone 
(II; R = Ac, R’ = H) (5g.) in benzene (200 ml.) and ethylene glycol (10 ml.) was distilled until 
traces of moisture had been removed. Toluene-p-sulphonic acid monohydrate (0-5 g.) was then 
added and the mixture stirred under reflux for 5 hr., the water formed being continuously 
removed in a Dean-Stark separator. The mixture was cooled, aqueous sodium carbonate 
added, and the product isolated with ether. Evaporation of the ethereal extract and crystal- 
lisation from methanol (containing a trace of pyridine) gave 36-acetoxy-20,20-ethylenedioxy-16- 
methylenepregn-5-en-17a-ol as needles, m. p. 183—184°, {a],, —101° (c 0-33 in CHCl, containing 
1 drop of pyridine) (Found: C, 72-1; H, 9-1. C,,H,,0, requires C, 72-5; H, 8-9%). 

16,17a-Epoxy-168-methylpregn-4-ene-3,20-dione.—Aluminium isopropoxide (0-75 g.) and 
16,17a-epoxy-38-hydroxy-168-methylpregn-5-en-20-one (I; R =H) (1-5 g.) in dry toluene 
(75 ml.) and dry ethyl methyl ketone (10 ml.) were heated under reflux for 2} hr. Recrystal- 
lisation of the product from hexane gave 16,17«-epoxy-168-methylpregn-4-ene-3,20-dione, 

* Julian, Meyer, and Printy, J]. Amer. Chem. Soc., 1948, 70, 3872. 
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needles, m. p. 161—162°, [a),** +150° (c 0-76 in CHCl;), Amax 239 my (log ¢ 4-21) (Found: 
C, 77-6; H, 8-7. C.,H 390, requires C, 77:2; H, 8-8%). 

17a-Hydroxy-16-methylenepregn-4-ene-3,20-dione (111; R = H).—16,17«-Epoxy-168-methyl- 
pregn-5-ene-3,20-dione (4 g.) in acetic acid (250 ml.) and benzene (100 ml.) was cooled to 0°, 
and 50% hydrogen bromide in acetic acid (6 ml.) added with stirring which was continued for 
a further 30 min. The crude product (45 g.) in acetone (200 ml.) was stirred with Raney 
nickel (10 ml. of aqueous suspension) at room temperature for 4 hr. to remove bromine, 
Crystallisation of the product from methanol gave 17a-hydroxy-16-methylenepregn-4-ene-3,20- 
dione, needles, m. p. 208—210°, [a],,?* —9° (¢ 0-73 in CHCl), Amax, (in EtOH) 239-5 my (log ¢ 
4:24), Vmax, (in Nujol) 3596, 3488, 1707, 1684, 1660, 1605 cm.+ (Found: C, 77-3; H, 86, 
Cy.H 390, requires C, 77-2; H, 8-8%). 

17a-A cetoxy-16-methylenepregn-4-ene-3,20-dione (III; IK = Ac).—(a) The foregoing 17- 
hydroxy-compound (III; R = H) (1 g.) was dissolved in acetic anhydride (25 ml.) and acetic 
acid (50 ml.), toluene-p-sulphonic acid monohydrate (0-5 g.) was added, and the mixture was 
set aside overnight at room temperature. Water was added and the product isolated with 
ether. It was dissolved in methanol (50 ml.) containing concentrated hydrochloric acid (1 ml.). 
After 3 hr. at room temperature water was added and the product isolated with ether. 17a- 
Acetoxy-16-methylenepregn-4-ene-3,20-dione formed needles, m. p. 222—224°, [a],?3 —68° 
(c 0-19 in CHCI,), Amax, (in EtOH) 239 my (log ¢ 4-25), vinax, (in Nujol) 1738, 1715, 1666, 1615 
em. (Found: C, 74-5; H, 8-9. C.gH3;,0, requires C, 74-9; H, 84%), after crystallisation 
from acetone—hexane. 

(b) 17a-Acetoxy-38-hydroxy-16-methylenepregn-5-en-20-one (Il; R= H, R’ = Ac) (5 g) 
in dry cyclohexanone (60 ml.) was added to aluminium t-butoxide (5 g.) in dry toluene (40 ml.) 
and the whole heated under reflux for 45 min. Crystallisation of the product from acetone- 
hexane gave 17a-acetoxy-16-methylenepregn-4-ene-3,20-dione, needles, m. p. 222—224°, not 
depressed on admixture with a sample prepared as in (a). 

38,17«-Diacetoxy -16-methylenepregn-5-en-20-one (II; R = R’ = Ac).—38-Acetoxy-17a- 
hydroxy-16-methylenepregn-5-en-20-one (II; R = Ac, R’ = H) (10 g.) and toluene-p-sulphonic 
acid monohydrate (1-5 g.) were suspended in acetic anhydride (200 ml.) and stirred for 24 hr, 
at room temperature. Water (500 ml.) was added dropwise to the stirred and cooled mixture, 
and the product which crystallised was collected, washed with water, and crystallised from 
methanol, to give 38,17«-diacetoxy-16-methylenepregn-5-en-20-one (II; RK = R’ = Ac), needles, 
m. p. 144—146°, {a],,2* —157° (c 0-29 in CHCI,) (Found: C, 72-9; H, 8-6. C,H 3,0, requires 
C, 72-8; H, 84%). 

17a-A cetoxy-38-hydroxy-16-methylenepregn-5-en-20-one (II; R = H, R’ = Ac).—The above 
diacetate (II; R = R’ = Ac) (5 g.) was heated under reflux for 1 hr. with methanol (100 ml.) 
containing concentrated hydrochloric acid (0-5 ml.). The mixture was poured into water 
(300 ml.), and the precipitated solid collected and crystallised from methanol, to yield 17a- 
acetoxy-38-hydroxy-16-methylenepregn-5-en-20-one (Il; R = H, R’ = Ac), needles, m. p. 168— 
170°, {a),,?”7 —167° (c 0-43 in CHCI,) (Found: C, 74:8; H, 87. C,,H3,0, requires C, 74-6; 
H, 8-8%). 

38,17a-Dihydroxy-16-methylenepregn-5-en-20-one (II; R = R’ = H).—(a) 36,17a-Diacetoxy- 
16-methylenepregn-5-en-20-one (1-65 g.) in methanol (50 ml.) was heated in nitrogen under 
reflux while potassium hydroxide (0-58 g.) in water (1 ml.), and methanol (7 ml.) was added 
dropwise during 20 min. Heating was continued for a further 90 min. The mixture was 
cooled to room temperature, made acid with acetic acid, and poured into water (200 ml.)._ The 
precipitated solids were collected, dried, and crystallised from methanol—chloroform, to give 
38, 17a-dihydroxy-16-methylenepregn-5-en-20-one, needles, m. p. 252—254°, [a],,22 —155° (c 0-375 
in CHC],), vmax. (in Nujol) 3320, 1691, 1659, and 892 cm.! (Found: C, 76-7; H, 9-5. C,.H3,0; 
requires C, 76-7; H, 9-4%). 

(b) 38-Hydroxy-16,17«-epoxy-168-methylpregn-5-en-20-one (I; R = H) was treated with 
hydrogen bromide, followed by Raney nickel (see above), and crystallisation of the product from 
acetone gave 38-17«-dihydroxy-16-methylenepregn-5-en-20-one, m. p. 251—253°, alone or in 
admixture with a sample prepared as described under (a). 


The authors thank the Directors of The British Drug Houses Ltd., for permission to publish 
this work. 


THe CHEMICAL RESEARCH LABORATORIES, THE British DruG Houses L1tp., 
Lonpon, N.1. [Received, November 23rd, 1959.] 


al i ahaa 











1.) 


ot 


xy- 
ler 
led 


vas 


ive 
375 
05 


ith 
om 


(1960) Ellis, Petrow, Stansfield, and Weston. 2389 


482. Modified Steroid Hormones. Part XV.* A New Route 
to 17«-Alkynyl-178-hydroxy-steroids. 


By B. Etuis, V. PETtrow, M. STANSFIELD, and G. WESTON. 


A general method for the conversion of 17-oxo-steroids into their 
17x-alkynyl-178-hydroxy-derivatives is reported. Its application to the 
preparation of some homologues of 17«-ethynyl-176-hydroxyestr-4- (III; 
R = H) and -5(10)-en-3-one (VI; R = H) is described. 


In Part XI? the preparation of 17a-prop-l’-ynyl- and 17a-but-l’-ynyl-178-hydroxy- 
androst-4-en-3-one was reported. These compounds proved more active biologically ? 
than the parent 17«-ethynyl-17$-hydroxyandrost-4-en-3-one (ethisterone), an observation 
which led us to extend the study to the partial synthesis of the corresponding homologues 
of 17«-ethynyl-178-hydroxyestr-4- * (III; R =H) and -5(10)-en-3-one* (VI; R =H). 
The method used in Part XI, however, was clearly inapplicable to the preparation of the 
required 5(10)-ene derivatives (VI; R = alkyl), which fact led us to examine alternative 
routes to the required compounds. 





EtO 





(111) 


OH 
<--C=CR 





MeO MeO 





(IV) . (VI) 

Direct condensation of the model compound dehydroepiandrosterone with propyne 
in the presence of potassium t-butoxide proved wholly abortive. Slightly more encouraging 
results attended condensation of the lithium derivative of propyne with the steroidal ketone 
in tetrahydrofuran, when ca. 15% of the required product was obtained. Attention was 
finally directed to reaction with propynylmagnesium bromide, which was conveniently 
prepared by addition of the alkyne in cold tetrahydrofuran to ethylmagnesium bromide 
prepared in the same solvent (cf. the preparation of ethynylmagnesium bromide ). 
Reaction of this Grignard reagent with dehydroepiandrosterone in the boiling solvent 
readily furnished the known 17«-prop-1’-ynylandrost-5-ene-38,178-diol! (I; R = Me) 
in excellent yield. In addition, no significant reduction of the 17-oxo-group was observed 
such as occurs with ethyl- or n-propyl-magnesium halide.*?_ Equally good results followed 
the use of butynyl- and hexynyl-magnesium bromide. The reaction, moreover, proved 
to be of general applicability and was successfully employed for the preparation of a range 
of 17a-alkynyl-178-hydroxy-steroidal types (see Experimental section). 


* Part XIV, preceding paper. 








? Part XI, J., 1959, 1957. 

2 David, Hartley, Millson, afd Petrow, J. Pharm. Pharmacol., 1957, 9, 929. 

’ Djerassi, Miramontes, Rosenkranz, and Sondheimer, J. Amer. Chem. Soc., 1954, '76 4092. 
* Colton, to G. D. Searle & Co., U.S.P. 2,725,389/1955. 

5 Jones, Skattebél, and Whiting, J., 1956, 4765. 

® Butenandt, Schmidt-Thomé, and Paul, Ber., 1938, 71, 1313. 

? Ruzicka and Rosenberg, Helv. Chim. Acta, 1936, 19, 357. : 
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Extension of this new method to 3-ethoxyestra-3,5-dien-17-one * (II), followed by 
cleavage of the 3-enol ether group with oxalic acid, furnished the required 17$-hydroxy- 
17«-prop-1’-ynylestr-4-en-3-one (III; R= Me). The higher homologues (III; R = Et, 
Pr®, and Bu") were similarly prepared. 

Partial synthesis of the estr-5(10)-enes (VI) proved more difficult. Reaction of 
3-methoxyestra-2,5(10)-dien-17-one § (IV) with the alkynylmagnesium bromide gave the 
required 17«-alkynyl-178-hydroxy-intermediates (V; R = alkyl), but these proved to be 
highly susceptible to acid treatment, being rapidly transformed into the corresponding 
3-oxo-A*-compounds (III; R = alkyl). It was ultimately found, however, that cautious 
treatment with aqueous-methanolic oxalic acid at room temperature for 30 min. furnished 
the required 17«-alkynyl-17$-hydroxyestr-5(10)-en-3-ones (VI; R= Me, Et, and Pr) 
essentially free from their A*-isomers. 


EXPERIMENTAL 

Rotations were determined in a 1 dm. tube for chloroform solutions unless otherwise stated. 
Ultraviolet absorption spectra (in EtOH) were kindly determined by Mr. M. T. Davies, B.Sc, 
B.D.H. alumina (chromatography grade) was used throughout. 

17«-Prop-1’-ynylandrost-5-ene-38,178-diol (I; R = Me).—Ethylmagnesium bromide was 
prepared under nitrogen from magnesium (3-65 g.), ethyl bromide (16-3 g.), and anhydrous 
tetrahydrofuran (150 ml.). Propyne (8 g.) in tetrahydrofuran (60 ml.) at —60° was added 
rapidly with stirring and, when evolution of ethane had ceased (ca. 30 min.), dehydroepi- 
androsterone (4:3 g.) in tetrahydrofuran (100 ml.) was added dropwise, a gelatinous 
precipitate forming. The stirred mixture was heated under reflux for 2 hr., cooled, and 
treated with ammonium chloride (50 g.) in water (200 ml.), and the product isolated with ether. 
Purification from aqueous methanol gave 17a-prop-1’-ynylandrost-5-ene-38,178-diol in plates, 
m. p. 179—181°, not depressed in admixture with a specimen prepared by an earlier method.! 
Oppenauer oxidation (aluminium isoproproxide in ethyl methyl ketone and toluene) gave 
178-hydroxy-17«-prop-1’-ynylandrost-4-en-3-one, m. pe- 177—179°. This compound was 
previously prepared by a slightly different route} and had m. p. 151—152°. After storage, 
this m. p. was found to have risen to 177—-179°. The infrared spectra of the two higher-melting 
forms were identical. 

17a-Hex-1’-ynylandrost-5-ene-38,178-diol (I; R = Bu"), prepared similarly from dehydro- 
epiandrosterone and hex-l-yne, crystallised from acetone-hexane in needles, m. p. 70—72° 
(after prolonged drying), [aJ,?* —114° (c 1-0) (Found: C, 81-1; H, 10-7. C,;H3,O, requires 
C, 81-1; H, 103%). 

178-Hydroxy-17a-prop-1’-ynylestr-4-en-3-one (III; R = Me).—Ethyl bromide (5 g.) was 
slowly added to magnesium (1-1 g.) in anhydrous tetrahydrofuran (50 ml.). The mixture was 
then refluxed under nitrogen for 30 min. and allowed to cool to room temperature. Propyne 
(3 g.) in tetrahydrofuran (30 ml.) at —60° was added with stirring, followed, 30 min. later, by 
3-ethoxyestra-3,5-dien-17-one * (1-3 g.) in tetrahydrofuran (50 ml.). The mixture was refluxed 
for 2 hr. cooled somewhat, treated with N-aqueous oxalic acid (100 ml.), and heated under 
reflux with stirring for a further 1 hr. After removal of magnesium oxalate by filtration, the 
product was isolated with ether and crystallised from acetone-hexane. Further purification 
from aqueous methanol (charcoal) gave 178-hydroxy-17a-prop-1’-ynylestr-4-en-3-one, plates, 
m. p. 165—167°, [aJ,7* —37° (c 0-19), Amax 241 my (log ¢ 4-21) (Found: C, 80-8; H, 8-9. 
C,,H,,0, requires C, 80-8; H, 9-0%). 

17a-But-1’-ynyl-178-hydroxyestr-4-en-3-one (III; R = Et), prepared similarly from the enol 
ether (II) and but-l-yne, crystallised from acetone—hexane in plates, m. p. 144—146°, [a], 
—46° (c 0-24), Amax, 240 my (log ¢ 4-23) (Found: C, 80-6; H, 9-1. C,,H 3,0, requires C, 81-0; 
H, 9-2%). 

178-Hydroxy-17a-pent-1’-ynylestr-4-en-3-one (III; R= Pr) crystallised from acetone- 
hexane in plates, m. p. 100—102°, [a),,?* —42° (c 0-78), Amax. 240 my (log ¢ 4-22) (Found: C, 80-9; 
H, 9-0. C,,H,,O, requires C, 81-2; H, 9-4%). 

17a-Hex-1’-ynyl-178-hydroxyestr-4-en-3-one (III; R = Bu") crystallised from acetone- 
hexane in prisms, m. p. 134—136°, [a], — 40° (c 0-62), Amax, 240 my (log ¢ 4-24) (Found: C, 81-4; 
H, 9-6. C,,H,,O, requires C, 81-3; H, 9-7%). 
® Colton, Nysted, Riegel, and Raymond, J. Amer. Chem. Soc., 1957, 79, 1123. 
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3-Methoxy-17a-prop-1’-ynylestra-2,5(10)-dien-17B-ol  (V; R = Me).—Ethylmagnesium 
bromide was prepared under nitrogen from magnesium (1-2 g.), ethyl bromide (6 g.), and 
anhydrous tetrahydrofuran (50 ml.). Propyne (10 g.) in tetrahydrofuran (50 ml.) at —70° 
was added with stirring, followed after 30 min. by 3-methoxyestra-2,5(10)-dien-17-one ® 
(1-4 g.) in the same solvent (50 ml.). The mixture was refluxed for 2 hr., cooled, and treated 
with aqueous ammonium chloride, and the product isolated with ether. After purification 
from aqueous methanol to which a drop of pyridine had been added, 3-methoxy-17a-prop-1’- 
ynylestra-2,5(10)-dien-17B-ol formed needles, m. p. 177—179°, [a],** +70° (c 0-68 in CHCl, 
containing a trace of pyridine) (Found: C, 80-7; H, 9-1. C,,H 4,0, requires C, 80-9; H, 9-3%), 
after prolonged drying. 

178-Hydroxy-17a-prop-1’-ynylestr-5(10)-en-3-one (VI; R = Me).—The foregoing compound 
(250 mg.) in methanol (45 ml.) was treated with oxalic acid dihydrate (630 mg.) in water (5 ml.) 
for 30 min. at room temperature. The mixture was poured into water and extracted with ether, 
and the extract washed with aqueous sodium hydrogen carbonate, water, and dried. Removal 
of the solvent in vacuo gave a gum which crystallised from acetone-hexane. 178-Hydroxy-17a- 
prop-1’-ynylestr-5(10)-en-3-one formed plates, m. p. 153—155°, [a),?* + 115° (c 0-72 in CHCl, and 
a trace of pyridine) (Found: C, 80-6; H, 9-2. C,,H,,O, requires C, 80-7; H, 9-0%). 

17a-But-1’-ynyl-3-methoxyestra-2,5(10)-dien-178-ol (V; R= Et), prepared from the enol 
ether (IV) and but-l-yne, crystallised from aqueous methanol—pyridine in needles, m. p. 68— 
70°, {a),?* + 66° (c 0-41 in CHCl, and a trace of pyridine) (Found: C, 80-8; H, 9-4. C,,H;,O, 
requires C, 81-2; H, 9-4%). 

17a-But-1’-ynyl-178-hydroxyestr-5(10)-en-3-one (VI; R = Et), prepared from the foregoing 
compound by treatment with aqueous-methanolic oxalic acid at room temperature, crystallised 
from hexane in prisms, m. p. 114—115°, [a],,?* + 124° (c 0-98 in CHCl, and a trace of pyridine) 
(Found: C, 81-4; H, 8-9. C,,H 3,0, requires C, 81-0; H, 9-2%). 

3-Methoxy-17a-pent-1’-ynylestra-2,5(10)-dien-17B-ol (V; R = Pr"), prepared from the enol 
ether ([V) and pent-l-yne, crystallised from aqueous methanol in needles, m. p. 95—96°, [a],,7* 
+58° (c 0-98 in CHCl, and a trace of pyridine) (Found: C, 81-2; H, 9-6. C,,H;,O, requires 
C, 81-4; H, 9-6%). 

178-Hydroxy-17a-pent-1’-ynylestr-5(10)-en-3-one (VI; R = Pr"), prepared from the fore- 
going compound, crystallised from hexane in prisms, m. p. 93—95°, [a),?4 +112° (c 0-54 in 
CHCl, and a trace of pyridine) (Found: C, 81-3; H, 9-2. C,,H,,O, requires C, 81-2; H, 9-4%). 

17a-Pent-1’-ynylestva-1,3,5(10)triene-3,178-diol_—A solution of estrone acetate (4:1 g.) in 
tetrahydrofuran (100 ml.) was added dropwise in 20 min. to a stirred solution of pentynyl- 
magnesium bromide (excess) prepared in tetrahydrofuran (200 ml.). The mixture was refluxed 
for 2 hr., cooled, and treated with aqueous ammonium chloride, and the product was isolated 
with ether. In order to ensure complete saponification, this material in methanol (90 ml.) was 
heated with potassium carbonate (2 g.) in water (10 ml.) for 3 hr. The product, isolated by 
dilution with water and extraction with ether, crystallised from acetone—hexane to give the diol, 
needles, m. p. 110—113°, [{a],,2* —5-5° (c 0-9) (Found: C, 81-6; H, 9-1. C,,H 0, requires 
C, 81-7; H, 8-9%). 

17a-Prop-1’-ynyl-3,5-cycloandrostane-68,178-diol, prepared from 6«-hydroxy-3,5-cyclo- 
androstan-17-one,® separated from acetone—hexane in needles, m. p. 199—201°, [a],,?4 —12° 
(c 1-03) (Found: C, 80-4; H, 9-7. C,,.H;,O0, requires C, 80-5; H, 9-8%). 

17a-But-1’-ynyl-3,5-cycloandrostane-68,178-diol crystallised from acetone—hexane in prisms, 
m. p. 172—174°, {a],2* —14-5° (c 0-92) (Found: C, 80-4; H, 10-0. C,,H,,O, requires C, 80-7; 
H, 9-9%). 

17a-Pent-1’-ynyl-3,5-cycloandrostane-68,178-diol separated from aqueous methanol in 
blades, m. p. 146—148°, -[a],2* —13° (c 1-04) (Found: C, 81-1; H, 9-9. C,,;H,,O, requires 
C, 80-9; H, 10-1%). 
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483. Oxidations of Organic Compounds by Cupric Salts. Part I, 
Kinetics of the Oxidations of Glucose and Acetoin. 


By B. A. MARSHALL and WILLIAM A. WATERS. 


The oxidations of both glucose and acetoin by alkaline solutions of com- 
plexed cupric salts are preceded by an induction period, and thereafter are 
substantially of zero order with respect to Cu?* and of first order with respect 
to the organic substrate. Detailed analysis of the kinetics of the oxidation of 
acetoin indicates that the latter is oxidised via its ene-diol which apparently 
forms a chelated cuprous complex that is easily attacked by cupric ions and 
gives biacetyl and two equivalents of cuprous oxide. 

In the induction period the above cuprous complex is promptly re- 
oxidised by oxygen, but if air-free solutions are used then the cuprous com- 
plex is very slowly formed from a direct reaction between cupric ions 
and the ene-diol of acetoin. Precipitation of cuprous oxide, when the limit- 
ing solubility of Cu* has been reached, is the ultimate rate-controlling 
feature of the whole oxidation process. 


KINETIC studies ' of the mechanism of oxidation of aliphatic aldehydes and ketones by 

one-electron-abstracting reagents [Ce*t, Mn**, V(OH),**, -O*-N(SO,),2-, Fe(CN),3-] have 

consistently shown that the slow enolisation of the carbonyl group precedes the easy 
O- 

oxidation of the enol to the mesomeric radical, -¢=¢- <> -¢-t- and it was expected 

therefore that oxidation of aldehydes and a-hydroxy-ketones by Fehling’s solution and 

analogous reagents might proceed in a similar manner. 

Though oxidations of reducing sugars by various alkaline solutions of complexed cupric 
salts can be developed into reproducible analytical procedures, the oxidations themselves 
are not stoicheiometric reactions and scarcely any kinetic studies of such oxidations have 
been made. Singh, Krishna, and Ghosh ? have examined the rates of oxidation of some 
simple monosaccharides with alkaline cupric tartrate and citrate solutions but their 
observations do not seem to be very accurate, for they adopted a very cumbersome 
analytical technique. They decided that the oxidations were alkali-catalysed, of first 
order with respect to the sugar but of zero order with respect to the cupric salt, and not 
affected by the presence of an excess over one molar equivalent of either tartrate or citrate. 
The oxidation seemed to set in after an induction period and did not appear to be a surface 
reaction. 

In a preliminary study we have oxidised alkaline glucose solutions by cupric ions 
complexed with picolinic acid and in substance confirm the conclusions of Singh, Krishna, 
and Ghosh. lIodometric titration of residual cupric salt, after acidification of samples 
with dilute sulphuric acid, is accurately reproducible and not affected by the presence of 
cuprous oxide or other reaction products. Fig. 1 shows that the oxidation of glucose, in 
stoppered flasks, does not set in for some minutes after the reagents are mixed, though 
later, when the reaction mixture has become turbid, the cupric salt is steadily reduced to 
curprous oxide. With respect to the cupric salt, much of the reaction is a zero-order process 
which eventually accelerates, possibly on account of further oxidation of initial reaction 
products. Table 1 and Fig. 2 indicate the dependence of the reaction velocity on the 
glucose and alkali concentrations respectively. 

Since the chemical nature of alkaline solutions of glucose is uncertain, and time- 
dependent, a more detailed study of this one-electron oxidation has been made by using 
acetoin, Me-CH(OH)-COMe, which, by the action of cupric ions complexed by either citrate 


1 See papers by Waters and his co-workers, J., 1953—1959. 
® Singh, Krishna, and Ghosh, Z. phys. Chem., 1955, 204, 1; 1956, 205, 285, 294; 1958, 208, 265, 273. 
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or malate in the presence of excess of sodium carbonate, is oxidised stoicheiometrically to 

biacetyl: 5; 
Me*CH(OH)*COMe + 2Cu®* + HxO ——t MeCO-COMe + Cu,O + 4Ht 

The characteristic features of this oxidation are shown in Fig. 3. Curve (a) of this figure 

exemplifies a typical kinetic experiment carried out in a stoppered flask, immersed in a 

Fic. 1. The oxidation of glucose by alkaline cupric 


picolinate at 25°. Fic. 2. The effect of sodium hydroxide concentr- 
ation on the rate of oxidation of glucose by cupric 
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Fic. 3. The oxidation of acetoin by alkaline cupric 
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" Fic. 4. The autocatalytic stage in the oxid- 
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thermostat at 40°. Curve (b) shows the effect of flushing the separate reactants and 
then the reacting mixture with oxygen-free nitrogen, and curve (c) the effect of saturating 
the reacting mixture with oxygen and then sweeping it out with nitrogen at time N. 
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Evidently the initial induction period, (A—B) of curve (a) is due to atmospheric oxid- 
ation of a primary reaction product, but, even in the absence of oxygen, the reduction of 
the cupric complex has a brief autocatalytic stage before the reaction settles down to being 
a simple zero-order process. This is shown more clearly in Fig. 4. During this auto- 
catalytic stage the clear blue solution becomes greenish and turbid. Solid cuprous oxide 
has always been deposited by the time the reactions reach their final steady state. 

The induction period can be eliminated by adding copper powder to the reaction 
mixture, or by adding a portion of a partly reacted mixture from a previous experiment, 
but not by adding washed, precipitated cuprous oxide. It may be inferred, therefore, that 


Fic. 5. The effect of the concentration of added 
sodium carbonate on the vate of oxidation of 
acetoin by complexed cupric ions when the 
complexing agent is (a) trisodium citrate, (b) 
malic acid, 
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Temp. 40°. The reaction mixtures contained 


0-02m-copper sulphate, 0-06m-sodium citrate, 
0-25m-sodium carbonate, and 0-1M-acetoin. 





Temp. 40°. Each reaction mixture contained 
0-02mM-copper-sulphate, 0-06m - complexing 
agent, and 0-Im-acetoin. The OH~- values 
for acetoin-free solutions were measured 
potentiometrically, a glass electrode being 
used. 


the main reaction (B—C) requires the presence of dissolved cuprous ions which accumulate 
to a limiting concentration, during the autocatalytic stage (X—Y of Fig. 4), and can be 
removed by oxygen. The rate of the steady reaction would, on this hypothesis, be limited 
by the solubility of the dissolved cuprous complex. The eventual rate of oxidation of the 
oxygenated solution is slightly slower than (a) or (b), showing that some slow oxidation of 
acetoin is effected by oxygen before the cuprous ions reach a sufficient concentration for 
precipitation to be detectable. Closer investigation of the induction period, measured by 
extrapolating portions B—C of reaction (a) (Fig. 3) back to zero reduction of Cu?*, shows 
that its duration is inversely proportional to both the acetoin and the sodium carbonate 
concentration, as shown by Tables 2 and 3. 

The main sections (e.g., B—C) of each of the curves of Fig. 3 show that the dissolved 
cupric salt is being reduced by a homogeneous zero-order reaction, not affected bv the 
progressive separation of cuprous oxide or by the degree of agitation of the solution. Table4 
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shows that the oxidation is of first order with respect to acetoin, and Table 5 that excess of 
the complexing agent has no effect. Fig. 5 shows that the rate of oxidation is proportional 
to the concentration of carbonate anions and is identical in value for both the citrate and 
the malate complexes when allowance is made for the neutralisation of carbonate by both 
the organic acid and the sulphuric acid equivalent to the copper sulphate originally taken. 
Neverthless, corresponding solutions which are oxidised at the same rate differ considerably 
in pH. Though this could indicate that the reaction is carbonate-dependent but not 
hydroxyl-dependent, if the alkalinity of citrate solutions of constant carbonate con- 
centration is varied by the addition of sodium hydrogen carbonate, then the oxidation rate 
decreases as shown in Fig. 6. Measurements of the pH of these solutions show that the 
oxidation is of first order with respect to hydroxyl, though the plot does not pass through 
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Fic. 7. The effect of he initial cupric concentration on (a) the vate of oxidation of acetoin, (b) the 


PH of the reaction solutions. 
Temp. 40°. The reaction mixtures contained 0-06Mm-sodium citrate, 0-25mM-sodium carbonate, and 
0-1m-acetoin. 


the origin (Table 6). In the concentration range of Fig. 5 there is a linear relation between 
carbonate concentration and alkalinity (Table 7). pH changes may also account for the 
fact that the actual oxidation rate is dependent on the initial Cu®* concentration when both 
citrate and carbonate are kept constant (Fig. 7). 


TABLE 1. The effect of the initial glucose concentration on the rate of oxidation of glucose 
by cupric picolinate at 25°. 


Met 25 ee aS 0-025 0-050 0-075 0-100 0-125 
10* x —d{Cu?+}/dé (mole 1. min.~) ...... 0-78 1:37 2-00 2-68 3-50 
10° x —d{Cu?*}/dt/[Glucose] ...........00. 3-12 2-74 2-67 2-68 2-80 


Each solution contained 0-02m-copper sulphate, 0-06M-picolinic acid, and 0-35M-sodium hydroxide. 


TABLE 2. The effect of the initial acetoin concentration on the induction period in the 
oxidation of acetoin by cupric citrate at 40°. 


Pt, PEE CML ccncousscassoteonceas 0-25 0-50 0-75 1-00 1-25 1-50 
Induction period (min.) ............... 32-5 15-0 12-0 9-0 6-0 5-0 
{Acetoin] x Induction period ......... 0-71 0-75 0-90 0-90 0-75 0-82 


Each solution contained 0-02m-copper sulphate, 0-06m-sodium citrate, and 0-1m-sodium carbonate. 


TABLE 3. The effect of the added sodium carbonate concentration on the induction period 
in the oxidation of acetoin by cupric citrate at 40°. 


Sodium carbonate (M) ..........s.esee0s 0-05 0-10 0-15 0-20 0-25 0-30 

Induction period (min.) ............... 20-0 10-0 7-0 3-5 3-0 3-0 

[Na,CO;] x Induction period ......... 1-00 1-00 1-05 0-70 0-75 0-90 
Each solution contained 0-02m-copper sulphate, 0-06m-sodium citrate, and 0-1M-acetoin. 
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TABLE 4. The effect of the initial acetoin concentration on the rate of oxidation of acetoin 
by cupric citrate at 40°. 


+e (| aaa 0-25 0-50 0-75 1-00 1-25 1-50 
10* x —d[Cu**]/dé (mole 1 min.) 0-30 0-66 1-00 1-31 1-68 1-94 
10 x —d{Cu**}/dé)/[Acetoin] ......... 1-20 1-32 1-33 1-31 1-34 1-29 


Each solution contained 0-02m-copper sulphate, 0-06m-sodium citrate, and 0-1mM-sodium carbonate. 


TABLE 5. The effect of the concentration of the complexing agent on the rate of 
oxidation of acetoin by cupric citrate at 40°. 


I CRITE, .. dcniibisaponctupthensacennsentoas 0-06 0-09 0-13 
10* x —d[Cu?*}/dé (mole 1.-! min.~?) ............ 3-36 3-34 3°32 


Each solution contained 0-02mM-copper sulphate, 0-25mM-sodium carbonate, and 0-1M-acetoin. 


to bo 


TABLE 6. The effect of hydroxide-ion concentration on the rate of oxidation of acetoin at 
constant carbonate concentration. 


10* x —d{[Cu?'}/dé (mole 1. min.) ... 1-:12* — 1-67 1-71 1-82 1-88 2-04 2-32 
gg ee ETRY” ACESS FS 0-00 512 5-62 6-24 716 902 12-16 
(Rate — 1-12 x 10-**)/[OH™-] ............ —_ 1-07 1-05 1-12 1-08 1-02 0-98 


* By extrapolation. 
The mixtures contained 0-02m-copper sulphate, 0-06M-sodium citrate, 0-25M-sodium carbonate, 
and 0-Im-acetoin. The OH™- concentration was varied by the addition of sodium hydrogen 
carbonate. 


TABLE 7. The effect of the added sodium carbonate concentration on the alkalinity of a 
solution of cupric citrate at 40°. 


Sodium carbonate (M) ............ 0-30 0-25 0-20 0-15 0-10 0-05 0-00 
PUPPOIES. L. npsvcsevscngansscssesscceen 3-89 3-63 2-95 2-57 1-62 0-72 1-59 x 10° 
10°(OH~)}/[NagCO,g]  ..........0eeee 1-30 1-45 1-47 1-71 1-62 1-44 

Each solution contained 0-02mM-copper sulphate and 0-06M-sodium citrate. 


DISCUSSION 


(1) Enolisation prior to Oxidation.—The rate of oxidation of acetoin is of first order with 
respect to both [Acetoin] and [Hydroxide] during both the induction period and the 
subsequent main reaction. These observations indicate that the acetoin is probably 
oxidised in the form of its enol or enol-anion, following base-catalysed reactions, of which 
only (1) need be considered as a rate-determining process. 


(1) Me*CH(OH)"COMe + B === Me*C(OH)*COMe + HBt 
(2) Me*C(OH)*COMe «<¢—t Me*C(OH):C(O)*Me (Mesornerism) 
(3) Me*C(OH):C(O)Me + HBt === Me*C(OH)C(OH)*Me ++ B 


(2) Reduction of Cu**.—Zero-order reactions of aldehydes and ketones with respect to 
other reagents, e.g., halogens or Mn**, usually indicate that the respective enols are being 
destroyed immediately they have been formed, but such reactions promptly set in at their 
full velocity. The existence of induction and autocatalytic phases of slow oxidation, 
linked to the formation of a cuprous compound, as shown by the effect of adding metallic 
copper, and by the constancy of the reaction velocity when cuprous ions are being removed 
by precipitation of cuprous oxide, indicates that the formation and destruction of cuprous 
complexes are concerned in the regulation of the reaction velocity. Our system is 
kinetically similar to one observed by Calvin,’ who oxidised hydrogen by cupric chloride 
dissolved in quinoline and noted that cuprous acetate was a catalyst for the oxidation. 
He concluded that the formation of a co-ordinated cuprous compound was essential for 
the oxidation of hydrogen. Our reaction can be explained along similar lines (4—7) if it 
is postulated that the ene-diol of acetoin is most prone to attack in the form of its cuprous 
chelate complex (C). Parentheses have been placed round Cu* and Cu?* to indicate that 
citrate, malate, or other complexed copper ions are involved. Reaction (4) can be viewed 


® Calvin, Trans. Faraday Soc., 1938, 34, 1181; J. Amer. Chem. Soc., 1939, 61, 2230. 
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Me-C-O 


ky Me-C-O\. 
(4) + (Cut) —> | Cu) 
Me-C-OH Me-C-O; 
Nu 
(E) (©) 
ks Me-C-O 
(5) (C) + (Cu?) — | Ac") + (Cut) 
Me-C-O 
NH 
(R) 
ke Me-C=O 
(6) (R) -}- (Cu®!) ——p> | -|- 2(Cut) 4-H! 
Me-C=O0 
(P) 
(7) (C) +O, ——w P?-}- (Cu?) 


as a slow displacement of one chelating group by another. This would accord with our 
findings that the citrate and malate complex ions effect oxidations at different rates at the 
same pH. From steady-state equations: 


[C] = (Ag/ks)({E] . (Cu*)}/[Cu?*)) 
[R] = (Ag/he)(C] 
$0 —d[Cu?*}/dt = [Cu2*}{2,C + kR} = 2h, [E}[Cu*] 


Thus, once [Cu*] has reached the solubility limit for the deposition of cuprous oxide from 
the solution, the oxidation velocity would become constant at a value proportional to the 
ene-diol concentration, provided that reaction (4) is slower than the rate-determining 
stage (1) of the base-catalysed enolisation of acetoin. This is most probable since [Cu*] 
is limited by the solubility of cuprous ions in alkaline solution and must be very small 
indeed. 

The above equations, however, do not explain how the reaction is initiated in homo- 
geneous solution under nitrogen. The structure (R), however, is that of a resonance 
hybrid, 7.e., ; 


ai ie Cut) sath ing 
| u << > u*t) 
Me-c-00 we 
Nu NH 
(i) (ii) 


form (i) being a radical-cuprous complex and form (ii) that of an enol-cupric 
complex. If we suppose that cupric ions (Cu**) complex with the ene-diol anion (£) 
toa very minute extent only, giving the hybrid R = (i) «—» (ii) above, then reaction (6) 
could be regarded as the initial oxidation step that generates the trace of (Cut) which 
allows reaction (4) to set in. Were it unnecessary to propound some explanation of 
initiation of the reaction then equations (5) and (6) could be combined as: 


C + 2(Cu*+) ——» P +. 3(Cut) 


to give the kinetic sequence suggested by Calvin for his oxidation. 

Radical-oxidant complex formation has previously been suggested by one of us for 
oxidation of aldehydes and ketones by alkaline ferricyanide,‘ a reagent which approximates 
in its redox potential to complexed cuprous—cupric systems: mesomerism, of the type 
(i) > (ii), can explain the stability of such complexes and the failure to detect free 
organic radicals in these oxidations. 


EXPERIMENTAL 
Materials.—Acetoin (B.D.H.) was washed with alcohol until colourless, then with ether, 
and air-dried by suction. The dimeric solid had a sharp m. p. if heated rapidly in a sealed 
‘ Speakman and Waters, J., 1955, 40. 
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tube and gave a satisfactory ultimate analysis. Standard solutions (0-5M) were prepared in 
distilled water, through which nitrogen had been bubbled, at frequent intervals; these were 
stored in the dark. It is known that the solid dimer rapidly dissociates to the monomer in 
solution.’ All other reagents, except picolinic acid, were of ‘‘ AnalaR’”’ quality. Copper 
sulphate (CuSO,,5H,O) was used as the source of Cu?*; 0-0025 mole of sulphuric acid was added 
to 0-1 mole of copper sulphate to assist solution. Trisodium citrate was used as the dihydrate, 
and malic acid as the pure anhydrous DL-acid, m. p. 128—129°. 

Quantitative Oxidation.—Acetoin (0-2216 g., 0-00252 mole) was oxidised at 40° for 24 hr. with 
an excess of alkaline cupric citrate (0-01 mole of copper sulphate, 0-03 mole of sodium citrate, 
and 0-15 mole of sodium carbonate), and the residual cupric salt in solution was then titrated as 
described below; 0-00529 mole of Cu** had been reduced. 

From various experiments the deposit of cuprous oxide was collected, washed with distilled 
water, alcohol, and ether, dried in vacuo, and analysed (Found: Cu, 85-5. Calc. for Cu,0: 
Cu, 88-8%). 

Titration Procedure.—Samples (5 ml.) of reacting solutions were withdrawn and added to 
2n-sulphuric acid (5 ml.) in a narrow-mouthed flask. Immediately thereafter, excess of potass- 
ium iodide solution was added and the free iodine solution was titrated with standard thio- 
sulphate (ca. 0-005N), with starch indicator, 1 ml. of 10% potassium thiocyanate being added 
just before the end-point was reached to prevent “ after-blueing.””* In the studies of the 
glucose reaction, carbonate was added with potassium iodide so that the carbon dioxide 
liberated would effectively check any autoxidation during the estimation. The other reacting 
mixtures contained carbonate. 

Whenever gases were passed through the solutions they were presaturated by bubbling 
through water and an identical reacting solution. 


One of us (B. A. M.) thanks the Department of Scientific and Industrial Research for a 
Research Studentship. 
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5 Lowry and Baldwin, J., 1935, 704. 
® Belcher and Wilson, ‘‘ New Methods in Analytical Chemistry,’’ Chapman and Hall, London, 1955, 
p. 224. 


484. Metal Complexes of Histamine and Some Structural 
Analogues. Part I. 


By F. Hotmes and F. Jones. 


The chelating abilities of histamine, 2-2’-aminoethylpyridine, 4-2’-amino- 
ethylthiazole, 3-2’-aminoethylpyrazole, 4-aminomethylimidazole, and 2- 
aminomethylpyridine with Cu(m), Ni(11), and Co(11) have been studied 
potentiometrically. The ligands generally form bis-complexes with Cu(t1), 
and tris-complexes with Ni(m) and Co(11), when hydrolysis or oxidation does 
not interfere with complex-formation. 3-2’-Aminoethylpyrazole forms only 
1: 1 complexes with all three metals. Approximate formation constants are 
given. 

AN investigation of the chelating properties of histamine and a number of its structural 
analogues has been undertaken. The ligands are interesting in that they exhibit different 
degrees of physiological activity.1_ A number of generalisations may be made concerning 
histamine activity as a function of molecular structure 2 and these are enumerated since 
they provide the pattern on which the chelation studies are based: (1) Other aromatic 
rings may replace imidazole, but all the highly active compounds contain a tertiary nitrogen 
atom as part of the aromatic ring. (2) The number of carbon atoms between the primary 
amino-group and the aromatic ring is critical, When attached at the 4-position of 


1 Hofmann, “‘ Imidazole and Derivatives,” Part I, Interscience Publ. Inc., New York, 1953. 
® Lee and Jones, J. Pharmacol. Exp. Therap., 1949, 95, 71. 
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imidazole the 2-aminoethyl side chain confers maximum activity; any variation in chain 
length diminishes the activity. (3) The side chain must be attached at the 4-position 
in the case of imidazole: 1- and 2-2’-aminoethylimidazole are biologically inactive. 
(4) The presence of a basic nitrogen atom in the side chain is usually necessary. N-Alkyl- 
ation of this primary amino-group in general reduces the activity in proportion to the 
size and number of the attached groups. (5) Ring substitution also reduces histaminic 
potency to a degree depending on the position of the substituent. 

Knowing how structural modifications of the histamine molecule affect its biological 
activity, we have investigated how the same modifications affect the nature and stability 
of complexes formed between these ligands and Cu(11), Ni(1), and Co(II) ions, since Lyons 
and Andrews ** have indicated the possible réle of metal ions as sites of binding of 
histamine to proteins. For histamine itself a number of metal complexes have been 
reported. Albert,5 Mickel and Andrews,® Hares e¢ al.,?7 and von Schalien® have given 
stability constants and other thermodynamic data. 

The present paper deals with the effects on the chelating ability, first, of changing the 
aromatic portion, and secondly, of shortening the side chain. The ligands discussed are 
histamine, 2-2’-aminoethylpyridine, 4-2’-aminoethylthiazole, 3-2’-aminoethylpyrazole, 4- 
aminomethylimidazole, and 2-aminomethylpyridine. 


EXPERIMENTAL 


Materials.—Histamine was obtained from Eastman Kodak Co. and recrystallised from 
benzene. 2-2’-Aminoethylpyridine was prepared as described by Kirchner et al.® 4-2’-Amino- 
ethylthiazole and 3-2’-aminoethylpyrazole -were given by Dr. Reuben G. Jones, Eli Lilly 
Laboratories. 4-Aminomethylimidazole dihydrochloride was prepared by Turner’s method,’ 
and 2-aminomethylpyridine according to Craig and Hixon’s instructions." 

Metals were used in the form of their perchlorates. 

Determinations.—Dissociation constants for the ligands were obtained by potentiometric 
titration at 25-0° + 0-1°; 5-00 ml. of standard (ca. 0-1N) perchloric acid (2-00 ml. when ligand 
dihydrochlorides were used) and 15-00 ml. of approx. 1 x 10M-organic base, made up to 
50-00 ml. with carbon dioxide-free water, were titrated with 0-1000N-carbonate-free sodium 
hydroxide. Stirring was by a stream of: nitrogen which had been passed through Fieser’s 
solution to remove oxygen and carbon dioxide and then pre-saturated with aqueous vapour at 
25-0°. 

Formation constants for the metal complexes were obtained from similar titrations with 
5-00 ml. of 1-000 x 10*m-metal ion present; the initial volume was again 50-00 ml., the ionic 
strength being 0-01—0-02. 

It was found necessary to obtain the lower dissociation constants of the thiazole, pyrazole, 
and aminomethylpyridine ligands spectrophotometrically by the method of Andon e¢ al.!* This 
was carried out at 20° + 1°, a Unicam S.P. 500 spectrophotometer being used with matched 
1 cm. silica cells. 

The ratio metal : ligand for metal complexes of histamine and of 3-2’-aminoethylpyrazole in 
solution was checked spectrophotometrically by the method of continuous variations.” 

Formation data for the systems were obtained by Bjerrum’s method," the calculations being 
based upon those of Maley and Mellor adapted for our own systems. Formation constants 
were calculated by either of two methods, depending on the complexity of the system. For 

5 Lyons and Andrews, J, Colloid Sci., 1955, 10, 370. 

Andrews and Lyons, Science, 1957, 126, 561. 

Albert, Biochem. J., 1952, 50, 690. 

Mickel and Andrews, J. Amer. Chem. Soc., 1955, 77, 323, 5291. 

Hares, Fernelius, and Douglas, J]. Amer. Chem. Soc., 1956, 78, 1816. 

von Schalien, Suomen Kem., 1958, 31, B, 372; 1959, 32, B, 148. 
Kirchner, McCormick, Cavallito, and Miller, J. Org. Chem., 1949, 14, 388. 
Turner, J. Amer. Chem. Soc., 1949, 71, 2801. 

Craig and Hixon, J. Amer. Chem. Soc., 1931, 58, 4368. 

Andon, Cox, and Herington, Trans. Faraday Soc., 1954, 50, 1918. 
Vosburgh and Cooper, J. Amer. Chem. Soc., 1941, 68, 437. 

* Bjerrum, ‘‘ Metal Ammine Formation in Aqueous Solution,” P. Haase and Son, Copenhagen, 1941, 
* Maley and Mellor, Austral. J. Sci. Res., 1949, 2, A, 92, 579. 
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the Cu(11) complexes [with the exception of Cu(11)-3-2’-aminoethylpyrazole], Irving and 
Rossotti’s ‘‘ correction term ”’ method !* was used. For the nickel(11) and cobalt(11) systems, 
which showed greater complexity, the constants were evaluated by the method of successive 
approximations. "4 


RESULTS 
Dissociation Constants.—All the ligands show two dissociation constants when their acid 
solutions are titrated with sodium hydroxide to pH 11. The calculated dissociation constants 
are given in Table 1. 


TABLE 1. Dissociation constants of the ligands in aqueous solution at 25-0°, » = 0-015. 


Ligand pk,’ pk,’ Ligand phy’ pk,’ 
EERRRIIIR..4.cinericadeversoresedessers 5-94 9-80 3-2’-Aminoethylpyrazole ......... 2:02* 9-61 
2-2’-Aminoethylpyridine ......... 3°80 9-52 4-Aminomethylimidazole......... 4-71 9-37 
4-2’-Aminoethylthiazole ......... 168* 9-53 2-Aminomethylpyridine ......... 1:85* 8-62 


* Determined spectrophotometrically. 


For 2-2’-aminoethylpyridine and 4-2’-aminoethylthiazole complete stability data were 
obtained only with copper(11); hydrolysis and the precipitation of basic material made it 
impossible to obtain the upper portions of the formation curves with nickel(11) and cobalt(1), 
The failure of the copper(11) titration curves to rejoin those of the ligands at high pH indicated a 
tendency to hydrolysis even with this metal. 

Slight hydrolysis was sometimes noted for other systems; for this and other reasons the 
formation curves obtained for copper(m) and nickel(11) were not symmetrical. Formation 
constants are therefore given only to +-0-1 log unit. 

With cobalt titrations it was obvious that incomplete removal of oxygen led to oxidation, 
particularly in alkaline solution, so that approximate values are given for log K, only. 

The 3-2’-aminoethylpyrazole system differed from the others in the shapes of the titration 
and formation curves. All the complexes showed a strong tendency to be hydrolysed, since 
more protons were liberated on titration than could come from the total amount of mineral acid 
present. This prompted a re-investigation of the metal-ligand ratio spectrophotometrically. 
The results indicated that, at all pH’s studied and all ratios of metal to ligand used, 3-2’-amino- 
ethylpyrazole forms no complexes other than with a 1:1 ratio. They must contain hydroxyl 
groups and are being further examined. 


TABLE 2. Formation constants in aqueous solution at 25-0° and p = 0-01—0-02. 


Cu Ni Li 

o_O Or -— —__—A—— —- wy Co 

log K, log K, log B. log K, log K, log B. log K, 
Re eee 9-5, 6-5 16-0 6-8 5-1¢ 11-9 5-2 
2-2’-Aminoethylpyridine ... 7:3 5-4 12-7 5-2 3-3 8-5 ~3:8 
4-2’-Aminoethylthiazole ...... 7-4 53 12-7 5-6 4-0 9-6 ~41 
3-2’-Aminoethylpyrazole ... ~7-5 —- -— ~i7 — _ _ 
4-Aminomethylimidazole ... 9-0, 7-3 16-8 6-0 5-0? 11-0 ~4:8 
2-Aminomethylpyridine ...... ~9-3 79 ~17-2 73 63° 13-6 ~5'8 


log K, = (a) 3-1, (6) 3-3, (c) 5-5. 
log B, = (a) 15-0, (b) 14-3, (c) 19-4. 


TABLE 3. Continuous variation results for histamine and 3-2'-aminoethylpyrazole complexes. 
Metal : ligand ratio 


Ligand Metal pH Amax. (™y2) of absorbing species 
RIT sa dndsans cataicatiduscavanevscs Cu 5-0 680 | Ee 
9-0 600 cc 
3-2’-Aminoethylpyrazole .....-......... Cu 4-5 690 1:3 
8-0 570 RS3 
Ni 11-0 470 L:l 
Co 10-0 ° ass 


* No peak in visible region; values taken at A = 400 mz. 
Formation Constants.—The formation constants of the metal complexes are given in Table 2, 
and relevant spectrophotometric data in Table 3. 
‘© Irving and Rossotti, /., 1953, 3397. 
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DISCUSSION 


The aminoethyl-substituted pyridine, thiazole, and pyrazole are considerably less basic 
than histamine, owing to the lower basicities of their heterocyclic rings than of imidazole. 
The basicities (pK’) of the free heterocyclic rings are!” imidazole 7-03, pyridine 5-23, 
thiazole 2-53, and pyrazole 2-53. When these rings are attached to the 2-aminoethyl side 
chain their basicities are lowered somewhat, as may be seen from Table 1. It is assumed 
that in all the ligands pK,’ represents the dissociation from the heterocyclic ring and pK,’ 
that of the side chain. When the aminoethyl side chain is replaced by aminomethyl, in 
both cases, there is a decrease in basicity similar to that encountered in passing from 
trimethylene- to ethylene-diamines,!* presumably owing to the smaller separation between 
the two nitrogen atoms. Both pK,’ and pK,’ become less but the effect is greater, by 
about one unit, with pK,’. 

The dissociation constants for histamine agree with other published values; those for 
the two pyridine-containing ligands are close to the recent values of Goldberg and 
Fernelius,® except that our figure for the pK,’ of 2-2’-aminoethylpyridine is much lower 
than the values quoted by them for 30° and 40°; they quote no values for 10° and 20°. 

Formation Constanis.—The constants for the histamine complexes are very similar to 
those obtained by Mickel and Andrews.® Those for aminoethyl- and aminomethyl-pyridine 
do not differ much from the values of Geldberg and Fernelius when allowance is made 
for the difference in conditions. 

For all the ligands the Irving—Williams * order of stabilities is followed. The order 
Cu > Ni > Co is maintained for all comparable values of log K and log 8. 

All the ligands with the aminoethyl side chain can form six-membered chelated rings 
similar to that of histamine, and it might be expected that the dissociation constants 
would govern the stability of the chelates. When the aminoethyl derivatives are com- 
pared, histamine, which is by far the most basic ligand, always forms the most stable 
complexes. With the other three ligands, however, there is no parallel between base 
strength and stability; only the pyridine and thiazole derivatives may be compared here 
since the pyrazole forms 1:1 complexes. Other factors such as bond angle and dx—pr 
bonding differences must play a part. 

With the aminomethyl derivatives the pyridine-containing complexes are more stable 
than those with an imidazole residue, in spite of the higher basicity of the latter. Once 
more, when heterocyclic rings of different types are compared, other considerations may 
outweigh those of basicity. 

In both cases where corresponding aminomethyl and aminoethyl derivatives can be 
compared, log (K,/K,) is less for the five-membered (aminomethyl) than for the six- 
membered chelated ring (aminoethyl). This is also true for log (K,/K3) with the nickel 
complexes of the imidazole-containing ligands; the comparison cannot be made in the 
pyridine series since no value of log K, could be obtained for nickel—-2-aminoethylpyridine. 
A similar tendency is found when values for histamine and 2-aminomethylbenzimidazole 
are compared; *! it should be noted that with the last ligand no value for log K, was 
obtainable with nickel, although this is possible with the unsubstituted 2-aminomethyl- 
imidazole. 


We thank Professor Stanley Peat, F.R.S., for his interest'and Dr. J. E. McKail for constant 
help with the syntheses. One of us (F. J.) is indebted to the Department of Scientific and 
Industrial Research for a research studentship. 
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485. Tertiary Bases from Chondrodendron tomentosum. 
By I. R. C. Bick and P. S. CLEzy. 


In addition to all the tertiary curare alkaloids obtained by previous 
workers from Chondrodendron tomentosum, two new alkaloids, one in very 
small amount, and N-benzylphthalimide have been isolated. The structure 
of the major new alkaloid, its identity with norcycleanine, recently obtained 
from Cyclea insularis, and its possible relation to base B from Ch. limacii- 
folium are discussed. Observations are also made on the structures of 
base A from the latter plant, of the Chondrodendron alkaloids chondrofoline 
and tomentocurine, and of protocuridine, an alkaloid from pot-curare. 


Chondrodendron tomentosum (Ruiz and Pavon) is one of the menispermaceous plants used 
by South American Indians for preparing the arrow-poison curare,! and is used as a commer- 
cial source of tubocurarine chloride.2 In addition to the latter quaternary alkaloid, the 
following tertiary ones have also been obtained: ** curine, isochondrodendrine, 00-di- 
methylisochondrodendrine (cycleanine), chondrocurine, and tomentocurine, the last in 
minute amount and from leaves only. Through the kindness of Dr. J. D. Dutcher, Squibb 
Institute for Medical Research, a quantity of plant material from commercial sources, 
from which the tubocurarine chloride had been extracted, was made available to us for 
further examination of the tertiary alkaloids. 

As a general rule in the bisbenzylisoquinoline series to which the above-mentioned 
alkaloids belong, tertiary compounds with two hydroxy-groups show marked phenolic 
properties, but compounds with a single hydroxyl are cryptophenolic and are not extracted 
by aqueous alkali from chloroform solution. Advantage of this was taken to separate 
the crude material into phenolic alkaloids on the one hand, and a mixture of non-phenolic 
or very weakly phenolic alkaloids on the other. Clitomatography of the latter fraction 
yielded the non-phenolic cycleanine * (I; R = R’ = R” = Me) as the main constituent, 
followed by a very small quantity of a crystalline substance hereafter referred to as base A, 
in insufficient amount for proper characterisation and examination, and a further crystalline 
base B. Neither of the last two bases corresponded to any previously obtained from 
Chondrodendron species. A non-basic constituent which separated from the same fraction 
proved to be N-benzylphthalimide; this is believed to be the first time this substance has 
been found in Nature.* 

The phenolic alkaloids, which comprised the major portion of the extract, were more 
difficult to separate, owing partly to the comparative insolubility of the phenolic bases 
in this series, and partly to the formation of troublesome emulsions. However, benzene- 
and ether-extraction of the material recovered from the aqueous alkali eventually yielded 
curine ® and chondrocurine,® and a small amount of tomentocurine,® identical with the 
alkaloids previously obtained by Dutcher and by King respectively from the same plant. 
King was unable to deduce a satisfactory formula for tomentocurine from his analytical 
figures, which he was unable to repeat owing to shortage of material. Our figures differ 
somewhat from King’s, and are in good agreement with the formula C,,H,,0,N,,23H,0, 
with two methoxyl groups. The Millon test, observed by King, was confirmed. Thus 


ball 
* Dr. Dutcher has informed us that this compound is not used in the separation of the quaternary 
bases, and that its accidental introduction during the process is hardly possible. 


1 Reviewed by Vellard, ‘“‘ Curare and Curare-like Agents,’ ed. Bovet, Bovet-Nitti, and Marini- 
Bettolo, Elsevier, Amsterdam, 1959, p. 3. 

2 Kulka, in ‘‘ The Alkaloids,” ed. Manske and Holmes, Academic Press Inc., New York, 1954, Vol. 
IV, p. 231. 

* Reviewed by Wintersteiner, ‘‘ Curare and Curare-like Agents ”’ (see ref. 1), p. 153. 

* Kondo, Tomita, and Uyeo, Ber., 1937, 70, 1890; Tomita, Fujita, and Murai, J. Pharm. Soc. 
Japan, 1951, 71, 1043. 

5 Dutcher, J. Amer. Chem. Soc., 1946, 68, 419; Bick and Clezy, J., 1953, 3893. 
®* King J. 1948, 1945. 
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tomentocurine has at least one phenolic group, and presumably a second to account for 
its formula, its marked phenolic properties, and its sparing solubility. Its high rotation 
suggests that it belongs to the chondrocurine (II; R! = R* = H, R? = R? = R5 = Me) 
series, but with a different orientation of hydroxy- and methoxy-groups. 

From the phenolic material left after extraction with benzene and ether, the sparingly 
soluble isochondrodendrine 7* was isolated. A quantity of this base was also isolated 
from the residue left after the chloroform-extraction of the original material. 

Analyses of base B indicated the formula C,,H,)O,N., with three methoxy- and two 
methylimino-groups; moreover the base had cryptophenolic properties and presumably 
contained one hydroxy-group only. Its low specific rotation pointed to a relationship 
with isochondrodendrine, C;,H,g0,N,, which has two methoxy-, two hydroxy-, and two 
methylimino-groups, and which has lately been shown by cleavage with sodium in liquid 
ammonia *® to have structure (I; R = Me, R’= R” = H). Base B would thus corre- 
spond in formula to O-methylisochondrodendrine, and in fact, on complete methylation 
with diazomethane, both alkaloids give the same product, identical with cycleanine 
(I; R= R’ = R” = Me). 


NMe RO OMe eo all 
; 
RO OR’ ure pce a = R'O On 2 “) 


MeO OH 


RO NMe oO 
(111) CH)-C,H,-OH-p (Iv) 

Owing to the symmetry of the cycleanine molecule, demonstrated by the fact that 
(—)-armepavine (III; R = Me) was obtained as the sole product on fission with sodium 
in liquid ammonia,‘ there are only two possible positions for the hydroxyl group in base B, 
which will thus have one or other of the structures (I; R = R” = Me, R’ = H) or (I; 
R=H, R’ = R” = Me). These can be distinguished with some degree of confidence 
on the basis of the Millon test, which King *” has found to be positive for alkaloids in 
this series with a hydroxy at position 7 of the isoquinoline nucleus, but not at position 6. 
This applies also in the curine-chondrodendrine series (II), where in addition a Millon test 
is given by a hydroxy-group in the 4-position of a benzyl group. These observations 
have led King to predict partial or complete structures for a number of phenolic alkaloids, 
including isochondrodendrine, which subsequent work has proved correct. On this basis, 
the structure of base B is (I; R = R’ = Me, R” = H). 

Since this work was carried out, Kikuchi and Bessho ! have described the isolation 
and structural determination of the alkaloid norcycleanine, which they isolated from the 
Far Eastern menispermaceous plant Cyclea insularis (Diels). As with our base B, com- 
plete methylation yields cycleanine, while ethylation and fission with sodium in liquid 
ammonia afford an equal mixture of armepavine (III; R = Me) and its ethyl analogue 
({11; R= Et). Thus norcycleanine has the same structure (I; R = R’ = Me, R” = H) 
as that advanced for our base B. We have not been able to make a direct comparison 
between the two alkaloids, but from structural considerations and from a comparison of 
their properties (Table 1) we have little doubt of their identity. 

There is some discrepancy in the specific rotation, but considerable variations in 


? Jeffreys, J., 1956, 4451. 

* Tomita and Kikuchi, } ‘akugaku Zasshi, 1957, 77, 238. 

® King, J., 1937, 1472 

King, J., 1940, 737. 

" Kikuchi and Bessho, J. Pharm. Soc. Japan, 1958, 78, 1408; 1959, 79, 262. 
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rotation of different samples of isochondrodendrine and its derivatives have been known 
for many years and have been recently studied by Jeffreys.’ 


TABLE l. 
Our base B Norcycleanine " B. & J.’s base B® 
Bile I. -agbnepiensonasnny ota euneenpnepiveerbnananaiien 245° 249—251° ca. 230° 
RE MINNETES spnaidanscaantschsseconsaiedeureael —45° — 26-54° +31° 
PUR ae OEE. . ssa dinasnnvncnedacqabasdessbebogadeddia Light purple _— Light purple 
0. aa eS ae a6 ee +- + -{- 
Py UD  Gaccnrdeceatddbhedecapetncdaeetanes 3 3 3 


Another alkaloid with properties somewhat similar to norcycleanine has been described 
by Barltrop and Jeffreys as a constituent of the South American plant Chondrodendron 
limaciifolium (Diels). They quote a formula C,;H,,0,N, with three methoxy-groups for 
their substance, which they also designate base B. It should be noted, however, that 
bases in this series often retain solvent of crystallisation very tenaciously, and in some 
instances the solvent cannot be removed without partial decomposition. The 
norcycleanine isolated by the Japanese workers and by ourselves both contained water of 
constitution, and if this is allowed for in Barltrop and Jeffreys’s sample, the analytical 
figures (Table 2) are on the whole in rather better agreement with the formula for nor- 
cycleanine than for their own formula. 


TABLE 2. 
Cc H Me) 
ES oe ee oe iden toteadconhabass 68-3 6-2 13-6 
Sen. Bek GN, CED sis tietntscscesesccsonce 68-5 59 (3MeQ) 15-2 
Calc. for CysHggOgNo,2hHyO (%)  .......ceeeeeeeeee 68-0 6-9 (3MeO) 14-2 


Barltrop and Jeffreys pointed out furthermore that the weak ferric chloride test for 
their base B resembled that of isochondrodendrine (I; R = Me, R’ = R”’ = H) but was 
much less intense than that of curine (II; R! = R? = R= Me, R? = R* = H) and 
chondrocurine (II; R'= R*=H, R? = R?= R5= Me). They ascribed this more 
intense reaction to the presence of group (IV), and deduced that their base B does not 
contain a phenolic nucleus bearing only two oxygen atoms. It would thus more probably 
belong to the isochondrodendrine series than to the curine-chondrodendrine series, and 
this may also be inferred from its low specific rotation. It is noteworthy that our base B 
also gives a much less intense ferric chloride test than curine and chondrocurine. The 
comparative solubility of Barltrop and Jeffreys’s substance in chloroform and methanol 
would accord with its having one phenolic group rather than two, and would correspond 
with the solubility of norcycleanine. Table 1 compares some further properties of 
Barltrop and Jeffreys’s base B with the corresponding ones of norcycleanine and of our 
compound, from which it seems possible that their base is an enantiomer of norcycleanine. 

An alkaloid related to curine and chondrocurine is chondrofoline, obtained by King 
from the leaves of Chondrodendron platyphyllum (St. Hil.) Miers. He showed that this 
base had the general structure (II; R* =H) with one hydroxy- and three methoxy- 
groups, and since it did not give a Millon test he ascribed to it either formula (II; 
R! = R? = R* = Me, R*? = R® = H) or (II; R' = R? =H, R? = R4 = R5 = Me) but 
he was unable to distinguish between these. King! also recorded that chondrofoline 
gave a faint pink-purple colour with ferric chloride and, if Barltrop and Jeffreys’s observ- 
ations concerning this test are taken into consideration, this would mean that the phenolic 
group should be located in the system containing three oxygen atoms, 7.e., the structure 
of chondrofoline can be given as the latter of these two possibilities. 

It might be pointed out here that the recent confirmation of the structure of iso- 
chondrodendrine has at the same time provided evidence for the structure of protocuridine, 


12 Barltrop and Jeffreys, J., 1954, 159. 
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an alkaloid originally isolated by Boehm from pot-curare and examined by King,®!° who 
showed that it had two methoxyl and two hydroxyl groups and was isomeric with iso- 
chondrodendrine (I; R = Me, R’ = R” = H); moreover the 00-dimethyl dimethiodides 
of the two alkaloids appeared to be identical. Since protocuridine gives a Millon 
reaction,!® one hydroxyl group is presumably located at the 7-position of an isoquinoline 
ring as with isochondrodendrine. The other cannot be attached to the same ring, since 
protocuridine gives no test for a catechol grouping with ferric chloride,® nor can it be 
in the 7-position of the other ring, since this would make protocuridine identical with, or 
a stereoisomer of, isochondrodendrine. Owing to the symmetry of the latter base, the 
only stereoisomer possible, apart from the enantiomer, is a meso-form, which can be 
eliminated since protocuridine is optically active.“ Thus protocuridine must have the 
structure (I; R = R”’ =H, R’ = Me). Barltrop and Jeffreys’s base A,!* which from its 
analysis and properties (low rotation,’ sparing solubility) appears to be a dihydroxy- 
alkaloid of the isochondrodendrine series, should also have one hydroxy-group in the 
same position as isochondrodendrine (from the Millon test), and thus may be a diastereo- 
isomer of protocuridine. 
EXPERIMENTAL 

Extraction of Alkaloids and Isolation of Isochondvodendrine.—Crude brownish material 
(400 g.) left as a by-product from the isolation of tubocurarine chloride was exhaustively 
treated with cold chloroform (6 x 500 c.c.). The residue was removed by filtration and 
repeatedly boiled with fresh quantities of solvent (4 x 500 c.c.). The solid (35 g.) remaining 
undissolved after this treatment, which still gave a strong Mayer’s test, was extracted in a 
Soxhlet apparatus with methanol for several days. During this time crystals appeared in the 
methanol solution. Repeated recrystallisation from methanol yielded isochondrodendrine 
(2-0 g.) as the only crystalline material. The base was obtained as needles, m. p. 315° (decomp.), 
[aj,'* + 50° (c 0-5 in pyridine / 4) (Found: C, 72-3; H, 65; N, 4:6; MeO, 10-4. Calc. 
for C,,H,,0,N,: C, 72-7; H, 6-5; N, 4-7; 2MeO, 10-4%). The hydrochloride had m. p. 330° 
and |a|,,"* -+120° (c 0-5 in H,O; / 4). Dutcher ® reports m. p. 305°, [a),,?* +50° (in pyridine) 
for the base, and m. p. 282—284° (decomp.) and {a],,?* +121° (in H,O) for the hydrochloride. 
King '° gives the m. p. of the base as 316° (decomp.) and of the hydrochloride as 333° (decomp.). 

The chloroform extracts from above were combined and evaporated under reduced pressure 
to ca. 1-5 1., then washed with aqueous 5% sodium hydroxide (8 x 400 c.c.) to remove phenolic 
bases and finally with water. 

Isolation of Non-phenolic and Cryptophenolic Alkaloids.—The chloroform solution, freed 
from phenolic alkaloids, was extracted with hydrochloric acid (1%, 5 x 400c.c.; 5%, 2 x 400 
c.c.) which removed most of the basic material. However, as the chloroform solution still gave 
a moderately strong Mayer’s test, it was dried (Na,SO,) and evaporated to dryness in vacuo, 
then the residue was taken up in benzene (1 1.) and chromatographed on neutral alumina. 
Elution with benzene (eluate A) and with benzene-chloroform (4:1; eluate B) removed some 
material, but no appreciable amount was removed by further elution with other benzene- 
chloroform mixtures, chloroform, or methanol. Removal of the solvent from eluate A left a 
crystalline deposit (0-2 g.) which when further purified by recrystallisation from light petroleum 
(b. p. 40—60°) had m. p. 115—116° and [aj,,7* +0° (in CHCI,). The compound was insoluble 
in dilute acid, and did not give Mayer’s test [Found, in dried material: C, 76:1; H, 4-9; O, 
13-9; N, 605%; M (Rast), 236. Calc. for C,;H,,O,N: C, 75-9; H, 4:7; O, 13-5; N, 59%; 
M, 237}. It had the same m. p. on admixture with N-benzylphthalimide, m. p. 115°, prepared 
by the method of Ing and Manske." 

Evaporation of eluate B afforded a crystalline residue (1-5 g.), which when recrystallised 
from acetone had m. p. 271—272°, and had [a], —15° (c 0-4 in CHCI,; / 4) and {aj,3* —31-9° 
(¢ 0-4 in EtOH; / 4) (Found: C, 73-6; H, 6-85; O, 15-6; N, 4-2; MeO, 19-7. Calc. for 
Cy5H,O,N,: C, 73-3; H, 68; ,O, 15-4; N, 4:5; 4MeO, 19-9%). Dutcher ® reports 269—270° 
and [a|,, —15° (in CHCI,), and Kondo, Tomita, and Uyeo* report 273° and [a], —36-8° (in 
EtOH) for cycleanine (OO-dimethylisochondrodendrine). 

The acid solution of cryptophenolic and non-phenolic bases from above was set aside for 


13 Boehm, Arch. Pharm., 1897, 235, 660. 
4 Ing and Manske, J., 1926, 2348. 
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several days, during which it deposited non-alkaloidal material. The filtrate was made alkaline 
with ammonia (d 0-88) and the precipitated bases were filtered off, redissolved in 1% hydro- 
chloric acid, and reprecipitated. Thus somewhat purified, they were dried in vacuo at 50°, the 
dried material (20 g.) was dissolved in benzene (1 1.), and the filtered solution was chromato- 
graphed on neutral alumina. The following solvents were used for elution: benzene, benzene 
chloroform (4:1, 3: 2, 2:3, 1:4), chloroform, and methanol. Significant amounts of material 
were removed only by benzene-chloroform (4:1, eluate C; and 2: 3, eluate D) and chloroform 
(eluate E). Removal of the solvent from eluate C left a crystalline base (15 g.) which after 
recrystallisation from acetone had [a),¥* —15° (c 0-5 in CHCl,; / 4) and m. p. 270—272° 
undepressed on admixture with a sample of cycleanine from eluate B. 

Eluate D, on evaporation, yielded a very small amount of base (10 mg.) which crystallised 
when moistened with acetone (Base A). It had m. p. 255—260° and was not identical with 
tomentocurine. Eluate E afforded base B (norcycleanine) (500 mg.) which, after recrystal- 
lisation from methanol, darkened somewhat when heated above 200° and melted at 245° 
(decomp.). The compound gave a positive Millon test, and a few crystals moistened with 
ferric chloride solution gave a light purplish colour (Found: C, 70-3; H, 6-65; O, 17-7; MeN, 
8-7; MeO, 14-5. Calc. for C3,HyO,N,,1JH,O: C, 70-4; H, 6-8; O, 18:4; 2MeN, 9-2; 
3MeO, 14-7%). 

Isolation of Phenolic Alkaloids.—The alkaline solution of phenolic bases described above 
was acidified with hydrochloric acid and set aside for several days. A quantity of non-basic 
material separated during this time and was filtered off; then the acid filtrate was basified 
with ammonia (d 0-88). The precipitated alkaloids were separated and redissolved in hydro- 
chloric acid, and the solution was again filtered and basified. The phenolic bases, filtered off 
and dried in vacuo at 50°, weighed 230 g.; they were extracted repeatedly with boiling benzene 
(8 x 500 c.c.), and the extracts were combined and concentrated somewhat in vacuo. When 
kept this solution yielded curine as benzene adduct (30 g.), m. p. 161°; recrystallised from 
methanol, it had m. p. 213° and [a],,"* —318° (c 0-8 in EtOH; / 4) (Found: C, 71-6; H, 6-5; 
O, 17:2; N, 4-6; MeO, 10-3. Calc. for C,,H,,0,N,,4H,O: C, 71-6; H, 6-5; O, 17-2; N, 46; 
2McO, 10-3%). Dutcher® gives m. p. 165—167° for the benzene adduct; Scholtz }® gives 
m. p. 214° for the base recrystallised from methanol, and [«],?® —298° (c 1-6 in EtOH). 

The benzene mother-liquors remaining after the removal of curine were evaporated to 
dryness. The residue, which still contained large amounts of alkaloid, was dissolved in 1% 
hydrochloric acid, and the solution was filtered and basified with ammonia. The precipitated 
alkaloids were extracted with chloroform, and the solution was dried (Na,SO,) and evaporated 
to dryness in vacuo. Fractional crystallisation of the residue from methanol gave curine 
(10 g.), identical with that obtained above, and chondrocurine (4 g.). Repeated recrystal- 
lisation of the latter from methanol gave needles with m. p. 232° and [a],,3* +-173° (c 0-5 in 
CHCI,; / 4) or [a],,1* + 220° (c 0-5 in 0-IN-HCI; / 4) {Dutcher 5 gives m. p. 232—234° and [a], 
+ 200° (in 0-1N-HCl)} (Found: C, 72-3; H, 65; O, 16-5; N, 4:5; MeO, 10-3. Calc. for 
C3,H,,0,N,: C, 72-7; H, 6-4; O, 16-1; N, 4-7; 2MeO, 10-4%). 

The crude phenolic bases from above which did not dissolve in benzene were exhaustively 
extracted with boiling methanol (3 x 1 1.) until the alkaloidal material was completely 
dissolved. After filtration to remove some insoluble matter which proved to be calcium 
oxalate (30 g.), the methanol was removed in vacuo and the residue was again taken up in 1% 
hydrochloric acid (3 1.). The alkaloids were precipitated with ammonia and extracted with 
ether. This procedure proved most laborious owing to the formation of rather stable emulsions; 
it was therefore interrupted. The suspended material (ca. 100 g.) was filtered off and a 
portion (5 g.) was purified by repeated crystallisation from methanol, to yield isochondroden- 
drine (3 g.), identical with that obtained previously. The combined ether extracts (10 1.) from 
the above were dried (Na,SO,) and evaporated to dryness. Fractional crystallisation of the 
residue from methanol gave curine (10 g.), chondrocurine (7 g.), and tomentocurine (200 
mg.). The last, crystallised from methanol-chloroform, had [a],!* + 202° (c 0-2 in 0-1n-HCl; 
1 4) and m. p. 260°, alone or in admixture with an authentic sample {King * gives m. p. 265°, 
{aJ,* +210° (in 0-1n-HCl)}, and the positive Millon test recorded by King was confirmed 
(Found: C, 67-1; H, 6-6; O, 21-5; MeO, 10-1. Calc. for C3,H,,0,N,,2$H,O: C, 67-1; H, 6:8; 
O, 21:7; MeO, 9-6%). 

O-Methylnorcycleanine.—Base B (norcycleanine) (0-3 g.) was treated in methanol (200 c.c.) 
*8 Scholtz, Ber., 1896, 29, 2054. 
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with ethereal diazomethane (from 1 g. of nitrosomethylurea). Three further such quantities 
of diazomethane in ether were added at equal intervals during a fortnight. Removal of the 
solvents in vacuo left an oil which was chromatographed in benzene on neutral alumina. 
Elution with benzene-chloroform (3:1) gave O-methylnorcycleanine (0-2 g.) which, recrystal- 
lised from acetone, had [a],,18 — 16° (c 0-2 in CHCI,; / 4) and m. p. 273° with or without admixture 
of cycleanine (Found: C, 72-1; H, 7-0; MeO, 18-4. Calc. for Cs,H,,O,N2,4H,O: C, 72-2; 
H, 6-9; 4MeO, 19-7%). 


We are grateful to Dr. J. D. Dutcher for the material for this investigation and to the late 
Dr. H. King for a sample of tomentocurine. One of us (P. S.C.) participated in this work 
during the tenure of a Commonwealth Research Grant. 


CHEMISTRY DEPARTMENT, UNIVERSITY OF TASMANIA. (Received, December 4th, 1959.) 


486. The Kinetics from Room Temperature to about —100° of the 
Reactions between Certain Acids and the Anion of 2,4,6-Trinitro- 
toluene, in Ethanol. 


By J. B. ArnscoucH and E. F. Cabpin. 





The proton-transfer reactions of the anion of 2,4,6-trinitrotoluene with . 
undissociated acetic acid and monochloroacetic acid in ethanol have been 
studied kinetically at temperatures down to —100° and — 114°, respectively, 
to see whether they exhibit quantum-mechanical tunnelling. There is no 
significant deviation either from the Arrhenius or from the Eyring equation 
between these temperatures and + 20°. The two equations represent the 
results about equally well. 


QUANTUM-MECHANICAL tunnelling in proton-transfer should be more easily detected the 
lower the temperature, and it is therefore of interest to measure the rates of such reactions 
at temperatures as low as possible. We have determined the rates of the reactions of the 
anion of 2,4,6-trinitrotoluene (T.N.T.) with acetic acid at —50°, —60°, —70°, —80°, —90°, 
and —100°, and that of the corresponding reaction with monochloroacetic acid at —70°, 
—80°, —99°, and —114°. The solvent was ethanol containing 1% by weight of toluene. 
The rates have already been measured at +20° by a rapid-reaction technique. Thus 
the temperature ranges over which the rates have been measured are 120° and 134° 
respectively; and the factors by which the absolute temperature varies are 1-7 and 1-8. 

Evidence that these reactions are proton-transfers has already been given,” and further 
support is provided by the report that T.N.T. exchanges with deuterium oxide in presence 
of pyridine.* It has also been shown that f-nitrotoluene and 2,4-dinitrotoluene exchange 
with deuterium oxide in presence of bases,‘ the hydrogen atoms concerned being those of 
the methylene group; and tritium exchange occurs in presence of ethoxide ion in ethanol 
containing 10° of water.5 

Only the undissociated acids (HA) are concerned in the reactions, as was shown by 
experiments in which the buffer ratio was varied (below). The observed velocity constants 
therefore refer to the reaction: TNT~ + HA—» TNT + A-. 


EXPERIMENTAL AND RESULTS 
The reactions were followed photometrically. The apparatus, experimental procedures, 
and methods of determining first-order rate constants have been described in previous papers.*** 


1 Bell, “‘ Acid-base Catalysis,’? Clarendon Press, 1941, Chap. 8. 

* Caldin and Long, Proc. Roy. Soc., 1955, A, 226, 263. 

3 Miller and Wynne-Jones, J., 1959, 2375. 
__ * Miklukhin, Zhur. Fiz. Khim., 1948, 22, 1511; Uspekhi Khimii, 1948, 17, 663; N.R.C. translation 
IT 168 (Ottawa, 1950). 

® Wilzbach, personal communication. 

® Ainscough and Caldin, J. 1956, 2528. 
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Temperatures were measured by means of a five-junction thermel calibrated at five tem- 
peratures: the f. p.s of mercury, chlorobenzene (—45-21°), chloroform (—63-50°), and carbon 
disulphide (—111-52°), and the sublimation point of carbon dioxide (—78-40°); no changes 
greater than 0-1° were observed on recalibration after a year. The uncertainty in the tem- 
perature is about -+-0-1°. For the six runs recorded in Table 1, however, a platinum-resistance 
thermometer (calibrated at the oxygen, steam, and sulphur points and the triple point of water) 
was used, and a new reaction cell and photometer to be described in the succeeding paper, 

We use the same symbols as in previous papers. The slope s” of a first-order plot of log,, 
D (D = optical density) against time is given in the general case by 


2-303s” = k°_, +k (HA) +4 (H*) . . . .. . WW) 


The term k°_, is known to be negligible from earlier work.? 

Effect of Buffer Ratio.—The term k,(H*) was shown to be negligible by the results of a series 
of six runs with monochloroacetic acid at —90-03°, in which the buffer ratio was varied from 
L to 30 by adjusting the concentration of monochloroacetate; the values of s’ showed no trend. 
The numerical data for these runs, for which we are indebted to Mr. E. Harbron, are given in 


Table 1. 


s’’|(e — b) s”’](c¢ — b) 
103(¢ — b) 10°) 10's’ (I. mole" 10°(c b) 10'b 10's”’ (I. mole 
(mole 1.-') (mole 1.-') Y (sec.~') sec.) (mole 1.-!) (mole 1.-') Y (sec.~') sec.) 

1-92 1-69 IL-5 2:77 0-144 1-72 1-03 16-7 2-60 0-151 
1-85 0-99 18-6 2-43 0-131 1-72 0-57 30-2 2-33 0-136 
1-72 0-70 24:8 2-37 0-138 1-75 18-61 0-9 2-45 0-140 
TABLE 2. Acetic acid. 
10%¢ 10% 10's”, obs. 10's’, cale. Slope, s”’/(¢ — 6) 
Temp. (mole I.~') (sec.~') (sec.“?) (I. mole! sec.~!) 
— 50-0° 2-39 1-42 20-8 +. 0-4 20-8 7 
3-34 1-42 29-3 +. 0-9 29-7 | 
4-71 2-51 45-6 +. 1-4 41-6 . (9-38 -|- 0-18) x 1071 
519 1-42 46-4 +. 1:3 47-2 
8-39 4-44 76-0 + 1-5 74-6 j 
— 60-0 0-745 0-786 3-00 +. 0-07 2-99 7 
3-56 1-58 14-3 -+- 0-6 12-7 
5-37 1-19 17-8 + 1-2 19-4 
6-66 1-70 24-3 + 0-7 24-1 $ (3-57 + 0-08) x 107 
9-76 0-735 36-0 +. 0-4 35-8 | 
11-0 1-40 41-1 + 1-0 41-1 
17-8 0-498 66-3 + 1-3 65-9 
—70-0 3-03 2-53 4:16 + 0-08 3°30 7) 
8-27 2-16 9-83 +. 0-21 9-55 | 
11-9 1-63 14:3 + 0:3 14-1 \ (1-19 + 0-02) x 107 
24-4 0-945 28-6 1. 0-5 28-9 
27-1 2-65 31-8 +. 0-7 31-8 J 
— 80-0 2-44 2-27 1-03 + 0-04 0-93 7 
5°35 1-80 2-26 + 0-12 1-96 | 
11-6 2-40 4-58 +- 0-22 4-35 
23-8 2-40 8-83 +- 0-27 8-62 ae oe ; 
26-9 351 °-73 + 037 9-69 ¢ (366 + O10) x 10° 
31-4 2-21 11-3 + 05 11-4 
37-6 3-24 13-2 + 0-5 13-5 | 
48-7 3-24 17-6 +- 0-5 17-6 
— 90-0 3°82 3-50 0-428 + 0-020 0-32 7 
8-16 1-72 0-808 -- 0-037 0-76 | 
14-7 2-74 1-38 + 0-11 1-37 & (9-64 + 0-30) x 10° 
24-7 2-74 2-32 + 0-13 2-33 
31-5 1-82 3-17 + 0-15 3-02 J 
—99-9 4-69 1-55 * 0-111 -+ 0-009 0-098 
7-33 1-00 0-156 +- 0-006 0-156 9. 3 
8-95 1-23 0-188 + 0-007 0-191 (3-16 + O08) x 10° 
9-64 1-18 0-210 + 0-005 0-206 





TABLE l. 


Here c is the forraal concentration of added acid; 


* By method of initial rates. 


b = formal initial ethoxide-ion 
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concentration = monochloroacetate concentration during the run; (c — b) = acid concen- 
tration during run; v = (c — b)/b = buffer ratio. These runs show that the kinetic effect of 
hydrogen ion is negligible. Equation (1) thus becomes: 


2-303s” = k,(HA)=h&,(c—b) . . . . . . . (2) 


From this equation values of k, have been derived. 

Rate Constants.—The values of s” for the runs at various temperatures and concentrations 
are given in Tables 2 and 3. Plots of these values of s” against the acid concentration (c — b) 
give good straight lines passing through the origin; the slopes of these lines are given, with 
the estimated limits of error, in the last columns of Tables 2 and 3. The derived values of k, 
are given in col. 3 of Table 4. (The values of s” calculated from these are given for comparison 
in the penultimate columns of Tables 2 and 3.) 


TABLE 3. Monochloroacetic acid. 


10°c 104 104s’, obs. 104s’, calc. Slope, s’’/(c — b) 
Temp. (mole 1.-*) (sec.-!) (sec.-) (I. mole sec.-) 
—70-0° 2-00 1-09 26-8 + 0-5 27-7 ) 
3-26 1:73 48-5 +- 1-4 46-0 
4-21 1-73 59-0 4- 1-2 60-0 . (1-49 +. 0-04) 
6-32 1-48 92-6 -- 21 92-4 
6-81 1-73 101 + 2 99-2 J 
—80-0 2-54 1-12 12-4 + 03 11-7 } 
4-77 1-17 22-2 + 0-7 22-2 | 
5-79 1-10 27-0 + 0-5 27-2 & (4:82 4. 0-07) x 104 
7-36 1-17 34-4 + 0-7 34-7 
10-2 1-17 48-6 + 0-8 48-5 J 
—99:3 6-78 1-07 3-06 + 0-11 2-91 7 
8-29 1-26 3-46 + 0-19 3-54 
13-2 1-53 5-80 + 0-10 5-69 (4-30 +4- 0-10) «x 107° 
18-3 1-50 7-90 +. 0-16 7-89 
20-2 1-42 8-60 + 0-17 8-67 j 
—114-2 10-8 1-74 0-383 +. 0-025 0-438 ] 
_ 1-53 0-488 + 0-019 0-459 ar ae 
| te 0-73 0-700 +. 0-029 ome, .( SRZOM.x & 
4 20-0 \ 0-61 0-828 + 0-035 0-848 J 


Tine rate constant¥ at —80° are in reasonable agreement with those reported earlier * for 
—78:5°,) It is also satisfactory that the results in Table 1, which were obtained by using a 
platinum resistance oy peer and a different apparatus from that used for the rest of the 


TABLE 4. 
(1) (2) (3) (4) (5) (6) 
ky, obs. 
Acid Temp. (1. mole sec.~?) logy, 2g, obs. Alogi hk,  Alogys (ke/T) 
CRORE oaccce }- 20-0° 10? x (3-60 +. 0-3) -+-2-556 + 0-035 -+-0-028 -+- 0-000 
— 50-0 2-16 +. 0-04 -|-0-335 -- 0-008 — 0-006 —0-009 
— 60-0 10 x (8-22 + 0-17) —0-085 + 0-009 +0-004 -+-0-003 
—~70-0 - 10 ~ (2-73 £ 0-04) —0-564 + 0-006 —0-003 —0-002 
— 80-0 10-2 x (8-44 + 0-24) —1-074 + 0-012 +-0-008 +-0-010 
—90-0 10 x (2-22 + 0-07) —1-654 + 0-015 4-0-006 --0-007 
—99-9 10-3 x (4-98 + 0-10) — 2-303 +. 0-009 — 0-005 — 0-008 
CH,ClCO,H ... +200 ~ 108 x (2:23+4 0-07) +3-348 -+ 0-014 -++-0-003 — 0-005 
— 70-0 3-44 + 0-09 -+-0-537 + 0-012 -+0-003 -+-0-013 
— 80-0 1-11 + 0-02 +0-045 + 0-008 —0-014 — 0-006 
— 99-3 10% x (9-90 + 0-23) —1-004 + 0-011 +0-005 +-0-005 
—114-2 10-3 x (9-79 + 0-3) —2-009 + 0-014 + 0-003 — 0-007 


work, give a value of ky (0-32, 1. mole sec.“1, with standard deviation +-0-007) which agrees 
within experimental error with the value interpolated from the data given in Table 4 (0-332 +- 
0-007 1. mole! sec.“!),_ A further set of four runs at —90-03° at concentrations similar to those 
in Table 3, in the new apparatus, gave k, = 0-31, -+ 0-007 1. mole! sec.1; we are indebted to 
Mr. Harbron for these runs also. 









2410 Acids and the Anion of 2,4,6-Trinitrotoluene, in Ethanol. 


Arrhenius Plots.—These are nearly linear over the whole range. They are not shown, 
because the experimental uncertainties are too small to appear in a figure, the temperature- 
range being so large. The best straight lines through the points, calculated by least squares, 
and the corresponding values of the Arrhenius parameters A and E, are: 


Acetic acid: logy9 kz = 9-498 — 2043-4/T — e « & + oe 
whence E = 9-35 + 0-08 kcal./mole, log,, A = 9-50 + 0-07 (A in 1. mole™ sec.*4). 
Monochloroacetic acid: logyo k, = 9-692 — 1861-1/T ——— a ee es 


whence E = 8-52 + 0-13 kcal./mole, and log,;, A = 9-69 + 0-15 (A in 1. mole™ sec.~}). 

The accuracy with which these values of E and A fit the observed values of k, is shown by 
the values of Alogy, 2, 7.¢., [logy ky (obs.) — logy» &, (calc.)], which are given in col. 5 of Table 4, 
The values of E and A agree within experimental error with those of Caldin and Long,? but are 
more precise. 

Eyring Equation.—The temperature-variation of k, may also be represented by Eyring’s 
equation, k, = (kT/h) exp (AS*/R) exp (—AH*/RT), according to which we should expect 
linear plots of logy) (k./T) against 1/T. The best straight lines representing these plots for the 
present reactions, calculated by least squares, are: 


Acetic acid: logo (A/T) = 6-7732 — 1-9595 x 108/T "t's « aay 
Monochloroacetic acid: logy (R/T) = 6-9176 — 1-7683 x 103/T jie 2 we 


The accuracy with which these equations fit the data can be judged from col. 6 of Table 4, where 
values are shown of A logy (R2/T), 7.e. [logy9 (A/T) (obs.) —logy (Re T) (calc.)}. 


DISCUSSION 


The Arrhenius plots for the two acids show no systematic trends and no significant 
deviations from linearity. This may be seen by comparing the estimated limits of error 
given in col. 4 of Table 4 with the deviations in col. 5. The Eyring equation has also been 
tested, since it is arguable that results covering so long a temperature-range should be 
analysed in terms of this equation rather than Arrhenius’s. The values of AH* and AS* 
have been assumed to be constant. The deviations, shown in col. 6 of Table 4, again show 
no systematic trends and no significant deviations from linearity. So far as the accuracy 
of the experiments allows one to judge, the two equations represent the results about 
equally well. 

It is unfortunate that below —100° the reaction with acetic acid is too slow to be 
measured accurately with the present apparatus. Some attempts to measure initial rates 
gave, as the mean of two values of logy, &, at each temperature, —2-5, + 0-1 (1. mole 
sec.!) at —104-8°, and —2-7,; + 0-2 (1. mole™ sec.“!) at —109-7°. For these points the re- 
spective deviations A logy, (k,/T) are +0-10 and +0-25, which are comparatively large, 
and in the right direction for tunnelling, but not significantly larger than the experimental 
uncertainties. We hope to obtain more accurate values with the aid of the apparatus 
described in the following paper. 

We conclude that there is no satisfactory evidence that quantum-mechanical tunnelling 
is kinetically significant in the reaction with either acid. The reasons that may be 
suggested for this result are similar to those suggested for the analogous results for the 
reaction between T.N.T. and ethoxide ion.” 


The experimental work described in this paper was carried out during the tenure by one of 
us (J. B. A.) of a D.S.1I.R. maintenance grant. 


PHYSICAL CHEMISTRY DEPARTMENT, 
UNIVERSITY OF LEEDs, LEEDs, 2. (Received, December 4th, 1959.) 
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487. An Apparatus for the Spectrophotometric Determination of 
Rates of Reaction in Solution down to —140°. 


By E. F. Catpin and R. A. JACKSON. 


An apparatus is described by which the rates of reactions in solution 
involving colour changes may be measured at temperatures down to — 140°. 


It is often of interest to be able to determine rates of reaction in solution at as low 
a temperature as possible. Reactions which are otherwise too fast to measure might 
become accessible, for instance, complex-formation between organic molecules. Moreover, 
since it is possible to reduce the absolute temperature to less than half its value at room 
temperature, reaction rates might begin to indicate interesting deviations from the 
Arrhenius equation. Quantum-mechanical leakage in proton-transfer reactions, for 
example, is more easily detected the lower the temperature. Previous papers from this 
laboratory have reported results at temperatures down to —115°, the lowest practicable 
temperature with the apparatus then in use.!_ We have now developed an apparatus to 
follow reactions photometrically at temperatures down to —140°. Below this temper- 
ature, the viscosities of solvents other than hydrocarbons (in which our reactants are too 
sparingly soluble) become so great that solutions cannot be mixed within a reasonable 
time; and the solubilities of some of the solutes envisaged become too low. (Some rate 
measurements on reactions in a solid nitrogen glass have been reported,” but the choice of 
reactants is limited by solubility and other considerations.) 


EXPERIMENTAL 


The Thermostat Vessel and Reaction Cell.—The reaction cell is similar in principle to those 
previously used in this laboratory, but to improve the thermal insulation it is made in one 
piece with a Dewar vessel which acts as the thermostat bath. We are indebted for the glass- 
blowing to the Cavendish Laboratory, Cambridge. The apparatus is of Pyrex glass through- 
out. It is shown in vertical section and in plan in the Figure. 

The thermostat vessel A is 10 cm. in internal diameter and 20 cm. deep. It is just large 
enough to contain the reaction cell, with its stirrer K and siphon tube H, a platinum thermo- 
meter R, two bath stirrers S, and S,, a thermel T for temperature control, and a cooling 
tower V. The reaction solution is contained in the cell G, which is the central part of a tube B, 
of internal diameter 2 cm., sealed into the thermostat vessel; glass discs C, D, E, and F are 
sealed across this tube. The whole of the annular space, including that between the discs C, D 
and E, F, is evacuated, and the outside of the thermostat vessel is silvered; thus the reaction 
cell is well protected from sources of heat. To prevent any condensation on the outer windows 
C and F, dry air is blown over them. To cool the thermostat to — 100° requires about 2 1. of 
liquid nitrogen, and to maintain this temperature about 3 1. /hr. 

A run is started as follows. With the thermostat at room temperature, one of the reactant 
solutions (about 40 ml.) is placed in the body of the cell (G); the other (1—4 ml.) is placed in the 
thin glass tube H. The two solutions are thus kept separate while being cooled; during this 
process, H, which carried a long mercury seal J so that it can be moved vertically, is lowered 
until it rests on the tube B, so as to improve thermal contact between the two liquids. When 
the reactants have attained thermal equilibrium, H is lifted until its lower end is only 1 cm. 
below the surface of the liquid in G. To initiate the reaction, the solution in tube H is blown 
over through the siphon tube M into the bulk of the solution, by compressing a rubber bulb, 
attached to the top of H, containing air free from water vapour and carbon dioxide; by 
manipulating the bulb, the tube H is washed out to ensure complete transfer of solution. The 
stirrer effects rapid mixing; with ethanol, mixing is complete in 10—15 sec. at —50°, and in 
less than 1 min. at —100°. During the rest of the run the stirring is continued, to ensure that 
the temperature of the solution is uniform. 

Temperature Control and Measurement.—The cooling tower (V) consists of two concentric 


? Ainscough and Caldin, preceding paper; J; norms 2546, and earlier papers. 
* Pimentel, J. Amer. Chem. Soc., 1958, 80, 6 
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glass tubes about 30 cm. long, with liquid nitrogen in the inner tube; the level of the liquid is 
maintained constant by a simple manometric device. Part of the space between the two tubes 
is occupied by isopentane; by varying the depth of immersion of the inner tube in the 
isopentane, the rate of cooling can be controlled. Round the base of the outer tube is wound a 
coil of resistance wire (Kanthal D), which acts as an intermittent heater. This is brought into 
operation by a thermo-regulator which consists of a thermel, mirror galvanometer, photocell, 
and relay. The thermel comprises two sets of 20 junctions; one set is kept in ice, the other (7) 
is in two halves in the bath. All electrical components are placed on an earthed equipotential 
shield. 








Thermostat vessel and reaction cell; 
vertical section through diameter 
along axis of reaction cell, and 
plan (to scale). 








The temperature of the bath is measured by means of a platinum-resistance thermometer, 
constructed by one of us (R. A. J.). This is a four-terminal compensated-lead instrument, with 
the platinum helix wound on a mica former as desctibed by Meyers.‘ It was calibrated at 
the oxygen point,® the triple point of water,® the steam point, and the sulphur point.?. We are 
indebted to the Physics Department for facilities and advice. When the thermometer is in use, 
its resistance is measured by passing a current (2 ma) through it in series with a standard 25-ohm 
resistance, and comparing the p.d.s. across the two resistances by means of a Diesselhorst 
potentiometer. Calculation shows that the current raises the temperature by only 0-008°.8 

The temperature of the bath is uniform within +0-01°, except close to the cooling tower or 
the surface. The variation over a period of time is within +0-02°. The temperature of a 
liquid in the reaction cell (with the stirrer in operation) has been shown by experiments with a 
bare thermel to be uniform and to remain constant within +0-002° at all temperatures down 


White, in ‘‘ Temperature, its Measurement and Control in Science and Industry,” Reinhold 
Publ. Corp., 1941, p. 279. 

Meyers, Bur. Stand. J. Res., 1932, 9, 807. 

Scott, ref. 3, p. 213. 

Barber, Handley, and Harrington, Brit. J. Appl. Physics, 1954, 5, 41. 

Mueller and Burgess, J. Amer. Chem. Soc., 1919, 41, 745. 

Smith, N.P.L. Ceéilected Papers, 1913, 9, 228. 
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to —140°. It is a few hundredths of a degree higher than the measured bath temperature. 
All sources of uncertainty being taken into account, the temperature in the reaction cell can be 
determined within + 0-03°. 

The Photometer.—A photoelectric photometer and appropriate filters are used. (a) In work 
on the reaction between the trinitrotoluene anion and hydrofluoric acid (following paper), a 
30-watt tungsten lamp run from a constant-volts transformer has been used as a source, and a 
photocell (Type V.A. 39, made by Cinema Television Ltd.) as detector. The light passed 
through a rotating sector, so that a.c. was generated. The amplifier circuit was modified from 
that of Kalmus and Saunders.® Several different gains were available, each covering about 
0-4 unit of optical density. The relation between measured optical density (i.e., logarithm of 
galvanometer reading) and concentration was tested by using Indian ink and a red filter (Chance 
OR2) # and found to be linear within about +0-01 unit of optical density over the range 0-2— 
1:8. There was a slight lag in the response of this system, but calculation showed that it would 
not affect the rate constants of even the fastest runs by more than 1%. (6) In later work, 
by Mr. E. Harbron, a photomultipler has been used in place of the photocell, with 
a logarithmic circuit modified from that of Ashmore, Levitt, and Thrush.1! The advantage 
of this system, apart from its stability and rapid response, is that the galvanometer reading 
varies linearly with the optical density between 0 and 1-4, and hence linearly with the con- 
centration of coloured species. 


DEPARTMENT OF PHYSICAL CHEMISTRY, 
THE UNIVERSITY, LEEDs, 2. [Received, December 4th, 1959.] 


® Kalmus and Saunders, Electronics, July 1950, p. 84. 
1 Withrow, Ind. Eng. Chem, Anal., 1935, 8, 214. 
11 Ashmore, Levitt, and Thrush, Trans. Faraday Soc., 1956, 52, 830, and personal communication. 


488. The Kinetics of the Reaction between Hydrofluoric Acid and 
the Anion of 2,4,6-T'rinitrotoluene in Ethanol, from —90° to —50°. 
By E. F. CaLpIn and R. A. JACKSON. 





The reaction between hydrofluoric acid and the anion of 2,4,6-trinitro- 
toluene in ethanol has been studied kinetically from —90° to —50°. The 
rate of the reaction depends on the concentration of undissociated acid and 
also on that of hydrogen ions. The rate constants have been determined. 
That for hydrogen fluoride is about six times, and for ethoxonium ions 
about 30 times, smaller than would be predicted from the Bronsted plot 
for carboxylic acids. The Arrhenius plots are linear within experimental 
error. 


EVIDENCE for quantum-mechanical tunnelling in a proton-transfer reaction in solution was 
first found by Bell, Fendley, and Hulett,! who compared the kinetics of proton- and 
deuteron-transfer in the bromination of 2-ethoxycarbonylcyclopentanone. Their conclusions 
have been confirmed by measurements which show that the Arrhenius plot for this proton- 
transfer deviates from linearity as the temperature is decreased to —20°.2 The largest 
deviations from classical behaviour were found when the group to which the proton was 
transferred (from carbon) was the fluoride ion. It seemed to us worthwhile to investigate 
other reactions involving the transfer of protons between carbon and fluorine. A reaction 
that can be studied over a suitable temperature range is that between a weak acid and the 
anion of 2,4,6-trinitrotoluene (T.N.T.); the reactions with acetic and monochloroacetic 
acid have been studied,? and we now report results with hydrofluoric acid. The reaction 
is believed to involve the proton transfer (1) as its rate-determining step: 4 


WP + ORT oe ERR ot wcvesthice Get 


Bell, Fendley, and Hulett, Proc. Roy. Soc., 1956, A, 285, 453. 
Hulett, Proc. Roy. Soc., 1959, A, 251, 274. 
Ainscough and Caldin, /., 1960, 2407. 
Caldin and G. Long, Proc. Roy. Soc., 1955, A, 226, 263. 
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At low temperatures, therefore, it might show a decrease in energy of activation, as Bell’s 
calculations suggest.5 

In this paper we report measurements of the rate of reaction of hydrofluoric acid with 
the T.N.T. anion from —90° to —50°. We hope later to report measurements on the same 
reaction in the region of 0°, using a low-temperature fast-reaction apparatus described 
elsewhere. 

The solvent was ethanol containing 0-9% by weight of toluene (0-8% by vol.). The 
ionic strength was kept small (below 0-002 g.-ion/I.) so that the rates should be related in 
a simple manner to the concentrations. The Brénsted—Bjerrum equation predicts that 
there will be no primary salt effect at low concentrations; none the less, the ionic strength 
was kept constant in each series of runs (except at —60°) by addition of lithium iodide. 


EXPERIMENTAL 


Materials.—2,4,6-Trinitrotoluene was recrystallised to constant m. p. (81°) from ethanol. 
Hydrofluoric acid was B.D.H. “ AnalaR’”’ 40% aqueous acid. Toluene was refluxed over 
sodium and fractionally distilled as required; b. p. 110-4°/760 mm. Ethanol was dried by the 
method of Lund and Bjerrum * and distilled as required; the average water content, after 
manipulations similar to those in starting a kinetic run, was found by Smith’s method ” to be 
0-09 + 0-02% (mean of 3 determinations). Since water is added along with hydrofluoric acid, 
the total water content of the solvent during a run is 0-09 + 2-9c, where c is the molar concen- 
tration of hydrofluoric acid. Asc is usually in the region of 0-01N, the water content is normally 
near 0-12%; the maximum is about 0-2%. 

Solutions.—Sodium ethoxide in ethanol was prepared as described previously * and estimated 
by titrating with standard acid. T.N.T. in ethanol—toluene was made fresh each day. Hydro- 
fluoric acid solution was prepared from the aqueous ‘acid and freshly-distilled ethanol in a 
polythene bottle. It was titrated with sodium hydroxide (phenolphthalein indicator). The 
rate of corrosion of glass by ethanolic hydrogen fluoride was determined; the loss of this acid 
during a normal kinetic run is of the order of 0-1%. It appears that ethanolic hydrogen fluoride 
is stable at room temperature as regards esterification.® 

Thermostat and Photometer.—These are described elsewhere in the preceding paper. Tem- 
peratures are accurate to +0-03°. An Ilford filter (623) was used; this has a maximum trans- 
mission at 495 my, corresponding to the absorption peak of the T.N.T. anion.‘ 

Experimental Procedures.—In general these were similar to those described in earlier papers."* 
The solution of the anion of T.N.T., which is formed only slowly at low temperatures, was 
prepared as follows. Appropriate amounts of ethanol, sodium ethoxide solution, and lithium 
iodide solution were pipetted into the reaction cell, and cooling was begun; when the required 
temperature had been reached, 1 ml. was added of a solution prepared by mixing 1 ml. of an 
appropriate T.N.T. solution with 1 ml. of sodium ethoxide solution at room temperature. 
Hydrofluoric acid solution (1 or 2 ml.) was placed in the siphon tube. Density corrections were 
applied to the concentrations.1° The maximum uncertainties in the concentrations of hydrogen 
fluoride, sodium ethoxide, and lithium iodide were respectively +2%, 2%, and 1:2%. These 
give a maximum uncertainty of +3-5% in the buffer ratio. 


Analysis of kinetics. 


The methods of analysis are in general similar to those in previous papers,** and the same 
symbols will be used. The main difference is that reaction with hydrogen ions, as well as with 
undissociated acid, has to be taken into account. 

Rate Equation.—The results of each individual run were treated by Guggenheim’s method." 


Bell, ‘‘ Acid-Base Catalysis,’’ Clarendon Press, 1941, chap. 8; Trans. Faraday Soc., 1959, 55, 1. 
Lund and Bjerrum, Ber., 1931, 64, 210. 

Smith, J., 1927, 1284. 

Meslans, Compt. rend., 1892, 115, 1080. 

Ainscough and Caldin, J., 1956, 2528. 

Smyth and Stoops, J. Amer. Chem. Soc., 1929, §1, 3312. 

Guggenheim, Phil. Mag., 1926, 2, 538. 
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The concentration of T.N.T. is small compared with that of acid, and linear plots were always 
obtained. The complete equation for the slope s’”’ of such a plot may be derived on the 
assumption that concurrent reactions proceed between the T.N.T. anion and (a) the solvent, 
with first-order rate constant k°_,, (b) the undissociated hydrogen fluoride molecules, with 
second-order rate constant k,, (c) ethoxonium ions EtOH,*, with second-order rate constant 
ky, and (on account of the water unavoidably present) hydroxonium ions H,O*, with rate 
constant ky. The equation for s” for an individual run is then given by the following equation, 
in which &°_, is known from previous work: 


2-303s’” = k°_, + ka(HF) + kyx(EtOH,*) + Agx(HjO*)  . . . (2) 


We assume that concentrations can be used in place of activities; this is reasonable, as the 
jonic strength does not exceed 0-002 g.-ion/l.; it has been shown that hydrogen chloride in 
ethanol obeys the Debye—Hiickel law up to this concentration, and that the activity coefficients 
of hydrogen chloride and sodium ethoxide in ethanol are equal even at much higher con- 
centrations.13 We write for the equilibria concerned in the dissociation of hydrogen fluoride 
in ethanol containing a little water: 


Ky = (H,0*)(E-)/(HF)(H,0) and K°y = (EtOH,*)(E~)/(HF) 


The formal initial ethoxide concentration when the reaction mixture is formed is denoted by 5, 
and the formal concentration of added acid by c. The fraction of hydrogen fluoride dissociated 
is assumed to be small. The initial reaction HF + OEt- —» F- + EtOH is assumed to be 
rapid and complete. Then in the reaction mixture (HF) = (c — b) and (F~-)= 6. (The 
possibility of formation of HF,~ is considered later.) We then obtain from equation (2) 


2-308s” = h°_, + he(c — b) + [kgpK°x + AgnKu(H,O)](c — b)/b . . (3) 


For convenience, we write 
k’s = [Roz K°p + RypKy(H,0)] eat oe 
and so obtain 
2-303s” = k°_, + ka(c — b) + k’;(c — b)/b ae ae 


All the observed results can be fitted to this equation, as follows. 

(i) Runs at constant buffer ratio r = (c — b)/b. Plots of s” against (c — b) at constant buffer 
ratio are linear, up to acid concentrations of about 0-025m; the slopes give values of kz. When 
the runs are repeated with different buffer ratios, the plots are parallel. When the intercepts 
are plotted against the buffer ratio, the slope of the plot gives, according to equation (5), a 
value of k's. 

(ii) Runs at constant fluoride concentration b and varying acid concentration (c — b). Plots 
of s’’ against (c — b), for a set of runs in which 0 is kept constant, are linear. The slope q of such 
a plot is, according to equation (5), 0-434(k, + h,’/b). When the values of g for sets of runs 
with different values of b are plotted against 1/b, the plot is linear; according to equation (5), 
the intercept gives 0-434k,, and the slope 0-434k’. 

Evidence on the Réle of the HF,~ Ion.—It is necessary to enquire whether the concentrations 
of the kinetically-active species might be altered by formation of the ion HF,~ according to the 
equilibrium: 

HF + F- = HF, ; A, = (HF, )/(HF)F) . . « . ss @& 


The complete kinetic equation becomes very complex if this equilibrium is introduced, but 
can be simplified if, as an approximation, it is assumed that the total hydrogen-ion concen- 
tration is much less than b. It can then be shown that, in equation (5) which describes the 
kinetics, the first and the third term remain unchanged, but the coefficient of (c — b) in the 
second term becomes, instead of kg, 


hg — {(hgKy/r’)(¢ — b)/[1 + Kc — b)] — hy Kyr’— 1}. ee () 


where y’ is the apparent buffer ratio, (c — b)/b, which is no longer exactly equal to (HF)/(F-). 
If we plot s” against (c — 6), at constant apparent buffer ratio r’, the slope of the plot will 


” Woolcock and Hartley, Phil. Mag., 1928, 5, 1133. 
13 Danner, J. Amer. Chem. Soc., 1922 ,44, 2822. 
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decrease with increase of (¢c — b); if we plot s” against 7’ at constant (c — b), the slope will h 
increase with increase of r’. Neither of these effects has been observed, within the experimental y 
error. Moreover, assuming the derived values of k, and &,’, we can calculate the value of K, s 
which would produce a detectable variation in the apparent value of k,, say 10%; K, would f 
have to be of the order of 1001. mole. There are no experimental determinations of K, in f 
ethanol; but in water, it is 3-86 + 0-2 1. mole™ at 25° and decreases slightly with decrease of d 
temperature," and it is unlikely to be very different in ethanol. We conclude that the formation if 
of HF,~ is probably not extensive enough to influence the kinetic scheme. 
c 
Results u 
First-order Rate Constants from Kinetic Runs.—The results of the individual runs are J 
summarised in Table 1. Here d = T.N.T. concentration; 6 = formal initial ethoxide concen- 
tration = fluoride concentration in the resulting solution; c = formal initial concentration of j 
TABLE 1.* ’ \ 
104s’, obs. 104s’, calc. i u 
Temp. 10°d 10%) 10%c 10h 10%(c — b) Y 10‘ (sec.-) (sec.-1) : t 
— 49-99° 1-06 3-19 19-2 16-81 16-0 5 20 36-5 +- 0-5 34:9 : p 
+ 0-03° 1-06 6-4 38-4 13-6 32-0 5 20 56-6 + 1-0 57-3 y. 
1-02 1-6 9-6 18-4 8-0 5 20 22-6 + 0-6 23-7 t 
1-02 4-26 25:56 15-74 21-3 5 20 42-8 + 1-0 42:3 
1-34 0-87 9-59 19-13 8-72 10 20 28-9 + 0-7 29-3 : 
1-34 3:49 38-4 16-51 34-9 10 20 66-8 + 1-2 67-1 e 
1-91 2-55 28-0 17-45 25-5 10 20 53-9 +. 1-0 53-5 tT 
1-91 1-27 14-0 18-73 12-7 10 20 35°5 +- 1-0 35:1 it 
— 59-98° 1-47 6-17 24-5 0-0 18-2 2-9 6-17 13:14 03 13-0 
+ 0-03° 1-44 6-17 47-9 0-0 41-7 6-8 6-17 26-8 + 0-8 25-4 
1-44 6-17 103-9 0-0 97-7 15-8 617 553415 54-9 
1-57 6-17 69-3 0-0 63-1 10-2 6-17 365+ 1-0 36-8 
1-51 617 55-8 0-0 49-6 8-0 6-17 26-3 + 0-9 29-6 E 
1-51 6-17 54-5 0-0 48-3 °° 7-8 6-17 29-8 + 1-0 29-0 s 
1-53 2-59 51-1 0-0 48-5 18-7 259 407+ 1 36-6 
1-53 259 25-6 0-0 23-1 8-9 2-59 20-5 + 0-5 20-5 1 
1-37 2-59 99-8 0-0 97-2 37-5 2-59 67-0 + 2-0 67-5 
1-37 2-59 665 0-0 63-9 24-7 2-59 48:5 + 1-5 46-3 s 
1-41 2-59 60-6 0-0 58-0 22-4 259 382+ 1 42-6 
1-41 2-59 30-3 0-0 27-7 10-7 2-59 21-6 + 0-6 23-4 k 
— 69-98° 2-15 16-81 184-8 3-19 168 10 20 30 +1 28-0 h 
}-0-03° 1-43 6-30 69-51 15-68 63-2 10 20 11-7 + 0-3 10-7 
1-43 12-63 139-0 7-37 126-4 10 20 20-8 +. 0-5 21-k 
1-91 9-54 104-9 10-46 95-4 10 20 15-2 + 0-3 16-0 : 
1-61 13-09 143-9 6-91 130-8 10 20 19-6 + 0-6 21-8 
1-61 4°36 47-98 15-64 43-6 10 20 7-9 + 0-2 7-5 c 
1-80 6-66 139-8 13-34 133-1 20 20 21-9 + 0-7 22-3 it 
1-49 1-66 34-95 18-34 33-3 20 20 8-1 + 0-2 7-8 
1-75 10-93 229-5 9-07 218-6 20 20 35-9 + 1 34-8 
1-75 5-00 104-9 15-0 99-9 20 20 17-5 + 0-6 17-4 
1-91 8:60 180-5 11-4 171-9 20 20 27-1 + 0-9 28-0 
—79-98° 1-34 6-35 132-6 13-65 126-2 20 20 6-9 + 0-2 6-65 
| 0-03° 1-34 9-48 199-0 10-52 189-5 20 20 9-4 +- 0-3 9-37 
1-60 12-63 265-2 7:37 252-6 20 20 15-5 +. 0-5 12-1 
1-66 15-70 329-8 4:3 314-1 20 20 20-5 +- 0-6 14-8 
1-14 15-70 329-8 4:3 314-1 20 20 21-1 + 0-6 14-8 
1-62 14-41 302-6 5-59 288-2 20 20 18-0 + 0-5 13-7 0 
1-90 9-96 209-2 10-04 199-2 20 20 9-7 +. 0-2 9-79 g 
1-90 2-49 52-3 17-51 49-8 20 20 3-5 + 0-1 3-38 fi 
2-08 4-05 85-0 13-95 80-9 20 20 44+ 0-2 4-70 ; 
— 89-96° 3-58 5-36 112-6 14-64 107-2 20 20 1-64 +. 0-06 1-68 
+0-03° 3-09 12-75 267-7 7-25 255-0 20 20 3°65 + 0-1 3-43 
3-09 18-01 378-3 1-19 360-3 20 20 7-27 + 0-2 4-67 
2-72 2-8 58-94 17-2 56-1 20 20 1-18 + 0-03 1-08 I 
2-52 10-68 224-2 9-32 213-5 20 20 2-76 + 0-1 2-94 | 
e 


* All concentrations are in moles per litre. 





M Broene and de Vries, J. Amer. Chem. Soc., 1947, 69, 1644. 
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hydrofluoric acid; (¢ — b) = concentration of hydrogen fluoride in the resulting solution; 
y =apparent buffer ratio = (¢c — b)/b; h = concentration of lithium iodide; p = ionic 
strength; s” = slope of first-order plot (decadic logarithms). The values of s” calculated 
from the derived values of the rate constants k, and k’, (see below) are given in the last column 
for comparison with the observed values. The rate constant of an individual run could be 
determined with a precision of +3% (as was shown by least-squares analysis of six runs); and 
it was reproducible with the same precision. 

Derivation of Rate Constants for Hydrogen Fluoride and for Hydrogen Ions.—All the following 
calculations of slopes and intercepts were carried out by least-squares methods, and the 
uncertainties cited are standard deviations. The precision of the experimental results can be 
judged by comparing the values of s”, calculated from the final values of k, and k’;, with the 
experimental values (see Table 1). 

Results at —50°, —70°, —80°, and —90°. At each of these temperatures, the rate constant 
hk, for hydrogen fluoride was obtained from the slope of a plot of s” against (¢ — b) at constant 
buffer ratio, as described above. The change in buffer ratio due to production of fluoride ion 
in the reaction was kept below 5% in nearly all the runs, by using buffer ratios not greater 
than 20. The plot was linear up to a value of (c — b) of about 0-02, and only this part of the 
plot was considered; above this concentration the rate increased more rapidly with (c — b). 
At —50° and —70°, two buffer ratios were used, giving parallel lines, and it was possible to plot 
the intercept against the buffer ratio, especially since the intercept at zero buffer ratio is k°_, 
which is already known; ‘ the slope of such a plot gives k’;. At —80° and —90°, the intercept 
is not much greater than the experimental error, and only one set of runs at the maximum buffer 
ratio #® was carried out; at these temperatures k°_, is negligible. The results are summarised 
in Table 2. 


TABLE 2. 
Temp. — 50° —70° 
Pak Res od FE pededi —80° —90° 
Buffer ratio, 7’ 5 10 10 20 20 20 
Slope of plot of s” 1-40 1-42 0-165 0-147 0-0429 0-0118 
against (c — b) + 0-08 +-0-08 -+0-016 -+-0-006 +-0-0019 -+-0-0015 


10* [Intercept of plot of 12-5 +16 17-7 +05 0-27 4:18 27409 1-:244.0-27 0-42 4. 0-27 
s” against (c — b)] 


Slope of plot of inter- (1-8 + 0-2) x 10-4 (1-35 + 0-5) x 10° — -- 
cept against 7’ . 
h, (1. mole“ sec.-*) ...... 3-50 +. 0-18 (3-59 + 0-21) x 107 10-2 x 10-* x 
(9-88 -+- 0-44) (2-72 4- 0-35) 
i CCE TE (4-1 4. 0-5) x 10+ (3-1 4. 1-2) x 10-5 10> x 10 x 


(1-4-4. 0-3) (4-8 4 3-2) 


Results at —60°. At this temperature we have two sets of runs, each at a constant fluoride 
concentration b. The plots of s” against (c — b) are linear; the values of their slopes (g) and 
intercepts are given in Table 3. 


TABLE 3 ‘ 
DIES ceed neanacacasadnivietscinentocs 2-59 6-17 
ssope (@) C. mote sec.) ......rccccosccocense 0-63 -{- 0-07 0-53 -+. 0-03 
BO” GS BE occ iccccesesdessesesonns 6+4+4 3-3 + 2-6 


The slope q is related to 1/b by a line, whose intercept (equal to 0-434,, as shown above) is 
0-46 + 0-04 and whose slope (equal to 0-434’,) is 10% x (3-3 + 0-3). (The uncertainties 
given here are, exceptionally, maximum values estimated from the graphs.) ‘These figures give, 
for —60°, 


kg = 1-1 + 0-11. mole™ sec.}, k’, = 10° (7-5 + 0-8) sec.7. 


Summary of Results for ky and k’, at all Temperatures.—The results are collected in Table 4. 
Included in that Table are the values of the rate constants calculated from the Arrhenius 
equation with the parameters given later. 

The Effect of Water, and the Values of kp, and kyy.—At —60°, four runs were performed to 
determine the effect of water on the rate. The results are summarised in Table 5. The lowest 
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TABLE 4. 
log k, log hk’; 

Ay Peres ~ 

Temp. kh, k’s 103/T obs. calc. obs. calc. 

—50-0° 3-25 + 0-18 (4:1 + 0-5) 4-481 0-512 + 0-024 0-502 4-613 + 0-06 4-42 
x 10-¢ 

—60-0° 1-110+ 0-10 (7-5 + 0-8) 4-691 0-045 + 0-038 0-054 5-876 + 0-05 4-03 
x 10° 

—70-0° (359+ 0-21) (3-1 + 1-2) 4-922 1-555 + 0-026 1-563 5-491 + 0-21 5-60 
x 10° x 10° 

5-12 


—80-0° (9-88 + 0-44) (1-4 +03) 5176 399540020 1-020 5-146 + 0-1 i 
x 10° x 10° 

—90-0° (2:72 +035) (4843-2) 5457 343540059 3-420 66814048 6-60 
x 10°? x 10° 


water concentration is that in purified ethanol. The initial concentrations of the other 
constituents were the same in all four runs, viz., (in moles/I.), 105d = 1-61, 104 = 4-37, 10% = 
48-1; the buffer ratio (c — b)/b is 10-0. 


TABLE 5. 
Water concn. (mole 1-1) ............ 0-08 + 0-005 0-33-4003 0-60 + 0-03 1-16 + 0-03 
10%s”, Cbs. (S0C78)  occisccececccsccesees 29-4 + 0-6 31-3 + 0-7 31-8 + 0-7 37-0 +- 1-0 
ay en ea 29-1 30-6 32-4 36-1 


A straight line fitted to these results has the following equation: 
104s’’ = (6-6 + 1-2)(H,O) + (28-7 + 0-6) - * ve 


(The values given in the last line of Table 5 are derived from this equation.) This may be com- 
pared with equation (3). Comparing the coefficients of. (H,O), we find for — 60°: 


KyyKy = 10°(1-5 + 0-3) 1. moletsec* . 2. 2... (9) 


Comparing now the constant terms in equations (3) and (8), and using the value previously 
determined * for k°_, (6 x 10% sec.1), and the value found in this present work for k,, we 
obtain for — 60°: 


kyp Ky = 10 4(1-3 -+- 0-7) sec.} . . . . . . (10) 


These values imply that for normal runs at —60°, with (H,O) ~0-08 mole/I., the term 
ks Ky(H,0) is about 10° sec.4, and is only about 10% of k3gK°y. Thus 


yp Ky ~0-9k’; . . . . . . . . . (11) 


This implies that about 90% of the protons that react with the T.N.T. anion are solvated by 
ethanol rather than by water. In assessing this conclusion, however, it should be remembered 
that part of the change in rate on adding water may be due to a medium effect, which cannot 
be studied in isolation. 

Assuming the conclusion to be correct, we can derive some approximate values for kz 
and ksy at —60°. We can find k,, from equation (10), if we assume the value of K°, given in 
the next section (1-5 x 10 mole/I.) to be of the right order of magnitude at —60°; the result 
is ks, ~10° 1. mole™ sec.-!. (This will be too large if the estimate of K°, is too small; see 
Discussion.) To find kyy from equation (9), we require a value of Ky. We note that 
Ky = K°,K/(EtOH), where K is the equilibrium constant for the reaction H,O* + EtOH = 
EtOH,* + H,O in ethanol. Here K depends on the relative acid strengths of H,O* and 
EtOH,"* in ethanol; there are no determinations of these, but it has been shown that the acid 
strengths of water and ethanol molecules in ethanol are of the same order,!*1* and if we assume 
that the same is true of H,O* and EtOH,*, then K~1. Then ky will be of the order of 
10* 1. mole™ sec.“}. 

Bronsted Relation.—The rates with hydrogen fluoride and EtOH,* may be compared with 
those for the four carboxylic acids previously studied at 78-5°.4 The rate constant for hydrogen 


18 Caldin and G. Long, J., 1954, 3741. 
16 Ballinger and F. A. Long, J. Amer. Chem. Soc., 1959, 81, 1050. 
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fluoride (k,) at this temperature can be calculated from the Arrhenius equations given below. 
An approximate value for EtQH,* (hk3z) is obtained by assuming equation (11) to be correct 
at —78-5° as well as at —60°. Dissociation constants for the four carboxylic acids in ethanol 
at 25° are available.?” The dissociation constant of EtOH,* in ethanol is obtained by assuming 
that the concentration of ethanol molecules in ethanol is 17 moles/l. The dissociation constant 
of hydrogen fluoride has been measured only in water at 25°. To estimate the value in ethanol, 
K’,, it is assumed that, on passing from water to ethanol, pK increases by 5-56; this is the mean 
of the corresponding increases for the four carboxylic acids, which all lie in the range 5-56 + 0-2. 
The result is K°y, = 1:5 x 10° mole/l. (This, however, may be too small; see Discussion.) 
In order to take into account the statistical difference between the three types of acid 
concerned, we have plotted logy, (k/p) against log,,) (¢K/p), where p is the number of equivalent 
protons detachable from the acid and g is the number of equivalent positions at which the 
corresponding base may accept a proton; & is the rate constant at —78-5°, and K is the 
dissociation constant in ethanol at 25°. The data are summarised in Table 6. The six points 


TABLE 6. 
Monochloro- Dichloro- Hydro- 
Acid Acetic Glycollic acetic acetic fluoric EtOH,* 
log.) K at 25° —10-43 —9-49 —8-52 — 6-96 —8-83 + 1-23 
log,» & at —78-5° —0-96 —0-43 +0-21 +0-95 —0-90 +4 
+0-02 +0-02 +0-04 +0-04 +0-02 
p 1 1 1 1 1 2 
q 2 2 2 2 1 1 
logy» (k/P) —0-96 —0-43 +0-21 +0-95 —0-90 +37 
logio (¢K/P) — 10-13 —9-19 — 8-22 — 6-66 —8-83 +0-93 


as a whole do not lie on a good straight line. The best straight line representing all six points, 
calculated by the method of least squares, has a slope of 0-43 + 0-04. The best straight line 
for the four Ayreon acids alone has a slope of 0-56 -+ 0-04. The rate constant for hydrogen 
fluoride is 5 times smaller than would be predicted from this line, and that for EtOH,* is 30 
times smaller. Hydrofluoric acid shows deviations up to a factor of 3 in other reactions,!* and 
the solvated proton up to a factor of 30.!° 

Temperature-variation of Rate Constants.—The plots of logy, k, (for the reaction of hydrogen 
fluoride, and of logy, k’s (for the overall reaction with hydrogen ions), against 1/T, are linear 
within experimental error. The best straight lines and the standard deviations are: logy) kz = 
—10* x (2-133 + 0-025)/T + (10-06 + 0-12) and logy) kh’; = —10*® x (1:87 + 0-21)/T + 
(4:8 + 1-0). The corresponding values of the Arrhenius activation energy EF in the equation 
k = Aexp(—E/RT) are 9-8 + 0-1, and 8-2+1 kcal./mole, respectively. For hydrogen 
fluoride, the value of (A in 1. mole™ sec.") is given by logy) A = 10-0, + 0-1,. For hydrogen 
ion, the difficulty arises that k’, is a composite constant, and accurate values for the temperature 
variation of kyz and kyy separately cannot be given. We obtain the order of magnitude of 
E and A for the ion EtOH,* by assuming that at all temperatures equation (11) is valid and that 
K’s has the same value; this gives E = 8-2 kcal./mole and log,, A ~13-6 (1. mole sec.4). These 
values are tabulated in Table 7, along with those for other acids taken from previous work.** 
Values for the entropy of activation AS,* calculated from A = exp(kT/h)exp (AS*/R), 


TABLE 7. 
E log, 4 AS* 
Acid (kcal./mole) (Ll. mole 1 sec.-1) (cal. deg.-? mole=") 
Hydrogen fluoride ........... eer Ee 9-8, +. 0-1, 10-0, + 0-1, —13-8 + 0-5 
NIT © catvainccudohstunancdidetesuniniats (8-2) (13-6) +345 
SEE bccnininnspleddinscaroagntontinbansies 9-3, + 0-0, 9-55 + 0-0, —16-1 + 0-4 
MEOMOCRIOSOROOG .....5ccccccesesessceess 8-5, + 0-1, 9-6, + 0-1, —14-7 + 0-7 
RN siatdknndthatiinsavsiaviaviniussetaais 9-6 + 0-2 10-3 + 0-2 —124+41 
ES ae ae 8-5 + 0-2 10-5 + 0-3 —114+ 1-4 


are also given. It is seen that the values of E and A for hydrogen fluoride are similar to 
those for other uncharged acids. For EtOH,"*, the value given for E is similar, while that for 
” Minnick and Kilpatrick, J]. Phys. Chem., 1939, 48, 259. 


1 Bell and McCoubrey, Proc. Roy. Soc., 1956, A, 294, 192. 
Bell, ref. 5, p. 93. 
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A is considerably larger, as would be expected for a reaction between oppositely-charged ions 
compared with a reaction between an ion and an uncharged molecule. 


DISCUSSION 


Hydrogen Fluoride.—In the range —90° to —50°, the undissociated acid shows no special 
peculiarities compared with other uncharged acids, as regards either the Brgnsted relation 
(Table 6) or the parameters of the Arrhenius equation (Table 7). The Arrhenius plot is 
linear within experimental error, showing no deviation attributable to quantum-mechanical 
tunnelling. The maximum curvature, in the direction of decrease of E with decrease of 
temperature, compatible with the measured rates and the standard deviations, corresponds 
to AC,* = d(AH*)/dT = 80 cal. deg. mole+; the maximum curvature in the opposite 
direction corresponds to AC,* = —40 cal. deg. mole?. We might expect that the 
increase of solvation in the reaction * would lead to a negative value of AC,*. Various 
reactions are known *-*! in which AC,* has appreciable negative values, in the range 
0 to —70 cal. deg. mole. A positive value of AC,*, however, could be interpreted only 
in terms of tunnelling. 

Hydrogen Ions.—It is noteworthy that in analysing the kinetics it has been necessary 
to take account of hydrogen ions, although their contribution to the kinetics was found to be 
negligible in earlier work with other acids, including monochloroacetic, whose strength in 
water is comparable with that of hydrofluoric acid. This suggests that the dissociation 
constant of hydrofluoric acid decreases less than those of carboxylic acids on passing from 
water to ethanol. The estimate given above for K°, will then be too small, and hence that 
for kyx, will be too large. 

Comparison of Acids.—The Arrhenius energy of activation is surprisingly constant over 
the whole series of acids; it lies within the range of 9 +- 1 kcal./mole, while the rate 
constant varies (at —78-5°) from about 10° 1. mole™ sec.! for ethanol, through 10 for 
dichloroacetic acid,* to about 10* for EtOH,*—a total range of about 10". This is the 
more remarkable when it is considered in terms of the Brgénsted relation and its inter- 
pretation by means of potential-energy curves.” On this interpretation we should expect 
changes in E to be related to changes in the free energy of activation AG* by the relation 
AE = aA(AG*) = «RT(Alnk), where « is the exponent of the Brgnsted relation. With 
a = 0-56, this gives, for the above range of rates at —78-5°, AE ~5 kcal./mole. The fact 
that the observed variation in FE is much smaller than this may constitute further evidence 
that the observed E is considerably larger than the energy required to detach the proton 
from the acid.4-% 


One of us (R. A. J.) acknowledges a maintenance grant from the Ministry of Education. 


DEPARTMENT OF PHYSICAL CHEMISTRY, 
THe University, LEeEps, 2. [Received, December 4th, 1959.) 


2@ Moelwyn-Hughes, “‘ The Kinetics of Reactions in Solution,’’ 2nd edn., Clarendon Press, 1947, p. 67. 

21 Hyne and Robertson, Canad. J. Chem., 1955, 38, 1544; 1957, 35, 623; Hamilton and Robertson, 
ibid., 1959, 37, 966. 

22 Bell, ref. 5, chap. 8. 

23 Caldin, J., 1959, 3345. 
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489. Infrared Absorption of Substituents in Aromatic Systems. 
Part V1. Halogeno-compounds. 


By A. R. Katritzky and (Mrs.) J. M. LAcowskI. 


Correlations are established between the orientation of substitution of 
disubstituted benzenes containing a halogen atom directly attached to the 
ring and absorption in the 1100 cm. region of the spectrum. This region 
of the spectra of some analogous heterocyclic compounds is discussed briefly. 


DuRING extensive investigation of the infrared spectra of heterocyclic and benzenoid 
compounds ® it was found that many compounds which contained halogen atoms directly 
attached to an aromatic nucleus showed characteristic absorption bands in the 1100 cm. 
region. To determine whether such bands would be useful in diagnostic work, additional 
compounds were measured, our standard conditions of measurement being used: the 
results for the disubstituted benzenes are collected in Table 1. 


TABLE 1. 
p-Cl m-Cl o-Cl p-Br m-Br o-Br p-l 
No. Subst. cm. ¢e, cm.-! eg cm. eg cm. eg cm. eg cm.-! eg cm.7 eg 
1 C,HyNH, pOOe ES note seGtee EPO). 0 Re 0: ee 
2 C,HyOMe 1093 140 1041 105 1073 85 1033 150 
3 C,.H,OH 1093 145 1056 45 1070 105 1041 55 1057 40 
4 C,H,yMe 1092 165 1078 65 1054 135 1069 100 1073 85 1028 185 1061 60 
: “ 1123 7051087 60 eee 1086 25 
5 (C,HyX* 1089 350{ 1078 9041034 130 1068 245 1069 80{\553 42 
6 C,HyI 1034 40 1073 190 1034 30 
7 C,H,CO,Me 1093 280 1054 145 1072 160 1069 80 1030 125 1058 45 
8 C,H,CHO 1094 200 1074 50 1052 120 1065 65 1028 70 
9 C,H,NO, 1096 180 1128 110 1057 85 1069 180 1112 65 1040 50 
Arithmetic means (see 
text) 1093 175 1076 75 1050 95 1071 130 1068 75 1035 80 1059 50 
TABLE 2. 
4-Substituted * 3-Substituted ® 2-Substituted * 
cm." ea cm. fA cm.-! fa 
see at 1129 20 6 1120* 35 1121 190 
CRRGCG I EEMIED oncccccesecesenyqncnssenes 1106 50 01108 125 
; illatlt iae 1120 15 1097 150 (—) 
Chloropyridine l-oxides ............... 1090 15 
et hace ME Ee 1086 50 1108 215 
Bromopyridine l-oxides ............... 1089 60 1087 80 


Footnotes to Tables 1 and 2. 


Absence of an entry indicates that compound was not investigated. 

* Shoulder. 

e, in italics denotes compounds containing two halogen atoms. 

a The dichloro- and dibromo-compounds. 

b Some of these bands have been discussed in publications dealing with bands characteristic of the 
nucleus: Katritzky et al., J., 1958, 2192, 2195, 2198, 2202, 3165; 1959, 3680. 


para-Substituted chloro-, bromo-, and iodo-benzenes are characterised by bands at 
1096—1089 cm.~t (130—350) [1093 + 2 cm.-1 (175 + 45)],* 1073—1068 cm." (85—190) [1071 
+2 cm. (130 + 40)], and 1061—1057 cm. (40—60), respectively. The frequency range 
of these bands is very narrow; the intensities vary more, and in general, electron-donating 
substituents are associated with weaker bands than electron-accepting or carbon-carbon 
multiple bond substituents. Thus, the bromo-compounds Nos. 1—4 absorb with e, 85—105 


* Apparent extinction coefficients are enclosed in parentheses, and arithmetical means and standard 
deviations in brackets (see ref. 1 and refs. therein). 


? Part IV, Katritzky and R. A. Jones, J., 1960, 676. 
* Katritzky, Quart. Rev., 1959, 18, 353. 
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and Nos. 6—9 with ¢, 160—190. -Dibromo- and #-dichloro-benzene fit into the pattern 
best if the intensities are halved; the single band for p-bromoiodobenzene also has a high 
e, value; however, the position fits well for the bromo-compounds. Stojilkovi¢ and 
Whiffen * have shown that this band is due to a mode involving considerable motion of 
both the ring atoms and the halogen atom (see also Randle and Whiffen *). For identical 
substituents (V, symmetry) the mode is approximately (I) * which is allowed in the 
infrared spectrum unlike the analogous mode (II). For para-dihalogenobenzenes with 
two different halogens, modes corresponding to (I) and (II) are both allowed, and so two 
bands are to be expected in the infrared spectrum, although one of these may be weak. 

From previous work *® it is evident that unsymmetrical p-di- 


x - 
x halogenobenzenes containing chlorine absorb at 1090 vs, 1087 vs, 
and 1090 vvs, those containing bromine at 1064s, 1068 vs, and 
1069 vvs, and those containing iodine at 1050 vs, 1054s, and 
(I) xX 


1052 m* cm.1. These compounds thus fit reasonably well into 

xX (II) the correlations established above, at least as far as the positions 

are concerned. It may be significant that unsymmetrical p-dihalogenobenzenes containing 
fluorine absorb at 1154s, 1155s, and 1158 s cm.1.56 

It appears that meta-substituted chloro- and bromo-benzenes usually give rise to bands 
at 1078—1074 cm.! (50—110) (1076 + 2 cm.* (75 + 10)] and 1073—1065 cm. (65—85) 
[1068 + 3 cm. (75 + 10)], respectively. However, this does not hold for the m-nitro- 
halogeno-compounds where the band is found at considerably higher frequencies, 1128 
and 1112 cm.*. For m-dichlorobenzene the mode appears to be split into two bands. 

The ortho-disubstituted chloro- and bromo-benzenes measured absorb at 1057—1034 
cm.! (40—145) [1050 + 9 cm.+ (95 + 40)] and 1042—1028 cm. (30—185) [1035 + 6 
cm.*! (80 -+ 55)], respectively, except that the mode appears to be split into two bands 
for the o-dihalogeno-compounds and for o-chloroaniline. There is no obvious correlation 
between the wide intensity variations and the nature of the second substituent. 

Monohalogeno-pyridines and -pyridine l-oxides show bands near 1100 cm.* which 
are either additional to those of analogous compounds containing substituents other 
than halogen atoms or are much more intense than expected. These bands are listed in 
Table 2. The positions are considerably shifted from those of their benzenoid analogues. 
2-Chloro- and 2-bromo-thiophen show bands at 1004 cm.* (160) and 974 cm. (105), 
respectively, which are not characteristic of the nucleus. 

The bands which are characteristic of these nuclei and those associated with many of 
the substituents other than halogen atoms have been published (see ref. 2 and refs. therein). 
For each compound, all bands with e, > 10, with few exceptions, could be assigned to the 
nucleus, halogen atom(s), or second substituent in accordance with previous work.? 


Experimental.—Compounds were redistilled or recrystallised immediately before measure- 
ment and had m. p.s or b. p.s in agreement with literature values. For the methods used to 
measure the spectra, see ref. 1 and references therein; 0-2mM-chloroform solutions were measured 
in 0-1 mm. cells. 


THE UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, December 14th, 1959.) 


* Under the conditions used in the present work, this band appears only as a weak shoulder at 
1054 cm.". 


3 Stojilkovié and Whiffen, Spectrochim. Acta, 1958, 12, 47. 

* Randle and Whiffen, Trans. Faraday Soc., 1956, 52, 9. 

5 Stojilkovi¢é and Whiffen, Spectrochim. Acta, 1958, 12, 57. 

* Narasimham, El-Sabban, and Nielsen, J]. Chem. Phys., 1956, 24, 420. 
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490. The Structure of the Phosphonitrilic Halides. 
By M. J. S. Dewar, E. A. C. LucKEN, and M. A. WHITEHEAD. 


The electronic structures proposed by Craig for the cyclic polymers (AB), 
of which the phosphonitrilic chlorides are typical examples, have been 
reconsidered. It is concluded that each phosphorus atom makes use of two 
d,-orbitals in forming x-bonds and that these interact with the nitrogen /,- 
orbital to give a system of weakly interacting three-centred x-bonds, embrac- 
ing two phosphorus atoms and a central nitrogen atom. 

The structure and properties of the phosphonitrilic halides are then 
briefly discussed in the light of this conclusion. 


Craic and Pappock ! have considered the electronic structures of the cyclic phospho- 
nitrilic chlorides (PNCl,), in some detail, and their ideas have been developed further by 
Craig >> who concludes that these compounds are aromatic, interaction of the nitrogen 
p-orbitals and phosphorus d-orbitals giving rise to continuous d,—p, x-bonding round the 
ring. He also drew attention to certain differences between the annular z-orbitals in 
phosphonitrilic chlorides and those in conventional aromatic systems (e.g., 1,3,5-triazine ¢) 
with ~,-p, =-bonds. He concluded that in the former case aromatic character did not 
depend critically on the size of the ring, in contrast to conventional aromatic systems 
where the Hiickel rule applies [?.e., the requirement that an aromatic ring should contain 
(4n + 2) x-electrons, » being an integer]. 

The o-bonds in the phosphonitrilic chlorides are undoubtedly formed by sf*-hybrid 
orbitals of phosphorus since the phosphorus atoms are four-co-ordinated, and X-ray 
analysis indicates that they are tetrahedral. A preliminary X-ray analysis ® of the trimer 
suggested that the ring was planar, but a complete three-dimensional Fourier analysis has 
now shown? it to be puckered, having the chair conformation. The higher polymers 
must certainly also be puckered.’ : 

Fic. 1. Site axes of the phosphorus The molecular symmetry of any cyclic polymer will 


d- and nitrogen p,-orbitals. therefore not be D,,,. The exact symmetry classification 
ye of any polymer will depend upon its puckering and may 

change, not only from one polymer to the next, but also 

Ser within a given polymer system depending on the groups 

attached to the phosphorus. However, it is safe to con- 

P; clude that the symmetry will be much lower, probably of 


the C,,, type. 

Nevertheless, in order to discuss the probable inter- 
actions of the atomic orbitals, it is more convenient to 
assume that the molecules have D, symmetry, and to 
treat subsequently the puckering of this planar ring as a perturbation. Use of the D,,, 
classification would throw no further light on the interactions. 

The orbitals available for x-bonding in such a ring, (PNCI,),, are the nitrogen #,- and 
the phosphorus d,,- and d,,-orbitals (see Fig. 1). 

Let the nitrogen atoms be numbered ¢ = 1,2,...m, and the phosphorus atoms 


O . 
Zoxis 


1 Craig and Paddock, Nature, 1958, 181, 1052. 
® Craig, Chem. Soc. Special Publ., 1958, No. 12, 343. 
3 Craig in ‘‘ Theoretical Organic Chemistry (Kekulé Symposium),”’ Butterworths, London, 1959, p. 20. 
* Craig, J., 1959, 997. 
® Craig, Chem. and Ind., 1958, 3. 
* Wilson and Carrol, Chem. and Ind., 1958, 158. 
. ? Liquori, Pompa, and Ripamonti XVIIth Internat. Congr. Pure and Appl. Chem., Munich, 1959, 
‘aper A1025. 
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¢ = 3/2, 5/2, . . . (2 + 1)/2; then the proper combinations of the atomic orbitals giving 
rise to molecular orbitals may be shown to be: 2 


n 
P; = nt ¥ e2zitin | 
> ities 


D, = n+ ud emi (t+ 1/2 Sanne 
t ="3/2 
where ~, and d+ 2 are the atomic orbitals at the atom ?¢, and / is the molecular 
quantum number with the allowed values 0, +1, + 2,..... + (nm — 1)/2 ( odd) and 


0, + 1,....m/2 (m even). 
The symmetries of the combinations of /., d,., and d,, for the ring systems (PNCl,),, 
where » = 3 to n = 6, are shown in Table 1. The symmetry requirements thus favour the 


TABLE 1. 
n=3 n=-—4 w= 5 n= 6 

Orbital Ds D, Ds; Deg 

GAs Renistinsdeertariensinn 0 A, A, Ay A, 
tl E E ) ae E, 

+2 B, Ey, FE, 

Ls B, 

Bigg | vevsncsessnvistvéccicose 0 A, 1, A, Ay 
+1 E i] E, E, 

+2 B, E, Fy 

+3 B, 

DY verdesdidsdccedicsdetecsce 0 A, A, A, As 
tl i] E |. E, E, 

+2 By Ey E, 

+3 By 


A = Symmetrical representation; B — antisymmetrical representation; E = doubly degenerate 
representation. 


d,,-orbital for interaction with the #,-orbital since the d,,-orbital cannot interact with 
the #,-orbital in the totally symmetrical state. 

Craig * pointed out that the dimensions and energies of the phosphorus d-orbitals will 
be affected by the adjacent ligands; since these are not all the same, the sizes and energies 
of the d,,- and d,,-orbitals may differ. Craig believed that the resulting changes in 
Coulomb and resonance integrals are such as to make interactions between the d,.-orbital 
and the p-orbitals of the adjacent nitrogen atoms much more important than the corre- 
sponding interactions of the d,,-orbital; he therefore neglected the latter interactions in 
his treatment. 

This assumption seemed to us unjustified. Since we also felt that the experimental 
evidence did not support the idea of aromatic resonance in the phosphonitrilic chlorides, 
we suspected that the prediction of such resonance by Craig’s treatment was an artefact, 
due to neglect of the d,,-interactions; and that when these were included the z-electron 
system would be seen not to be continuous around the ring. 

Methane provides a simple analogy. The conventional L.C.A.O.-M.O. treatment, 
based on the carbon 2s- and 2/-orbitals and four hydrogen Is-orbitals, leads to a chemically 
unrealistic representation in which all the valency electrons are delocalised over all five 
atoms. This can, however, be transformed § into an entirely equivalent representation in 
which the electrons are essentially localised in two-centre s-bonds. We suspected that the 
set of x-orbitals for the phosphonitrilic chlorides could likewise be transformed into a set of 
weakly interacting fragments, provided that all the relevant orbitals (d,. as well as d,.) 
were included in the calculation. 

The equivalent orbital picture of methane can be reached in a simpler manner. In any 
L.C.A.0.-M.0. treatment, it is legitimate first to combine any of the atomic orbitals into an 

® Hall and Lennard-Jones, Proc. Roy. Soc., 1950, A, 205, 357. 




















[1960] The Structure of the Phosphonitrilic Halides. 2425 


orthogonal set of linear combinations, and then to use these in place of the original atomic 
orbitals in the L.C.A.O.-M.O. treatment; a particular case of this is one where the atomic 
orbitals of different atoms are first combined into molecular orbitals (the L.C.M.O. treat- 
ment ®), as when the x-molecular orbitals of benzene are constructed from three pairs of 
ethylenic molecular orbitals instead of from six atomic orbitals. The results of this 
procedure cannot differ from those given by the conventional L.C.A.O.-M.O. treatment. 
In the case of methane, the carbon orbitals can first be combined into a set of four sp%- 
hybrids. Each of these overlaps efficiently with just one of the hydrogen 1s-atomic 
orbitals; combination of the hybrid carbon orbita!s with the appropriate hydrogen 
orbitals gives a set of four pairs of two-centre o-bond molecular orbitals (one bonding, one 
antibonding in each case). These could be used as a basis for the final variation (L.C.M.O.) 
treatment; but since they overlap very inefficiently, it is evident that the set of four 


Fic. 2b. 
. 6 Gz a 
lic. 2a. d d 
‘\ 
\ a 
P 4 
a 
¢, \ “jd? 
\ 4 
\ 4 
Pp 





lic. 2a. Overlap of dy*- and d,’-orbitals with nitrogen p-orbitals. 
Fic. 2b. Relation of the orthogonal dy*- and d,’- to the original phosphorus d,.- and dy,- and the 
nitrogen p,-orbitals in which the lines denote orbital axes. 
Fic. 2c. elation between the resonance integrals B and y in the case of (PNCI,),. 


y = Interaction p,"d,’._ B = Interaction d,"p,*. 
Therefore, y = B cos 75°/cos 15°. 


P P P 
Vic. 3. Breakdown of phosphonitrilic 2-orbitals x 
into three-centre m-bonds. N N 
o A#A 
P P 


localised CH bond orbitals is already a good approximation to the structure of methane. 
It is evidently very similar to the equivalent orbital representation. 

A similar procedure is possible for the phosphonitrilic chlorides. We can first replace 
each pair of phosphorus d-orbitals by a pair of linear combinations d,", d,”, given by: 


1 1 
.&!f= /2 (dz + dy:) ; d, = V2 (4.2 <« dy:) 


Fig. 2 indicates that each of these orbitals will overlap efficiently with the 2-orbitals of 
just one of the two adjacent nitrogen atoms. We now combine the d- and /-orbitals into 
sets of three-centre x-molecular orbitals, as indicated by the heavy lines in Fig. 3. These 
three-centre orbitals overlap only weakly with one another; consequently we already 
have a good representation of the x-orbitals of the parent phosphonitrilic chloride in terms 
of them. In other words, the x-electrons of the phosphonitrilic chlorides are effectively 
localised in definite three-centre x-bonds, in the same sense that the valency electrons in 
® Dewar, Proc. Cambridge Phil. Soc., 1949, 45, 639. 
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methane are localised in two-centre o-bonds. This is an entirely different situation from 
that holding in aromatic systems where no transformation into localised equivalent orbitals 
is possible. This argument confirms our suspicion that Craig was led to an erroneous 
conclusion by his neglect of the phosphorus d,,-orbitals. 

Each three-centre x-bond is formally analogous to the x-bond in the allyl cation; in 
both cases there are just two electrons to be accommodated. The total energy from these 
is less than that of the electron pair occupying an analogous two-centre x-bond; in this 
sense the phosphonitrilic chlorides should be strongly resonance-stabilised even though 
they are not aromatic, just as the allyl cation is strongly resonance-stabilised. The 
resonance stabilisation should be directly proportional to the number of three-centre 
x-bonds, #.e., to the degree of polymerisation; the heats of formation per PNCI, unit should 
therefore be independent of ring size. Even the linear polymers should show the same 
stabilisation, apart from end-group effects. 

The break in conjugation at each phosphorus atom implies that adjacent three-centre 
n-bonds need not be coplanar; puckering of the molecule should have little effect on the 
resonance energy. The actual puckered configurations should be largely determined by 
the same conformational o-bond interactions that operate in cycloparaffins. 

The validity of this representation will now be confirmed by a calculation of the inter- 
actions between the component three-centre z-bonds; this will be found to be small, 
confirming the correctness of the localised x-bond approximation. 

The molecular orbitals of the two allylic systems are given by: 


Pi = Aids + aride + azid3; Energy = EF; 
tj = baba + 05565 + bejbe; Energy = F; 


where the orbitals are numbered as in Fig. 4. 
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If the Coulomb integral of the phosphorus atom be a, and that of the nitrogen atom 
be ap, then: 
ap = a, + eB 


where 8 is the resonance integral between the phosphorus d,-orbital and the nitrogen 
p.-orbital within a given allylic system: 


B = | $un'Hdy.* d= 


and e is a parameter measuring the electronegativity difference between the phosphorus 
and the nitrogen orbitals. The energy levels and the coefficients of the unperturbed 
allylic system may then be calculated by using the secular determinant: 


a, —E ¢} 0 


B ay —E 6 
0 ¢} a, —E 


= 0 
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whence 
F, = E, = antibonding = }(2a, + 8 — V262 + 86%) 
Fi a = E, = non-bonding = a, 
F, = E, = bonding = }(2a, + e8 + V/26? + 88%) 


The corresponding coefficients are shown in Table 2, in which («, — E;)/8 = W;. While 


TABLE 2. 
ay = by = —1/V WY + 2 Qy, = by, = W,/VW,? + 2 Ay = bys = —1/V W? + 2 
Gay = by = 1/v2 xq = bys = 0 eg = byg = —1/V'2 
ay, = by = —1/V WW? + 2 Gs, = by, = W,/V W?, + 2 Ay, = by = —1/V Wy? + 2 
the bonding and antibonding coefficients are symmetric the non-bonding are anti- 


symmetric. 

Perturbation Treatment.—The formation of a polymer from the independent allylic 
systems is shown in Fig. 4 and the orbital interactions are indicated. 

The interactions between the allylic systems can be calculated by using perturbation 
theory. Although the unperturbed system is degenerate, there is no need to use first- 
order perturbation theory. We need only the éotal perturbation for the whole system. 
Since the component parts have closed-shell configurations the total first-order perturb- 
ation vanishes.!° It can be shown?! that the total second-order perturbation can be 
calculated by using the unperturbed orbitals as a basis and simply neglecting terms with 
vanishing denominators. 


OU is i 
Fic. 5. Perturbation at the phosphorus atom ws.) 


are 
between the two allylic systems formed by ie P 


7 = 5 
dn*- and dy’-orbitals (cf. Fig. 2a). "4 a “ ~ 4 
“ 
~ - 


The perturbation (Fig. 5) is of the form 
=r3% (4mrDnsyrs)” 
En n — Fy 
where y,; is the resonance integral between atoms 7 and s. In the above allylic systems 


two such interactions occur, and since only two orbitals are involved, the preceding 
expression becomes 


Ree (4y2b4 + Qy3095)*y* 4. (42) 34 + ay by5)*y" 


where y is the resonance integral between the d,*- and the asl (Fig.2a). Therelation 
between the integrals y and 8 is illustrated in Fig. 2c; thus for the trimer we have: 


y = 6 cos 75°/cos 15° = kp 





Hence iy i(e +ve7+8 2B 
> LHe + Ve? + 8)? + le + Ve* + 8] 
e2k28 





+ Vert 8. ihe + Ve + 8)? + 2 + VP a BP a Dy 
giving for P, with various values of e: 


= 0 1 2 
P, = 0-00138 0-00138 0-00168 


10 Dewar, J. Amer. Chem. Soc., 1952, 3341. 
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It will be seen that P, is indeed small, confirming the view that the molecule can 
be represented to a good approximation in terms of localised three-centre bonds. 

Resonance Energy and Structure of the Phosphonitrilic Chlorides.—In a “‘ classical” 
structure for a phosphonitrilic chloride, each nitrogen atom is attached to one adjacent 
phosphorus atom by a single bond, and to the other by a double bond. In the picture we 
have reached, each nitrogen is attached by equally strong x-bonds to both phosphorus 
atoms, since the three atoms are all linked by a three-centre x-bond. All phosphorus- 
nitrogen bonds in all phosphonitrilic chlorides should therefore have the same length, 
intermediate between the lengths of pure single and pure double P—N bonds. At the same 
time the molecules are not aromatic, there being no unbroken path of conjugation round 
the ring. The conjugation is broken at each phosphorus atom; there is therefore no need 
for coplanarity—the phosphorus atoms can act as hinges, permitting buckling of the 
molecule with little loss of resonance energy. It is always possible to select two hybrid 
orbitals d,*, d,’, whose orientation matches that of the adjacent nitrogen /-orbitals, for 
puckering of the ring permits mixing the d,,-orbital with the d,,- and d,,-orbitals. 

The calculated resonance energy is large. Each set of three-centre x-orbitals must 
accommodate two electrons; these can occupy the low-energy bonding orbital of the set. 
The total x-energy E, for the n-mer (PNCI,), is then given (cf. above) by: 


E, = n(2a, + eB + V?6? + 88?) 


In the classical structure, each pair of x-electrons occupies a bonding phosphorus-nitrogen 
n-molecular orbital; the energy (e) of this can be shown to be: 


€ = }(2a, + eB + Ve%* + 48?) 


The total classical x-energy for the m-mer is given by 2ne. If ¢ is small (so that 0-1p? is 
negligible compared with unity), the computed resonance energy (RE) is then given by: 


RE = E, — 2ne = n[v p26? + 88? — V/p2a? + 462] ~ 0-838 


This is a large quantity. For the trimer the calculated resonance energy is 2-58, compared 
with 2-08 for a benzenoid six-ring. The predicted stabilisation of the phosphonitrile 
chlorides is therefore of aromatic proportions. 

It is also noteworthy that the second-order perturbation per PNCI, unit is only about a 
five-hundredth of the allylic resonance energy; this again indicates that the polyallylic 
representation is close to the truth. 

The ultraviolet spectra of the cyclic polymers 112 show little resemblance to those of 
organic aromatic systems which have considerable absorption in the near-ultraviolet 
region. Moreover, the spectra of all the cyclic polymers are almost the same, consisting 
of a broad-based peak with a maximum of 200 my [(PNCI,), = 199 my; (PNCI,), = 
203 my in cyclohexane] and an extinction coefficient increasing with increasing molecular 
weight. This would be expected if the size of the basic conjugated unit remained 
unchanged throughout the series, but not if its size increased by conjugation through the 
phosphorus atom. Likewise, the linear polymers should show absorption due to the same 
basic conjugated unit, whereas if conjugation occurred across the phosphorus atom, they 
would resemble the carotenes and show absorption in the visible region. 

The present evidence from infrared spectra is not fully elucidated. It does show that 
all the P-N bonds are of equal length, in agreement with the X-ray results. The chemical 
properties of the polymers are compatible with both aromatic and allylic systems. 

Recent nuclear quadrupole resonance measurements on the (PNCI,), compounds, 
substituted polymers, and other phosphorus compounds have led to a surprising similarity 
in frequency between the individual polymers and phosphorus oxychloride and compounds 


1 Shaw, Chem. and Ind., 1959, 52, 53, 54, 412, and references therein. 
12 Paddock and Searle, ddv. Inorganic and Radio Chem., 1959, 1, 347, and reference therein. 
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R:POCI, and R,POCI, which suggests that there is no fundamental difference between the 
various types of compounds. Further results are being collected to fill in the picture. 

In conclusion it is emphasised that the arguments developed in this paper could equally 
be applied to other examples of d,—p, x-bonding; they suggest that no significant through- 
conjugation should be observed in such cases between groups attached to the central atom 
with d-orbitals, a view which seems to be supported by the chemistry of both phosphorus 
and sulphur. 


We thank Dr. D. A. Brown and Dr. M. F. Ansell for useful discussion. One of us (M. A. W.) 
thanks the D.S.1.R. for a research award. 


QuEEN Mary COLLEGE, MILE EnD Roan, 
Lonpon, E.1. {Received, December 15th, 1959.) 


491. lodine-Oxygen Compounds. Part I. Infrared Spectra and 
Structure of Iodates. 


By W. E. DaseEnt and T. C. WApDINGTON. 


The infrared spectra of some simple and complex iodates are reported 
and interpreted in terms of discrete iodate ions (10,~) and iodato-groups ~ 
(-O-IO,) bonded covalently to metal atoms. The infrared spectra of HIO,, 
DIO,, and KH(IO,), are also reported. 


DuRING a structural investigation of a number of iodine-oxygen compounds, it became 
necessary to make a study, the results of which we now report, of the vibrational character- 
istics of the IO, (iodate) group, both as the free anion and in combination as a covalently 
bound iodato-group. 

The chemistry of crystalline iodates is confused, and has been discussed by Wells ! and 
others.23 In particular, the early view* that the iodates of the alkali metals, and 
ammonium iodate, adopt lattices of the perovskite type has been disputed. However, 
the most recent studies ®> of sodium ‘iodate agree that the crystal contains discrete 
pyramidal IO,~ ions, stereochemically similar to the chlorate and bromate ions. This 
pyramidal configuration has also been established in both anhydrous ceric iodate ® and its 
monohydrate,’ and is very probable in ammonium iodate.? 

The Raman spectra of solutions containing the iodate ion have been studied *® by 
Shen, Yao, and Wu; a symmetrical pyramidal ion belongs to the point group C3, and the 
four fundamental vibrational frequencies expected were observed and the following 
assignments made: 


Vy Ve Vg % 
(sym. stretch) (sym. bend) (asym. stretch) (asym. bend) 

MN a creicinscashehatsgevadrebs A, A, E E 

Frequency (cmi.-*) ..........0.... 779 390 826 330 


All four fundamentals are both infrared- and Raman-active; the antisymmetric 
fundamentals v, and vy, are both doubly degenerate. 

We have studied the infrared spectra of a number of iodates, both simple and complex, 
between 4000 and 400 cm.*. For the simple iodates (Table 1) the frequencies y,, v3, and 


1 


Wells, “‘ Structural Inorganic Chemistry,’’ Oxford University Press, 2nd edn., 1950, p. 266. 
MacGillavry and van Eck, Rec. Trav. chim., 1943, 62, 729. 

Ibers, Acta Cryst., 1956, 9, 225. 

For references to, and a dis¢ussion of, the early literature, see ref. 2. 

Naray-Szabo and Neugebauer, J. Amer. Chem. Soc., 1947, 69, 1280. 

Cromer and Larson, Acta Cryst., 1956, 9, 1015. 

Shen, Yao, and Wu, Phys. Rev., 1937, 51, 235. 

For references to the early spectrographic literature, sec Mellor, ‘‘ Comprehensive Treatise on 


Inorganic and Theoretical Chemistry,’ Supplement 2, Part 1, Longmans, Green and Co., 1956, pp. 935, 
936. 
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in a few instances v,, were observed. The vibration of lowest frequency v,, and in most 
instances v, also, lay beyond the spectral region accessible with sodium chloride and 
potassium bromide optics. In all cases both v, and the less intense v, (often observed only 
as a shoulder to the v, band) lay between 700 and 800 cm.*+, their separation being within 
the range 20—70 cm.*!. An unambiguous assignment of the peaks in this region was made 
difficult by the possible occurrence there of the overtone 2v,, its intensity amplified by 
Fermi resonance with the other symmetrical frequency v,. Several of the spectra do, in 
fact, display three maxima between 700 and 800 cm.*; that of highest frequency has been 
assigned to vg but it is impossible to distinguish between v, and 2v,, and these are included 
in the same column in Table 1. 

In three cases (lithium, nickel, and thorium iodates) only a single maximum, at ca, 
770 cm.*, was observed. It is possible that in these spectra we have failed to resolve two 
or more very close peaks; this is very probably the case for thorium iodate, where the 
band is very broad. But there is another possibility which arises if the crystal, instead 
of being composed of discrete IO,~ ions, involves an octahedral arrangement of oxygen 
atoms equidistant from a central iodine atom. The iodate group in such a structure 
would have, instead of four, only two infrared active fundamentals, as is the case in the 
octahedral molecule sulphur hexafluoride. An early study ® of the crystal structure of 
lithium iodate has in fact assigned such a configuration to the iodate group, but this work 
has been criticised +3 and cannot be regarded as certain. Elucidation of this point is 


TABLE l. 

vy, and 2v, Ve Vs v, and 2y,, Ve V3 
Compound (cm.~) (cm.~) (cm.~) Compound (cm.~) (cm.-) (cm.~!) 
BAIO, . ccceee 778s 404m a NH,IO, ... 730s a 790sh,m 
NalO,°* ... 774s, 760s a 796m AglO,° ..._ 705s, 695s a 766m, 752m, 
KIO, *...... 750s a 796m 742m, 728m 
RBAO, «050 757s, 741s a 795sh, m YS ee 705s a 743s 
oo 763s, 748s a 773sh,s Ni(IO5), ... 765s 440m, 407m a 
Me,NIO,... 780s, 757s a 796sh,s Th(1IO3),4 770s ¢ 410 a 


s = strong, m = medium, w = weak, sh = shoulder. 
a Not observed. 
b The extensive splitting of vy, and vy; may mean that this compound should be grouped with those 
‘in Table 2. Anomalies in the spectra of the anions of silver salts are not unusual—see, e.g., Sharp.!® 
c Spectra between 4000 and 650 cm. were also recorded by Miller and Wilkins," whose results 
do not differ significantly from our own. 
d Very broad band. 


impossible at this stage, but it is noteworthy that we have also observed only a single 
maximum, whereas a pyramidal ion should give two in the same region, in the spectra of 
ammonium chlorate (1070 cm."), ammonium bromate (785 cm.~'), and potassium bromate 
(786 cm.*4). 

In compounds where the iodate group forms a covalent bond with another atom, the 
symmetry of the group is changed from C3, to C,, and the number of infrared-active 
fundamentals is increased from four to six. The additional two frequencies accrue from 
the removal of the degeneracy from the two antisymmetric fundamentals v, and v, of the 
iodate ion. This occurs in the compounds listed in Table 2, and is probably due to partial 
covalent bond formation (co-ordination) with the metal ion. 

The two frequencies expected to result from the splitting of the degenerate ion frequency 
v, were experimentally inaccessible, but in all cases the splitting of v, was observed to give 
rise to two new peaks, one (vg,, the antisymmetric IO, stretching mode) in the range 
757—808 cm.1, and the other (vg, the symmetric IO, stretching mode) in the range 
719—758 cm.. The symmetrical bond stretching frequency v, of the ion has, as its 

* Zachariasen and Barta, Phys. Rev., 1931, 37, 1626. 


1” Sharp, J., 1957, 3761. 
1 Miller and Wilkins, Analyt. Chem., 1952, 24, 1253. 
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TABLE 2. 
“4 “36 Yap % “34 V35 
(LO, (IO, Ym—O (IO, (lO, YM—-O 
(O-I asym. sym. (M-O (O-I asym. sym. (M-O 
Compound str.) str.) str.) str.) Compound str.) str.) str.) str.) 
K,Mn(IO,), 630s 786s 755s 480m Pb(IO,), 690s 770m 720s 423m 
(NH,),Mn(10,), 640s 789s 758s 479m Hg(IO,), 683s 757m 738 436m 
K,Pb(105)¢ 695s 783sh,m 757s 420m  Hg,(IO,), 650s 794,776 719 448m 
K,Ti(IO3), 656s 787s 757 443m _lodoxy- -— 762— 716— 
Fe(I0O5)3 697s 808m 757s 451m benzenes !* 795 744 


equivalent in the Table 2 compounds, an O-I0, stretching mode absorbing at rather lower 
frequencies, 630—697 cm.*. 

The frequency ranges for the antisymmetric and symmetric stretching vibrations of 
the IO, group agree well with those recorded for iodoxybenzene (C,H,*10,) and its 
derivatives, viz., 762—795 cm. (asym.) and 716—744 (sym.). 

Circumstances rather similar to the above have already been reported for nitrato- 1% 
and carbonato- #* complexes, in which each of the degenerate frequencies of the planar 
nitrate and carbonate ions gives rise to two new frequencies when the degeneracy is 
removed by co-ordination with a metal ion. 

A better parallel to the iodate case has been recorded ® for the pyramidal ammonia 
molecule, which has the same symmetry as the iodate ion (C3,); partial deuteration to 
monodeuteroammonia changes the symmetry to C,, with a resultant splitting of v, (3414 
cm.~1) into vg_ at 3378 cm. and vg at 2444 cm.*. 

In all the compounds listed in Table 2, a peak of moderate intensity was observed 
between 420 and 480 cm.1. Although this peak may represent the —O-IO, bending mode 
corresponding to v, in the iodate ion, yet it seems more likely that the absorption is due to 
a metal-oxygen bond-stretching vibration, since a recent study ™ of the infrared spectra 
of a large number of metallic acetylacetonates and benzoylacetonates records M-O 
stretching frequencies between 420 and 490 cm.?. Also, the frequencies observed 
(Table 2) are in the same order as those found '* for M-F vibrations in comparable 
octahedral complex fluorides: c 


K,MnF, K,TiF, K,PbF, 

DEAF frm8) ccccscccsccoecccenscnes 622 560 502 
K,Mn(I0,), K,Ti(IO,), K,Pb(IO,), 

SO dicta cnc 480 443 420 


Iodic Acid.—The structure of the «-modification of iodic acid has been determined by 
X-ray diffraction.’ The crystal consists of pyramidal IO, groups bound together by 
hydrogen bonds, and the I-O distances within the IO, groups, viz., 1-80, 1-81, and 1-89 A, 
strongly suggest that at least one I-O bond differs in character from the other two. The 
bond distances found in a later neutron-diffraction study,” viz., 1-78, 1-82, and 1-90 A, 
suggest that all three may be different. The symmetry of the group is there C,, and the 
infrared spectrum should show the same features as those of the Table 2 compounds. 
This is found to be the case, but more extensive splitting of the observed frequencies is 
noticeable, suggesting a higher degree of interaction between one IO, group and others 
in the crystal. This is not unexpected, since in iodic acid, although the pyramidal iodate 
groups are distinct, there are three more oxygen atoms completing a very distorted 
octahedron around the central iodine, at distances noticeably shorter than those expected 

12 Furlani and Sartori, Ann. Chim. (Rome), 1957, 47, 124. 

8 Gatehouse, Livingstone, and*Nyholm, /J., 1957, 4222. 

™ Gatehouse, Livingstone, and Nyholm, /J., 1958, 3137. 
Reding and Hornig, J. Chem. Phys., 1955, 28, 1053. 
Nakamoto, McCarthy, and Martell, Nature, 1959, 188, 459. 
Rogers and Helmhclz, J. Amer. Chem. Soc., 1941, 68, 278. 


® Peacock and Sharp, J., 1959, 2764. 
® Garrett and Levy, quoted by Ibers, ref. 3. 
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for van der Waals bonds.” Thus vy, is observed as a broad band with maxima at 650m, 
637m, and 577m cm.*; vg, at 804 cm.7, with shoulders at 820 and 835 cm.*; and yg, 
at 763s, cm., with shoulders at 745 and 718 cm.1. These maxima were essentially 
unchanged in deuterium iodate, whose spectrum was recorded in order to identify the 
frequencies assignable to O-H vibrations. In iodic acid, the O-H bond stretching 
frequency appears as a broad band of rather low intensity, with a poorly defined maximum 
at 2920 cm.. In deuterium iodate this band has shifted to considerably lower frequencies 
(max. = 2200 cm.*'). Two peaks of low-medium intensity at 1163 and 1101 cm.* can be 
assigned to O-H bending modes, since these disappear in deuterium iodate, having 
presumably shifted to lower frequencies where the intense I-O absorption precludes their 
observation. A weak peak at 462 cm. in both HIO, and DIO, has not been assigned. 

The spectrum of the well-known “ bi-iodate,” KIO,,HIO,, was also recorded, but a 
complete assignment of the observed peaks is difficult without a knowledge of its crystal 
structure. The complexity of the spectrum suggests that the two types of iodate group 
may be present. The following are the observed maxima (in cm."): 2900 (very broad; 
O-H str.), 1170w (O-H bend.), 833w, 820m, 777sh,s, 765s, 742s, 713s, 637m, 571m. 


Experimental.—Compounds for determinations of infrared spectra were dried in vacuo over 
suitable desiccants, mulled with Nujol and with hexachlorobutadiene, and smeared between 
rock-salt or potassium bromide plates. The spectra were recorded on a Perkin-Elmer 21 
double-beam recording spectrophotometer, with sodium chloride and potassium bromide 
optics. 

The following compounds were pure commercial samples, or were prepared by standard 
metathetical reactions: lithium, sodium, potassium, rubidium, caesium, ammonium, tetra- 
methylammonium, silver, thallous, thorium, lead, mercurous, and mercuric iodates. 

Anhydrous nickel iodate was prepared *! by heating together nickel nitrate and iodic acid 
in 8Nn-nitric acid, and ferric iodate ®* by adding ferric nitfate in 4N-nitric acid to boiling aqueous 
iodic acid. 

Potassium hexaiodatomanganate(1v) was obtained by boiling together freshly precipitated 
manganese dioxide, iodic acid, and potassium iodate, according to Berg’s method ** {Found: 
iodometric equiv., 31-2. Calc. for K,Mn(IO,),: 31-1]. The corresponding ammonium salt 
was prepared by a similar procedure [Found: iodometric equiv., 30-3. Calc. for (NH,),.Mn(IO,): 
30-0}. Potassium hexaiodatoplumbate(Iv) was prepared *4 from lead tetra-acetate, potassium 
nitrate, and iodic acid in 7N-acetic acid [Found: iodometric equiv., 37-3. Calc. for 
K,Pb(1O,),,2H,O: 38-1]. Potassium hexaiodatotitanate was prepared by a modification of 
the literature method * [Found, after being dried at 150°: iodometric equiv., 33-0. Calc. for 
K,Ti(I1O,),: 32-7]. The source of titanium was a sample of K,TiO(C,0,),,2H,O kindly supplied 
by Dr. W. G. Palmer. 

Potassium hydrogen di-iodate (bi-iodate) was obtained by crystallising equimolar quantities 
of the constituents from hot water, and deuteroiodic acid from a solution of iodine pentoxide 
(dried for several days at 200—210°) in deuterium oxide. 


One of us (W. E. D.) acknowledges with thanks the award of a Fellowship by the Nuffield 
Foundation. 


UNIVERSITY CHEMICAL LABORATORY, CAMBRIDGE. [Received, December 18th, 1959.| 


2° Wells, Acta Cryst., 1949, 2, 128. 

21 Meusser, Ber., 1901, 34, 2432. 

#2 von Endredy, Z. anorg. Chem., 1934, 217, 58. 
%3 Berg, Compt. rend., 1899, 128, 673. 

#4 Ray and Saha, Z. anorg. Chem., 1934, 217, 376. 
*5 Ray and Saha, Z. anorg. Chem., 1932, 208, 104. 
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492. Flavan Derivatives. Part II.* The Relative Configurations of 
Catechin and Epicatechin: 1,2-Rearrangement in the Reduction of the 
Diastereoisomers to the Same Enantiomorph of a Propan-\-ol. 

By J. W. CLarkK-LEwis. 


Reductive ring-opening of the heterocyclic ring in catechin and epi- 
catechin tetramethyl ether with lithium aluminium hydride and aluminium 
chloride is accompanied by 1,2-rearrangement and gives a phenol which is 
converted by methylation into 2-(3,4-dimethoxypheny])-3-(2,4,6-trimethoxy- 
phenyl)propan-l-ol. Formation of the same enantiomorph of this propan- 
l-ol from (-+-)-catechin and (—)-epicatechin tetramethyl ether confirms the 
relative configurations previously established for these diastereoisomers. 


RELATIVE configurations in the catechin series of flavan derivatives (I) were determined 
by reductive ring-opening of the heterocyclic ring with sodium and liquid ammonia to the 
phenolic alcohol (II; R = H) which was converted by methylation into the propan-2-ol 
(II; R = Me). (+)-Catechin (III) and (—)-epicatechin tetramethyl ether (IV) thus gave 
enantiomorphous forms of the propan-2-ol (II) and this showed that the 3-hydroxyl group 
has opposite configurations in (+-)-catechin and (—)-epicatechin.1 This was soon con- 
firmed by independent determinations of the absolute configurations of (+-)-catechin by 
ozonolysis * and of (—)-epicatechin ! by Prelog’s atrolactic acid method. 

Reduction of both (+)-catechin and (—)-epicatechin tetramethyl ether with lithium 
aluminium hydride and aluminium chloride in tetrahydrofuran, followed by methylation, 
led however to the levorotatory enantiomorph of an alcohol originally regarded * as the 
propan-2-ol (II; R = Me) but later shown to be the propan-l-ol (V; R = Me) formed by 


H 
MeO MeO CH) MeO OH MeO MH 
(I) (II) (111) (IV) 
OR OMe OMe OM 
MeO Or OH MeO CN MeO CN MeO CO,H 
! 
CHAr gcAr UCHAr CHAr 
MeQ CH), MeO CH MeO CH, MeO CH) 
(V) (VI) (VII) (VIII) 
OMe OMe Pe) 
MeO CH; a 
CHA MeO CO-CH—CHAr 
7 . Ar=3,4-(MeO),C,H 
(IX) MeO CH, rer’ et) , — 


1,2-rearrangement.* The structure of the propan-l-ol (V; R = Me) was established by 
synthesis as follows: condensation of 2,4,6-trimethoxybenzaldehyde with homoveratro- 
nitrile gave the trans-a-cyanostilbene (VI) accompanied by traces of the cis-isomer (cis and 
trans here refer to the relative positions of the aryl groups); both isomers resisted attempts 
to hydrolyse them, and an attempt to prepare the unsaturated acid by Oglialoro’s modific- 
ation of the Perkin reaction gave only trans-2,4,6,3’,4’-pentamethoxystilbene. Reduction 
of the cyanostilbene (VI) with sodium in liquid ammonia gave the saturated nitrile (VII) 
which was hydrolysed with alkali to the acid (VIII). Reduction of the acid with lithium 


Part I, J., 1958, 2367. 


* 
1 Birch, Clark-Lewis, and Robertson, J., 1957, 3586. 

* Hardegger, Gempeler, and Ziist, Helv. Chim. Acta, 1957, 40, 1819. 
*’ Brown and Somerfield, Proc. Chem. Soc., 1958, 236. 

* Clark-Lewis, Proc. Chem. Soc., 1959, 388. 
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aluminium hydride gave the (-+)-propan-l-ol (V; R = Me), and comparisons of infrared 
spectra established the structural identity of the (+-)- and (—)-propan-l-ol. 

Molecular rearrangement in the reduction of the (+)-catechin compound is unexcep- 
tional because its derivatives are prone to undergo 1,2-rearrangement, as occurs for example 
in the reaction of (+)-catechin tetramethyl ether with phosphorus pentachloride ® and in 
the reaction of the 3-toluene-p-sulphonate with ethanolic potassium acetate,® which yield 
respectively 2-chloro- and 2-ethoxy-5,7,3’,4’-tetramethoxyisoflavan. These transform- 
ations are regarded as concerted rearrangements in which the aryl group migrates 
simultaneously with separation of the 3-substituent (OH or O-SO,°C,H,Me-f) and results in 
inversion at the 3-position and in formation of a carbonium ion at the 2-position. In the 
reduction by lithium aluminium hydride and aluminium chloride the 2-carbonium ion 
similarly formed (see scheme) evidently reacts with the oxygen atom of a hydroxy] ion or 
an equivalent complex anion before fission of the heterocyclic ring. The resulting hemi- 
acetal then undergoes fission and reduction to the phenolic propan-l-ol (V; R =H), 
which is converted by methylation into 2-(3,4-dimethoxypheny])-3-(2,4,6-trimethoxy- 
phenyl)propan-l-ol (V; R = Me). Epicatechin tetramethyl ether 3-toluene-p-sulphonate 
undergoes an elimination reaction with hydrazine which is considered? to proceed by an 
E, mechanism, and formation of a 3-carbonium ion (and consequent rearrangement) has 
not previously been observed in the epicatechin series. Similar reduction of epicatechin 
tetramethyl ether presumably proceeds through the 3-carbonium ion which may be 
stabilised by interaction with the heterocyclic oxygen atom or may suffer inversion or 
racemisation. Nevertheless the configuration of the rearranged propan-l-ol will be 
determined by the configuration of the aryl group in the 2-position, and because this 
configuration is the same in (—)-epicatechin and in (+-)-catechin the two compounds yield 
the same enantiomorph of the rearranged propanol. These sequences of reactions are 
indicated in the chart by Fischer projection formule drawn to show the absolute configur- 
ations, and from these it may be inferred that the propan-l-ol has the 2S-configuration.§ 


| | 
O O 
a Se ee 
——>> \®>>-Ar 
OH——H H-" 
7 | ee | 
2 fy ? 
(-++)-catechin H— @ 


| b H——Ar 
Oo 
| _—> 
H—|—Ar H—Ar | 
+O H— ® 
CHg CH, 
(—)-epicatechin 


Some points of general interest were noted during synthesis of the racemic propan-1-ol: 
attempted hydrolysis of the ¢rans-nitrile gave a mixture of cis- and trans-nitriles in which 
the latter predominated, and the ¢rans-structure was assigned to the isomer with the 
higher absorption in the 330 my band. Reduction of the nitrile (VI) with sodium and 
boiling alcohol gave the propane (IX) which was also formed by gradual addition of sodium 

5 Drumm, MacMahon, and Ryan, Proc. Roy. Irish Acad., 1923—24, 36, B, 41, 1495; Freudenberg, 
Carrara, and Cohn, Annalen, 1925, 446, 87. 

* Clark-Lewis and Korytnyk, J., 1958, 2367. 

7 King, Clark-Lewis, and Forbes, J., 1955, 2948. 

§ Cahn, Ingold, and Prelog, Experientia, 1956, 12, 81. 
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to a solution of the nitrile in liquid ammonia. Reduction of the cyanostilbene by lithium 
aluminium hydride unexpectedly gave the saturated nitrile (VII) accompanied by the 
trimer (triazine), but the nitrile (VII) was more conveniently obtained by adding the 
cyanostilbene rapidly to an excess of sodium dissolved in liquid ammonia. 

The (—)-propan-l-ol (V; R = Me) is levorotatory in ethanol and in chloroform and 
thus differs from the propan-2-ol (II; R = Me) which was found to have opposite signs of 
rotation in these solvents.!. A second synthesis to confirm the structure of the (-+)- 
propan-2-ol has now been effected by reduction of the epoxide (X) successively to the 
1,2-glycol and the propan-2-ol identical with that already described.! 


EXPERIMENTAL 

Ultraviolet light absorption measurements were made with an Optica recording spectro- 
photometer CF4. The absorption characteristics of solutions of the stilbenes changed rapidly 
when exposed to daylight, and solutions in 95% ethanol were therefore prepared and kept in 
the dark. 

Reduction of (+-)-Catechin 5,7,3’,4’-Tetramethyl Ether.—(+-)-Catechin tetramethyl ether 
(2g.), m. p. 142—143°, [a], —15-9° (29% in C,H,Cl,), [aJ,,25 —11° (4-1% in CHCI,), was added 
to a mixture of lithium aluminium hydride (0-5 g.) and aluminium chloride (3-5 g.) in boiling 
tetrahydrofuran (100 c.c.).4 The mixture was boiled for 6 hr. before addition of ethyl acetate 
(10 c.c.) in ether (40 c.c.), and then acidified with 2N-sulphuric acid (30 c.c.). The aqueous 
layer was extracted with ether (3 x 25c.c.) and the combined ethereal extracts were evaporated, 
and a solution of the residual yellow oil in benzene-ether (1: 1, 30 c.c.) was extracted with 2N- 
sodium hydroxide. The phenolic material was extracted into ether and evaporation of the 
solution left a residue (1-81 g.) which was methylated by methyl sulphate—acetone—potassium 
carbonate (14 hr.) before isolation of the methylated products (1-69 g.), [a], —11-4° + 2-0° 
(4.2% in EtOH), equivalent to 0-254 g. of propanol with [a], —76°. A benzene solution of 
this neutral material (1-69 g.) was added to a column of alumina (100 g.) deactivated with 
water (10 g.), and developed with benzene (700 c.c.) before elution of the propanol with benzene— 
ether (9: 1) (500 c.c. in ten portions). Recrystallisation of the crystalline propanol residues 
from ethyl acetate-hexane gave (—)-2-(3,4-dimethoxyphenyl)-3-(2,4,6-trimethoxyphenyl)propan- 
l-ol (0-15 g.), m. p. 118—120°, [aJ,,2* —55° (1-9% in EtOH), raised by recrystallisation from 
ethanol to m. p. 125°, [a],,** —76° (1-2% in EtOH) (Found: C, 66-3; H, 7-2. C,9H,.O, requires 
C, 66-3; H, 7-2%). The infrared absorption of the (—)-propan-1-ol (in CCl,) was indistinguish- 
able (2—11 yu) from that of the (+-)-propan-1l-ol described below, with max. at 3554, shoulder at 
3586 cm. (OH), 3001 + 1 (aromatic C-H), 2956 + 2, 2942 + 2, 2914 + 5 and 2876 + 5cm.} 
(C-H), and at 2836 + 1 cm. (methoxyl C-H). The isomeric propan-2-ol} showed max. at 
3576 + 5cm.-! (OH) and lacked the peak at 2876 cm.". 

Reduction of (—)-Epicatechin 5,7,3’,4’-Tetramethyl Ether.—When treated as described above 
for the (+)-catechin compound, (—)-epicatechin tetramethyl ether, m. p. 143°, [a],,?4 —52° 
(38% in C,H,Cl,), {a),24 —40° (2% in CHCI,), gave phenolic products (1-8 g.) which were con- 
verted into the methyl ethers (1-79 g.), [«],, —9-3° + 0-5° (in EtOH) [equivalent to the (—)- 
propanol (0-22 g.)]. Chromatography gave crystalline material (0-368 g.), [a], —22° (1-5% in 
EtOH), raised by two crystallisations from ethanol to m. p. 124—125°, [a),*4 —75° (1-5% in 
EtOH). The propan-1-ol was identical with that from (-+-)-catechin (mixed m. p. and infrared). 

a-(3,4-Dimethoxyphenyl)-B-(2,4,6-trimethoxyphenyl)acrylonitrile (V1).—Homoveratronitrile ® 
(2-72 g.) and 2,4,6-trimethoxybenzaldehyde (3-0 g.) were heated on a steam-bath for 2 hr. with 
ethanol (75 c.c.) and sodium ethoxide (from 0-4 g. of sodium), and the product (4-86 g., 89%), 
m. p. 168—169°, was collected by filtration of the cold suspension. The sparingly soluble 
trans-nitrile crystallised from ethanol in pale yellow plates, m. p. 169—170° (Found: C, 67-5; 
H, 6-0. C, 9H,,0,N requires C, 67-6; H, 6-0%), Amax, (Nujol, CaF, prism) 4:53 uw (CN peak), 
Amax, 247 (c 18,000) and 349 my (e 27,600). Evaporation of the filtrate left the more soluble 
cis-nitrile, which crystallised from methanol in pale yellow prisms, m. p. 163—164°, depressed 
to m. p. 144—146° by admixture with the ¢vans-form (Found: C, 67-3; H, 60%), Amax, 4°56 u 
(CN peak, Nujol, CaF, prism), Amax at 247 (e¢ 20,600) and 340 my (e 19,900). The nitriles 
resisted hydrolysis by alkali or acid; after being boiled for 24 hr. with methanolic 10% sulphuric 
acid recovered trans-nitrile was accompanied by the more soluble cis-nitrile. 


® Haworth, Mavin, and Sheldrick, J., 1934, 1423. 
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Reduction of the ¢rans-nitrile (1-73 g.) with boiling ethanol (ca. 100 c.c.) and sodium (14 g.) 
gave 2-(3,4-dimethoxypheny])-1-(2,4,6-trimethoxyphenyl)propane ! (0-78 g.), leaflets (from 
methanol), m. p. 108—109° (Found: C, 69-5; H, 7-8. Calc. for C.g>H,,0;: C, 69-3; H, 7-6%). 

a-(3,4-Dimethoxyphenyl)-B-(2,4,6-trimethoxyphenyl) propionitrile (VII).—(a) The unsaturated 
nitrile (1-5 g.) was added to a solution of sodium (1 g.) in liquid ammonia (100 c.c.). After the 
blue colour had disappeared (ca. 5 min.) ammonium chloride (2-5 g.) was added and the solution 
was left to evaporate. The residue was washed with water, and recrystallisation from methanol 
gave the propionitrile (0-7 g., 47%) in prisms, m. p. 103° raised to 104—105° by recrystallisation 
from benzene-hexane (Found: C, 67-3; H, 6-5; N, 3-9. C,9H,,;0;N requires C, 67-2; H, 6-5; 
N, 3-9%). The cyanide showed CN absorption at 4-4 » (Nujol). 

When sodium (0-36 g.) was added in small pieces to the acrylonitrile (VI) in liquid ammonia 
it gave recovered nitrile (0-67 g.) and the propane (IX) (0-46 g.). Rapid addition of sodium 
(0-72 g.) in large pieces gave recovered nitrile (1-09 g.), the propane (0-5 g.), and the saturated 
nitrile (VII) (0-12 g.). 

(b) A mixture of the unsaturated nitrile (2 g.), lithium aluminium hydride (0-32 g.), and 
tetrahydrofuran (100 c.c.) was boiled for 3 hr. and, when cold, was diluted with ether and shaken 
with 5N-sodium hydroxide. The ethereal layer was concentrated to small volume, diluted with 
methanol, and filtered from an unidentified substance (triazine?) (0-7 g.), m. p. 205—210° raised 
to m. p. 222—223° by recrystallisation from dimethylformamide [Found: C, 67-3, 67-0; H, 
6-3, 63; N, 3-9. (CygH,30;N), requires C, 67-2; H, 6-5; N, 3-9%]. Evaporation of the 
filtrate to dryness and crystallisation of the residue (0-6 g.) from methanol gave a mixture of the 
unsaturated cis-nitrile and the propionitrile (ca. 0-3 g.). 

a-(3,4-Dimethoxyphenyl)-B-(2,4,6-trimethoxyphenyl) propionic Acid (VIII) and (-+-)-2-(3,4-Di- 
methoxyphenyl)-3-(2,4,6-trimethoxyphenyl) propan-1-ol (V; Ik = Me).—The propionitrile (0-13 g.) 
was boiled with a mixture of ethanol and aqueous 10N-sodium hydroxide for 6 hr., and the 
solution was then extracted with ether. Acidification of the alkaline aqueous solution gave the 
propionic acid (0-073 g., 53%) in needles, m. p. 146—147° raised to m. p. 148—149° by recrystal- 
lisation from aqueous methanol (Found: C, 63-4; H, 6-6. _C, 9H,,O, requires C, 63-8; H, 6-4%). 
Reduction of the acid (0-064 g.) in boiling ether (25 c.c.) for 14 hr. with an excess of lithium 
aluminium hydride gave the (+-)-propan-1-ol, which crystallised from hexane in needles (0-035 g., 
57%), m. p. 108° depressed to 90—93° by admixture with the corresponding propane (Found: 
C, 66-3; H, 7-3. CyoH,,O, requires C, 66-3; H, 7-2%). 

2,4,6,3’,4’-Pentamethoxystilbene—Homoveratric acid (1 g.) and 2,4,6-trimethoxybenz- 
aldehyde (1 g.) were submitted to Oglialoro’s modification of the Perkin reaction as described 
for «-phenylcinnamic acid," and the products were separated into an acidic fraction (homo- 
veratric acid) and a neutral fraction of the stilbene which crystallised from methanol in needles 
(0-14 g.), m. p. 127—129° unchanged by two crystallisations from ethanol (Found: C, 68-8; H, 
6-7. Calc. for C,gH,,0,: 69-1; H, 6°7%), Amax, 243 (e 19,000) and 334 my (ec 35,500), Ain, 
265 mu (ce 6500). Molho and Coillard * report m. p. 131° and max. at 332 my (e 26,700). 

3-(3,4-Dimethoxyphenyl) -1 -(2,4,6-trimethoxyphenyl) propane -1,2-diol.—3- (3,4- Dimethoxy- 
pheny]l)-2,3-epoxy-1-(2,4,6-trimethoxyphenyl) propan-1l-one 14 (1 g.) in ethanol was hydrogenated 
over Raney nickel at 100°/100 atm. for 6 hr., and the solution was filtered and then evaporated. 
The residue was chromatographed on alumina (100 g.) deactivated with water (10 g.), and then 
developed with benzene (500 c.c.) and with benzene—ether (9 : 1) (350 c.c.) before the same eluant 
(1050 c.c.) removed the propane-1,2-diol which crystallised from hexane in prisms (0-29 g.), 
m. p. 95—96° (Found: C, 63-3; H, 6-9. C, 9H,,O, requires C, 63-5; H, 6-9%). Hydrogenolysis 
of the diol (0-158 g.) in ethanol (5 c.c.) over palladised charcoal at 100°/50 atm. 
for 12 hr. gave 1-(3,4-dimethoxypheny]l)-3-(2,4,6-trimethoxyphenyl)propan-2-ol,! which 
crystallised from hexane in prisms (0-1 g., 66%), m. p. and mixed m. p. 88—89°. 





The author thanks Dr. W. G. C. Forsyth for supplying (—)-epicatechin, Dr. B. R. Brown 
for details of his reduction procedure, and Mr. A. G. Moritz for recording and discussing the 
infrared spectra. 
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1® Freudenberg and Harder, Annalen, 1927, 451, 213. 

11 “ Organic Reactions,’’ Wiley, New York, 1942, Vol. I, p. 252. 
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8 Robertson, Suckling, and Whalley, J., 1949, 1578. 
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493. The Electronic Spectra of N-Heteroaromatic Systems. Part 
VIII.* The Charge-transfer Spectra of Quaternary Iodides. 


By S. F. Mason. 


The visible and ultraviolet absorption spectra of a number of N-hetero- 
aromatic iodide salts have been measured in chloroform solution. Bands 
other than those given by the corresponding perchlorate in aqueous solution 
are assigned to electronic transitions from the iodide ion to either the solvent 
or the cation. The frequency of the lowest-energy charge-transfer band is 
found to increase as the electron affinity of the N-heteroaromatic cation falls, 
supporting a delocalised rather than a localised model for the excited state 
resulting from a charge-transfer transition. 


Ir has long been known ' that the salts of a heteroaromatic cation are deeper in colour 
the more polarisable is the anion, acridine methiodide, for example being red whilst the 
corresponding chloride is yellow, both in the solid state and in chloroform solution. In 
1911 Hantzsch ! measured the electronic spectra of a number of pyridinium and quinolin- 
jum salts, and found, particularly in the case of the iodides, new absorption bands beyond 
the long-wavelength absorption limit of the heteroaromatic cation. The new absorption 
bands did not obey Beer’s law, the apparent extinction coefficients increasing with the 
concentration of the salt. With an increase in temperature the bands shifted to longer 
wavelengths and increased in intensity,? whilst when the solvent was changed from 
chloroform to alcohol they showed marked decreases in intensity and large hypsochromic 
shifts.' Hantzsch * ascribed the new absorption bands in the spectra of the N-hetero- 
aromatic methiodides to a neutral ortho- or para-quinonoid “ chromoisomer ”’ (e.g., 1) 
in equilibrium with the salt (e.g., I1), but the effects of temperature and of change of 
solvent upon the wavelength of the bands suggest ® that they are due to the transition of 
an electron from the anion to the cation within an ion pair (e.g., III). 


H I ; 
Oo = S 
Oj <a @ (solv) + I(solv) <= | IT” | (solv) 
N SN NZ 
Me Me 


Me 
(1) (Ila) (IIb) (IIT) 


The observed intensity changes in the new absorption bands with concentration, 
temperature, and solvent are consistent with the formulation of the new absorbing species 
as either a neutral adduct (e.g., I) or an ion pair (e.g., III), but the wavelength positions of 
the bands in the spectrum of a neutral adduct (e.g., 1) should not vary greatly with change 
of solvent. However, the observed effects of solvent upon the band positions are 
particularly large; the maximum of the long-wavelength band in the spectrum of 4-meth- 
oxycarbonylpyridine ethiodide, for example, shifts from 4489 A in chloroform to 3311 A 
in 7:3 ethanol-water solution,® representing an increase in the transition energy of 
21 kcal./mole due to different interactions between the absorbing species and the solvent. 
The ground state of a N-heteroaromatic methiodide ion pair (e.g., III) is more stabilised 
by solvation in a polar than in a non-polar solvent, and a charge-transfer electronic 
transition to a neutral excited state requires a larger transition energy the greater is the 


Part VII, J., 1960, 1282. 


* 
1 Hantzsch, Ber., 1911, 44, 1776, 1783. 

* Hantzsch, Ber., 1919, 62, 1535 and 1544. 

* Hantzsch and Burawoy, Ber., 1932, 65, 1059. 

* Meisenheimer, Z. phys. Chem., 1921, 97, 304. 

5 Weitz and Meitzner, Ber., 1931, 64, 2909. 

* Kosower, J. Amer. Chem. Soc., 1958, 80, 3253, 3261, 3267. 
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solvating power of the medium.® Similarly, an increase in temperature reduces the 
solvation of the ion pair, resulting in a decrease in the charge-transfer transition energy, 

For the excited state resulting from a charge-transfer electronic transition within a 
N-heteroaromatic methiodide ion pair two models may be envisaged. First, an electron 
may be transferred from the iodide ion to the lowest unoccupied z-orbital of the N-hetero- 
aromatic nucleus, giving a free iodine atom and an aromatic system with an additional 
n-electron (delocalised model). Secondly, an electron may be transferred from the iodide 
ion to the p-orbital of a particular carbon atom in the N-heteroaromatic nucleus (localised 
model), forming an adduct (e.g., I) in a state of strain, since, by the Franck—Condon 
principle, the nuclei attached to the localised carbon atom could not attain their 
equilibrium positions during the transition. 


Fic. 2. The visible and ultraviolet spectra 
of (A) N-methylquinolinium, (B) N- 





























Fic. 1. The ultraviolet absorption spectra methylisoquinolinium, and (C) quinol- 
of (A) N-methylpyridinium and (C) N- izinium iodide in chloroform, and of (D) 
methylpiperidinium iodide in chloroform, quinolinium perchlorate in water. 
and of (B) pyridinium perchlorate in 
water. Wavelength (mu) ‘ 

250 300 400 500 
Wavelength (mp) —y -—T 
250 300 400 
T T a ee 
4eE 
7 
7 
be r] 
, ' 
: ' 
% JF ; \ A 
a ’ . | A 
2 ’ >) ) 
n/ * iB + ° 
c.! ¥s 
‘ ae € \: 
2r “1 . 
+t 22 
L 3! 1 ‘ . 
40000 30000 ; 13 
Wave number(cm-’) ; 


40000 30,000 20000 
Wave number (cm-’) 


The two models have different consequences. In a series of N-heteroaromatic meth- 
iodides the charge-transfer transition energy (E,) is given, according to the delocalised 
model, by 


E,=Constant—E, . ....... (i) 
and, according to the localised model, by 
lL UD 


where E,, the electron affinity of the N-heteroaromatic cation, is the energy of the lowest 
unoccupied x-orbital of the cation, and E, is the x-electron localisation energy for nucleo- 
philic attack at a particular carbon atom in the cation. 

In order to distinguish between the two models, the visible and the ultraviolet spectra 
of a number of iodide salts of N-heteroaromatic cations in chloroform solution have now 
been measured, the results being given in Table 1 and Fig. 1—4. Chloroform was chosen 
as the most suitable solvent, since it is the least polar of the media in which the 
unsubstituted monoazo-aromatic methiodides are adequately soluble, and a 1 mm. thick- 
ness transmits enough ultraviolet radiation for spectroscopic measurement down to ca. 
230 my. Owing to the large hypsochromic and hypochromic effects of polar media on the 
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TABLE 1. The wavelengths (Amax) and the apparent extinction coefficients (2) of the charge- 
transfer band maxima in the visible and ultraviolet spectra of some N-heterocyclic iodides, 
and the frequency at which the long-wavelength absorption has an extinction coefficient of 
100(ve= 199) the coefficient (E) of the energy (EB) of the lowest unoccupied x-electron 
orbital in the corresponding aromatic hydrocarbon, and the one-electron charge density in 


that orbital at the position of the nuclear nitrogen atom (C,*). (Values in italics refer to 
shoulders.) 


€ Ve = 100 
No. Iodide Awax. (My) (I. mole cm.~) (cm.~) E Cc; 
1 N-Methylpiperidinium 233 12,000 
2 N-Methylpyridinium 367; 284; 243 1250; 1670; 10,500 22,700 1-0 0-333 
3 N-Methylquinolinium 420; 255 1700; 6000 19,500 0-618 0-181 
4 N-Methylisoquinolinium 380 1650 21,200 0-618 0-069 
5 Quinolizinium 362 1600 22,700 0-618 0 
6 N-Methylphenanthridinium ~420 ~2000 19,800 0-605 0-172 
7 N-Methylbenzo[ f}quinolinium ~420 ~2000 20,000 0-605 0-115 
8 N-Methylbenzo[h)quinolinium ~420 ~500 21,400 0-605 0-054 
9 Benzo{c)quinolizinium ~420 ~1500 20,700 0-605 0-030 
10 Benzoja}quinolizinium ~420 ~700 21,700 0-605 0-027 
11 Benzo[b)quinolizinium ~450 ~800 19,200 0-414 0-008 
12 N-Methylacridinium 500; 289 1250; 11,700 16,000 0-414 0-193 


13 N-Methyl-l-azapyrenium ...... ~470 ~1000 18,900 0-445 0-087 


Fic. 4. The visible and ultraviolet spectra in 
chloroform solution of N-methylbenzo{h]quinol- 
inium (A), benzolalquinolizinium (B), benzo{c]- 
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charge-transfer band maxima of N-heteroaromatic methiodides,® the use of a solvent with 
a low polarity was found to be essential in the present work, for even in chloroform 
solution the charge-transfer band of the azaphenanthrene iodide salts appears only as a 
shoulder on the long-wavelength edge of the absorption due to the cation (Fig. 4), and the 
observed apparent maximum extinction coefficients of the long-wavelength charge-transfer 
bands are not large, lying in the range 500—2000 1. mole cm. (Table 1). The recorded 
extinction coefficients are apparent only, since Beer’s law is not obeyed. An increase in 
the concentration of the salt produces small hyperchromic and hypsochromic shifts of the 
charge-transfer bands, due, respectively, to the mass-action effect on the equilibrium 
between the free ions (e.g., II) and the ion pair (e.g., III), and to the increase in the solvat- 
ing power of the medium. Accordingly, the recorded measurements (Table 1) were made 
with salt concentrations in the range 2—5 x 10M, over which Beer’s law held within 5% 
and band positions were constant within 1 my, the path length being varied to cover the 
different extinction ranges. 

The results (Figs. 1—3) show that the N-heteroaromatic iodide salts in chloroform 
solution have a larger absorption generally than the corresponding perchlorates in aqueous 
solution over the whole of the observable wavelength range. Not all of the increase in 
absorption can be ascribed to charge-transfer transitions between the anion and the cation, 
as saturated ammonium iodides give a high-intensity absorption band near the high- 
frequency limit of the observable range (Table 1, Fig. 1). A similar band is observed with 
alkali and quaternary ammonium iodides in water? (Amax, 226 my; ¢ 10*) and in other 
organic solvents,**® the absorption being due to the transition of an electron from the 
iodide ion to the solvent.** Thus only the absorption bands which appear in the spectrum 
of a N-heteroaromatic iodide but not in that of the corresponding perchlorate at a wave- 
length greater than ca. 250 my can be assigned to charge-transfer transitions between the 
iodide ion and the N-heteroaromatic cation. This assignment is supported by the observ- 
ation ® that the frequency separation (7950 cm.) between the two longer-wavelength 
maxima in the spectrum of pyridine methiodide corresponds to that (7600 cm.) between 
the 2P,). and the 2P,,. state of the iodine atom. 

The observed energies of the long-wavelength charge-transfer bands in the spectra of 
the N-heteroaromatic iodides support the delocalised model for the excited state resulting 
from the transition. As some of these bands appear only as shoulders (Fig. 4) the frequency 
at which the extinction coefficient has the value of 10? 1. mole! cm. has been taken as a 
measure of the transition energy (Table 1). Energy values obtained from the frequency 


TABLE 2. The atom localisation energies for nucleophilic attack (E,) at a carbon atom ina 
N-heleroaromatic system, calculated, with Aay = 0-68, from the atom localisation energy 
for the corresponding aromatic hydrocarbon (E,,), and the x-electron charge density (q,) in 
the carbanion corresponding to the adduct at the position of the nitrogen atom in the adduct. 


Compound Position E,p qr E,B" 

PND sen uicdesvccneshivesceitiastevesserdsveces 2,4 2-536 1-333 2-336 
GRIND nsghesccdiccnccssncncasessessnccgeesese 2 2-480 1-500 2-180 
4 2-299 1-364 2-081 

BURNS cnicccccscncstiaseniarsacssindencens l 2-299 1-364 2-081 
3 2-480 1-125 2-412 

IE (ns cestsnrcencncnonsscaccestaseoee 9 2-299 1-516 1-989 
PY ddbsticciensccticcdsictussubccduvougessess 5 2-013 1-400 1-773 


at which the extinction coefficient attains one-tenth of its maximum value are not 

significantly different. These transition energies are related linearly to the electron 

affinity (E,) of the N-heteroaromatic cation (Fig. 5A), as the delocalised model of the 

excited state requires (eqn. 1), but they do not show the correlation with the nucleophilic 
7 Franck and Scheibe, Z. phys. Chem., 1938, 189, A, 22. 


® Smith and Symons, Discuss. Faraday Soc., 1957, 24, 206. 
* Kosower and Skorcz, Handbook of the 4th Meeting on Molecular Spectroscopy, Bologna, 1959. 
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atom localisation energies (E,) of the cations (Table 2) that the localised model predicts 
n. 2). 
hen the Hiickel method and first-order perturbation theory are used, the effective 
electron affinity (E,) of the x-electron system in a N-heteroaromatic cation is given by the 
expression : 

E, = ag — EB + CPAay Se eee eee 
where Axx is the increment in the Coulomb integral of nitrogen relative to that of carbon 
(ac), EB is the energy of the lowest unoccupied orbital in the aromatic hydrocarbon corre- 
sponding to the N-heteroaromatic cation, E being a calculated coefficient and 6 an 
empirical energy representing the carbon-carbon resonance integral, and C,? 1s the one- 
electron charge density in that orbital at the position substituted by a nitrogen atom in the 
cation. Calculated values of E and C,? are given in Table 1. Then eqns. (1) and (3) 
lead to: 

E, = Constant+ E@—CBAwy . .... . (4) 


so that for a particular value of Aay in terms of § a linear relation should be observed 
between the transition energy (F;) and the calculated values of E and C,? (Table 1), accord- 
ing to the delocalised model for the excited state of the lowest-energy charge-transfer 
transitions. A linear relation is found (Fig. 5A) if Aay = 8, and the slope of the relation 
gives these quantities the value of ~15,000 cm... The same value of Aay is obtained 
from the plot of E, against C,? for a group of compounds with a common value of E, ¢.g., 
the azanaphthalenes or azaphenanthrenes (Table 1). 

The zx-electron localisation energy for nucleophilic attack at a carbon atom in a N- 
heteroaromatic cation, according to first-order perturbation theory, is given by the 
expression : 

E, = Ey, — (¢, — 1)Aay + Constant ike «we 


where Ey, is the atom localisation energy, calculated by the Hiickel method, for the 
aromatic hydrocarbon corresponding to the cation, and gq, is the x-electron charge density 
in the carbanion corresponding to the adduct, formed by nucleophilic attack upon the 
cation, at the position occupied by thenitrogen atom in the adduct; e.g., the 3-position 
in the pentadienyl anion in the case of the adduct (1). The nitrogen atom in such adducts 
(e.g., 1) is neutral, and so the appropriate value for A«y, which has been determined 
experimentally,” is 0-68. Equations (2) and (5) and the calculated values of E, (Table 2) 
indicate that the lowest-energy charge-transfer bands of isoquinoline and phenanthridine 
methiodide should lie at a lower frequency than that for quinoline methiodide, it being 
assumed that the iodine atom adds to the more reactive of the carbon atoms adjacent to 
the nitrogen atom in the excited state of the charge-transfer transition, a mode of attack 
which would be stereochemically favoured by electrostatic interaction in the ground state, 
or that these bands should lie at the same and at a lower frequency, respectively, than for 
quinoline methiodide, on the assumption that the iodine atom adds to the 4-position of the 
quinolinium ion. These consequences of the localised model for the excited state of the 
charge-transfer transition in the N-heteroaromatic iodide salts are not supported by the 
experimental data (Table 1). 

Further evidence for the delocalised model of the excited state resulting from the 
lowest-energy charge-transfer transition in N-heteroaromatic iodides is provided by the 
electronic spectra of the polymethylpyridine methiodides, measured by Kosower and 
Skorez® (Table 3). The inductive and hyperconjugative effects of a methyl group 
attached to a carbon atom raise the energy of the lowest unoccupied x-electron orbital in 
the pyridinium ion, and thus increase the charge-transfer transition energy in the iodide 
salt, on the delocalised model for the excited state. First- and second-order perturbation 
theory indicate ™ that the inductive and hyperconjugative effects of a methyl group upon 


% Mason, /J., 1958, 674. 
" Longuet-Higgins and Sowden, J., 1952, 1404. 
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TABLE 3. The frequency (Vmax) and apparent extinction coefficient (e) of the long-wavelength 
charge-transfer band maxima of the polymethylpyridine methiodides in chloroform solution, 
The sum of the one-electron charge densities (>,C,*) in the lowest unoccupied x-orbital of 
pyridine at the carbon atoms substituted by methyl groups, calculated with Aay = 0-88. 


























No. Pyridinium iodide Vax (cm.~!) 4 Emax. (I. mole! cm.-) ¢ r,C? 
14 1-Methyl 26,740 1200 0 

15 1,2-Dimethyl 27,490 860 0-162 
16 1,3-Dimethyl 27,170 1320 0-045 
17 1,4-Dimethy] 27,880 1240 0-312 
18 1,2,3-Trimethyl 28,160 820 0-207 
19 1,2 4-Trimethyl 28,480 940 0-474 
20 1,2,5-Trimethyl 27,820 1040 0-207 
21 1,2,6-Trimethyl 27,930 440 0-324 
22 1,3,5-Trimethyl 27,320 1370 0-090 
23 1,2,4,6-Tetramethyl 29,370 480 0-636 


* Quoted from Kosower and Skorcz, Handbook of the 4th Meeting on Molecular Spectroscopy, 
Bologna, 1959. 


Fic. 5. (A) The relation between the frequency (ve = 100) of the lowest-energy charge-transfer band in the 
spectra of the polycyclic N-heteroaromatic iodide salts and the electron affinity parameter (E — C,®) of 
the N-heteroaromatic cation. (The numbers refer to the compounds listed in Table 1.) 

(B) The relation between the frequency (vVmax.) of the lowest-energy charge-transfer band in the spectra of the 
polymethylpyridinium iodides and the parameter (>,C,*) governing the inductive and hyperconjugative 
effects of the methyl groups on the electron affinity of the pyridinium ion. (The numbers refer to the 
compounds listed in Table 3.) 
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the charge-transfer transition energy are proportional to the one-electron charge density 
(C,2) in the lowest unoccupied orbital of the pyridinium ion at the position substituted by 


the methyl group, the effects for polysubstitution being additive. Accordingly the charge- 
transfer transition energy (E,) of the polymethylpyridine methiodides is given by 


E,=(I+ H)>,C2+ Constant . .... . (6) 
where J and H are constants representing the intrinsic inductive and the hyperconjugative 1 
capacitiy, respectively, of the methyl group in relation to the pyridinium system, the sum é 





being taken over all the carbon atoms, r, substituted by methyl groups. 
The calculated one-electron charge densities in the lowest unoccupied orbital of pyridine 
at the various carbon positions are sensitive (Fig. 6) to the particular value adopted for the 
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Coulomb integral increment of nitrogen (Aay). Limiting values, obtained experimentally,!® 
are 0-68 for a neutral, and 2-58 for a positvely charged nitrogen atom. Within the range 
Aay = 0-6—1-08 the calculated charge densities give a satisfactory linear relation between 
E, and ,C,’, as required by equation (6), the correlation illustrated (Fig. 5B) being obtained 
from the charge densities calculated with Aay = 0-88 (Table 3). The value of Aay giving 
charge densities that show the best agreement with equation (6) cannot be closely specified, 
owing to a possible steric effect of the 2-methyl group on the charge-transfer transition 
energies. A 2-methyl group lowers the apparent extinction coefficient of the pyridine 
methiodide charge-transfer band (Table 3), probably by hindering the approach of the 
iodide ion to the positively charged nitrogen atom in the ion pair. A hypsochromic shift 
of the band may result in addition, since 1,2,3-trimethylpyridinium iodide, in which the 
3-methyl group buttresses the steric effect of that in the 2-position, absorbs at a higher 





Fic. 6. The relation between the one-electron charge densities (C,*) 
at the 2-, 3-, and 4-position in the lowest unoccupied m-electron ae 
orbital of pyridine and the Coulomb integral increment of the v 
nitrogen atom expressed in terms of the carbon-carbon re- 
sonance integral (AayB). 
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frequency than the 1,2,5-isomer (Table 3). However, such a steric effect is not obvious in 
the polycyclic compounds with the nitrogen atom in a peri-, meso-, or bridge-head position, 
and the hindered molecule, benzo[h]quinoline methiodide (IV), whilst 
CI 7 absorbing with a low intensity (Table 1), has a charge-transfer transition 
+2  - energy showing satisfactory agreement with equation (4) (Fig. 5A). 
N . . “a: . 
O) Me In the excited state resulting from a charge-transfer transition in a 
(iv) N-heteroaromatic iodide the nitrogen atom may retain a partial positive 
charge, as the electron transferred from the iodide ion is delocalised 
over the carbon positions in the z-electron system. The particular value (Axy = 8) of the 
Coulomb integral increment of the nitrogen atom in the excited state required by equation 
(4), and the range (Axy = 0-6—1-08) required by equation (6), are thus consistent with the 
assumptions of the delocalised model for the excited state, lying between the values !° 
for a neutral and a positively charged nitrogen atom (0-68 and 2-58 respectively). 


EXPERIMENTAL 


Materials—Samples of quinolizinium, and benzo-{a]- -[b]-, and -[c]-quinolizinium salts were 
kindly provided by Dr. Gurnos Jones.!2 Additional quinolizinium bromide was prepared by 
the method of Glover and Jonés,!* and benzo{b]quinolizinium bromide according to Bradsher 
and Beavers’s directions.1* The bromides and perchlorates were converted into iodides by 
double decomposition with potassium iodide in acetone. The remaining compounds were 


12 Glover and Jones, J., 1958, 3021. 
* Bradsher and Beavers, J. Amer. Chem. Soc., 1955, 77, 4812. 
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prepared from commercial specimens of the parent bases by treatment with methyl] iodide in 
methanol at room temperature, except in the case of benzo[h]quinoline, where the reaction 
mixture was heated in a sealed tube at 100° for 24 hr. 

Solvent.—Spectra measured with different batches of ‘* AnalaR ”’ chloroform were not always 
reproducible, probably owing to a variation in alcohol content. Accordingly, this chloroform 
was dried by calcium chloride and distilled from phosphoric oxide. 1% by volume of dry 
ethanol was added as a stabiliser, results with different batches of this solvent being 
reproducible. 

Spectra.—These were measured with a Hilger Uvispek quartz spectrophotometer with a 
methiodide concentration in the range 2—5 x 10M, and cells of 0-1, 1, 4, and 10 cm. fixed 
path length, and 0-01—1 cm. variable path length. 


The author is indebted to the Royal Society for the loan of a spectrophotometer. 
Tue UNIVERSITY, EXETER. [Received, January 12th, 1960.) 


494. A Study of the Adsorptive Properties of Firebrick in Relation to 
its Use as a Solid Support in Gas—Liquid Chromatography. 
By J. BoHEMEN, STANLEY H. LANGER, R. H. PERRETT, and J. H. PURNELL. 


The adsorptive characteristics of Silocel firebrick have been studied in 
connexion with its use as a solid support in gas-liquid chromatography. 
Adsorption isotherms for two organic vapours have been determined by the 
technique of frontal development chromatography. These were found to 
be of the Langmuir type and yielded a value for the surface area of the brick 
of 2-9 m.2/g. The isotherms have been correlated with chromatographic 
data obtained by the elution method using columns containing dry firebrick. 

The adsorptive capacity of the brick has been shown to be very consider- 
ably reduced after reaction with hexamethyldisilazane and any remaining 
‘adsorption could then be virtually completely suppressed by adding trace 
quantities of polyethylene glycol (M, 400). The possibilities of treatment of 
other conventional solid supports by hexamethyldisilazane are discussed, 
and it is suggested that gas—solid chromatographic adsorbents of any desired 
activity may be prepared by controlled treatment. 


THE solid particles normally used in gas-liquid chromatographic columns should, ideally, 
serve only as a support for the chosen involatile solvent; but this is often not the case, and 
if the weight ratio of support to solvent is more than about 20 : 1, adsorption by the support 
particles may become significant even though such materials as firebrick are, in fact, 
only weak adsorbers of most substances. The consequence of this adsorption is that 
retention volumes are no longer directly proportional to the weight of solvent, and so 
specific retention volumes can only be reliably measured with columns containing a high 
proportion of solvent. The fact that these values cannot be extrapolated to lean columns 
is a considerable inconvenience since it has been shown }? that both efficiency and speed 
are gained by the use of such columns. In certain circumstances adsorption by the solid 
support can interfere with analysis even when columns contain a high proportion of solvent. 
This is particularly the case when polar solutes are involved, as shown by the elution of 
acetone or methanol from columns containing as much as 20% by weight of squalane on 
firebrick. Band spreading of the solute is so great that squalane columns can hardly be 
used for the analysis of mixtures containing polar materials. Since firebrick possesses all 
the desirable attributes of a column support material, except that of adsorptive inertness, 
it is worthwhile to study means whereby its adsorptive capacity can be reduced to an 
acceptable level. 


! Scott, ‘‘ Gas Chromatography,” 1958, Butterworths, ed. Desty, p. 36. 
* Purnel!, dun. N.Y. Acad. Sci., 1969, 72, 592. 
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Several methods of pre-treatment of siliceous support materials have been described 
recently. Among these are acid- and alkali-washing,>* metal deposition, and polymer 
deposition.** Knight ® has described an alternative approach in the use of carrier gases 
saturated with water vapour. For use in gas~solid chromatography active carbon has 
been partially deactivated by incorporation of small amounts of squalane,’ and alumina 
has been similarly treated with silicone oil.6 None of these methods seems ideal, since, 
for example, the first two are claimed only to remove alumina and ferric oxide and do little 
to modify the characteristics of the silica. Metal deposition suffers the drawbacks of 
expense and, in addition, there is no guarantee that the metals will not react with, or serve 
as catalytic surfaces for, the reactions of solutes. Finally, saturation of a carrier gas with 
water or any other vapour calls for close experimental control and is in any case unlikely 
to be suitable in all systems and with all detectors. 

Since the commencement of this work the use of dimethyldichlorosilane, which reacts 
with hydroxyl groups, has been briefly described.® This approach, which is similar to 
that adopted in this work, seems to be better than those described above, since it is widely 
assumed that the active adsorption sites in siliceous materials involve hydroxyl groups or 
electron-rich centres, and their elimination by chemical rather than physical means seems 
desirable. 

Dimethyldichlorosilane presumably reacts with hydroxyl groups located on the silica 
surface in the following way: 


m= $i 
-Si-O-Si- + SiCI,Me, ——» | } + 2HCI 

O 

OH OH a al 


i 
ni \Me 
Evidently, two adjacent sites should carry hydroxyl groups for reaction to proceed to 
completion, and so it is unlikely that there will be complete removal of hydroxyl groups or 
reactive sites. In the presence of a single hydroxyl group reaction might proceed as 
follows: 


- ae 
-Si-O-Si- + SiCI,Me, —> ub be Sire + HCI 
OH 


The remaining Si-Cl function is likely to confer undesirable properties such as reaction with 
solute. For example, with water, hydrogen chloride would be formed along with a 
hydroxylated surface similar to that of the original material. 

The approach adopted in this work was suggested by the knowledge that hexamethyl- 
disilazane reacts quantitatively with hydroxyl groups !"! according to the reaction 


SiMes*NH°SiMes 4+ 2OH~ —— 2SiMe,°O- + NH; 


or, as envisaged on a silica surface 


Pr: - sal | | 
-Si-O-Si- + SisMegNH ——p> vaiterhads ihada tnciadiin -+ NHg 
OH OH 


3 James and Martin, Biochem. J., 1952, 50, 679. 

* Liberti and Cartoni, ‘‘ Gas Chromatography,” 1958, Butterworths, ed. Desty, p. 248. 

° Ormerod and Scott, J. Chromatog., 1959, 2, 65. 

’¢ J. H. Knox, personal communication. 

* Knight, Analyt. Chem., 1958, 30, 2030. 

” Eggertson, Knight, and Groennings, Analyt. Chem., 1956, 28, 303. 

§ Scott, J. Inst. Pet., 1959, 45, 424. 

* Kwantes and Rijnders, ‘‘ Gas Chromatography,” 1958, Butterworths, ed. Desty, p. 63. 
© Langer, Connell, and Wender, J. Org. Chem., 1956, 28, 50. 

1 Langer, Pantages, and Wender, Chem. and Ind., 1958, 1664. 
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the reactive hydroxyl groups being quantitatively replaced by a group which may be 
expected to be very considerably less active as an adsorption site. Since the reaction 
probably proceeds in two stages with, in the first, 





































| 
~Si- + Si,MegNH —> Sag Oi + SiMes’NH, 
OH 
followed either by 


| | 
-Si- + SiMey*NH, ——> eT + NH, 


OH 
or by 


2SiMe,*-NH, ——3> Si,Me,NH ++ NH 


hydroxyl groups at adjacent sites are not necessary to the reaction, a fact borne out by the 
quantitative yield of ammonia obtained in reactions with known concentrations of 
hydroxylated materials. Water or hydroxyl groups on the surface of compounds of 
aluminium, iron, or other impurities will obviously also be removed by the silazane and 
their prior removal becomes unnecessary. 

It is not to be expected that this treatment of siliceous or other support materials will 
entirely eliminate their adsorptive properties but, as is shown later, the small amount 
of residual adsorption can be suppressed to an acceptable level by the additions of 
extremely small quantities of polar liquids with good spreading properties such as the 
polyethylene glycols. 


EXPERIMENTAL 


Treatment of the Support.—All the work described here was carried out with Silocel fire- 
brick. This was sieved dry and then wet and residual fines were removed by sedimentation. 
The material was then dried under vacuum at 150°. 

25 g. of this sample, while still warm, were covered with a mixture of 80 ml. of light petroleum 
(b. p. 60—80°) and 15 ml. of hexamethyldisilazane. The mixture was heated on a steam-bath 
and refluxed for hr. A drying tube of calcium sulphate was used at the condenser exit. After 
refluxing, 2 ml. of n-propanol were added. This helps materially by wetting the firebrick, and 
although it reacts with unchanged hexamethyldisilazane to form SiMe,*OPr, this in turn reacts 
with hydroxyl groups in the same way as the parent silazane. After 30 hr. the mixture was 
again refluxed for several hours. The firebrick was then washed with light petroleum 
(2 x 50 ml.), then n-propanol (1 x 50 ml.), and then again with light petroleum (2 x 50 ml.). 
Finally, it was filtered off and dried for 2 hr. on a steam-bath in an atmosphere of nitrogen. 

Preparation of Columns.—Columns were prepared in stainless-steel tubes, and the method of 
packing and the chromatographic apparatus were those already described elsewhere.* 

The elution chromatographic apparatus was operated with a double-channel thermal con- 
ductivity cell. One arm of this cell was sited at the outlet end of the column, and the other was 
situated at the inlet end between the point of sample injection and the column head and as near 
to the latter as possible. In consequence of this arrangement, an “‘ injection peak ’’ appeared 
on every chromatogram, its size and width being a measure of the reproducibility of the | 
injection. These injection peaks appear on the “ negative” side in the chromatograms shown | 
later, being followed when vapour samples were used by an air peak, also negative, and finally ( 
by the peak of the solute under study. The distance between the air peak and the solute peak 
is clearly a measure of the retention of the solute. If they were superimposed the retention 
would be zero. Improved performance of the firebrick i.e., reduced adsorption, is therefore 
indicated by closer correspondence of the air and solute peaks in the chromatograms obtained 
with columns containing only packing and no solvent, i.e., the extent of solute adsorption 
becomes comparable to that of an inert gas. 

Determination of Adsorption Isotherms.—To assist in the evaluation of the chromatographic 
results, attempts were made to determine adsorption isotherms of certain solutes on the various 
supports by conventional B.E.T. and gravimetric methods. The adsorption was in each case, 
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however, so feeble that useful data could not be obtained. The chromatographic technique of 
frontal development is capable of yielding data from which adsorption isotherms may be 
constructed and the method has been applied by Phillips and his collaborators ™ in studies of 
adsorption of vapours by charcoal. In consequence, this method was adopted in this work; 
it gave reasonably consistent results. 

The apparatus consisted of a pre-mixing system for introducing streams of nitrogen and vapour 
of known composition into a column of the material under study. Detection of eluted material 
was made by a thermal conductivity cell, the signal being fed to a Foxboro e.m.f. Dynalogue 
recorder. The chromatograms obtained were the usual step-type diagrams. It is hoped to 
describe this apparatus and further results in greater detail later. 


RESULTS AND DISCUSSION 


Fig. 1 illustrates chromatograms obtained in the elution by nitrogen, at constant flow 
rate, of cyclohexane, acetone, and benzene from each of four columns. These columns, 
which were as nearly as possible identical in length, diameter, and packing density, 


Fic. 1. Elution by nitrogen of (1) cyclohexane, 
(2) benzene, and (3) acetone at 50° from 1-5 m. x Fic. 2. Effect of benzene sample size on peak 
0-5 cm. columns containing: (A) untreated fire- position and shape. Elution by nitrogen at 


brick; (B) fivebrick treated with hexamethyldi- 50° from 150 cm. x 0-5 cm. column of un- 
treated firebrick. First ‘‘ negative” peak is 
sample at column head, second is air emerging 
from column outlet. Samplesizes: (a) 0-5 ml.; 
(b) 1-0 ml.; (c) 2-0 ml. of vapour. 


silazane; (C) untreated firebrick +-0-1% of poly- 
ethylene glycol 400; (D) treated firebrick +-0-1% 
of polyethylene glycol 400. (Sample injection at 
right of each chromatogram, “ negative’ peak 








is air.) 
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contained: (4) Johns—Manville Silocel firebrick (C.22) untreated in any way. (B) Fire- 
brick which had been treated with hexamethyldisilazane. (C) Untreated firebrick to 
each 1 g. of which had been added 0-001 g. of polyethylene glycol 400. (D) Hexamethyl- 
disilazane-treated brick to which had been added polyethylene glycol as in (C). 

We consider first the chromatograms obtained with column A; cyclohexane is the 
solute least strongly retained by the natural brick, acetone being more strongly retained 
and showing, in addition, marked asymmetry of its peak. Benzene, the most strongly 
retained of the three solutes, like acetone, yields highly distorted peaks. 

The extent of retention and the degree of asymmetry of the resulting peaks is to a large 
extent determined by sample size. Fig. 2 illustrates this for the elution of benzene from 
12 James and Phillips, J., 1954, 1066. 
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column A. With increasing benzene sample size the peak broadens, the front appearing 
earlier. It is noteworthy that the back of the peak hardly changes position with sample 
size and, in fact, if the various peaks are superimposed the tails merge and reach the base 
line at the same point. This behaviour, which was also observed for acetone, methanol, 
n-propanol, hex-l-ene, and acetaldehyde, would seem to imply an adsorption isotherm of 
the Langmuir type in which a saturation limit is reached. 

Comparison of the curves obtained with column B (Fig. 1) with those from column A 
immediately shows the marked reduction of adsorption following from treatment of the 
firebrick with hexamethyldisilazane. Not only do the peaks emerge very much sooner, 
that is, closer to the air peak but they are narrower although still somewhat asymmetric 
for benzene and acetone. A similar improvement, though nothing like as great, is effected 
by addition of a trace of polyethylene glycol to untreated brick. This is evident from the 
curves for column C also shown in Fig. 1. 

The result of combining the treatment of the brick with hexamethyldisilazane with 
the addition of the polyethylene glycol is shown in diagrams D of Fig. 1, and there is no 
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Fic. 3. Chromatograms of mixture of cyclohexane, 
benzene, and acetone from columns 120 cm. xX 0-5 cm. 
of 20% squalane on fivebrick. (A) Untreated brick; 
(B) hexamethyldisilazane-treated brick. Flow rates 
are the same and the carrier gas was nitrogen at 
50°. Order of elution: acetone, benzene, and cyclo- 
hexane. 
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doubt that adsorption has been effectively eliminated. For all three solutes the chromato- 
graphic and air peaks are virtually superimposed, the difference between them corre- 
sponding only to about 2 ml. of gas flow. This quantity is partly residual adsorption 
and partly retention by the very small amount of polyglycol. The latter is of no 
significance for the solutes studied, but for high molecular-weight solutes might result in 
an appreciable retention. However, this could be turned to good account, since the 
column might well be used as it stands for very rapid analysis of high-boiling mixtures at 
low temperatures. 

Fig. 3 shows a comparison of chromatograms of mixtures of cyclohexane, acetone, and 
benzene obtained with columns containing packings of 20% by weight of squalane on 
firebrick. The upper chromatogram was obtained with normal firebrick, while the lower 
was obtained with hexamethyldisilazane-treated brick. The acetone peak is highly 
distorted when untreated brick is used but when treated material is employed there is a 
considerable improvement. It is apparent that, after treatment, firebrick is more suitable 
as support for non-polar solvents in the analysis of polar materials. A point of importance 
brought out in Fig. 3 is that, even with a column containing as much as 20% by weight 
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of squalane, the retention of acetone is, in large part, the result of adsorption by the support 
and not just due to solution in the squalane. Obviously, great care should be taken when 
specific retention volumes are measured in systems of this type. The fact that the 
retention volumes of the hydrocarbons are the same with both columns while those of 
acetone are different suggests that the adsorption sites for the different types of solute 
differ in some way, those operative in benzene adsorption being suppressed by the large 
amount of squalane present while those at which acetone is held are still available. 

While the addition to a column of such a small quantity of polyglycol as 0-1% is of 
little consequence in terms of the added retention, for example, the retention of benzene 
by 20% squalane would be nearly 1000 times as great as that due to the polyglycol, it 


Fic. 5. Adsorption isotherms for benzene vapour at 

lic. 4. Adsorption isotherms for acetone vapour at 50°. (1) Untreated brick; (2) hexamethyldi- 

50°. (1) Untreated brick; (2) hexamethyldi- silazane-treated brick; (3) untreated brick with 
silazane-treated brick; (3) untreated brick with 0-1% of polyethylene glycol 400. 

0:1% of polyethylene glycol 400. 
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would be more satisfying in some respects if the solution to the adsorption problem could 
be found entirely through chemical means. 

Adsorption Isotherms.—The adsorption isotherms for acetone and benzene on (1) un- 
treated firebrick, (2) firebrick treated with hexamethyldisilazane, and (3) firebrick with 
0-1% (w/w) of polyethylene glycol 400 are illustrated in Figs. 4 and 5. The curves 
obtained with untreated firebrick are very similar, although they cross at a partial pressure 
of adsorbate of 50 mm. The general form of these curves is consistent with Langmuir- 
type adsorption, as was suggested earlier on the basis of the observed chromatographic 
effects (see Fig. 2). Further tonfirmation of this view is obtained from Fig. 6, in which 
the data of Figs. 4 and 5 are replotted in the form 1/V yas. against 1/f.4. The data for both 
acetone and benzene yield satisfactory straight-line plots, within the precision of the 
measurements. The area of the benzene molecule being assumed to be 31 A?,)° the inter- 
% McKee, J. Phys. Chem., 1959, 68, 1256. 
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cept on the 1/V 44, axis yields a surface area of 2-9 m.?/g., in excellent agreement with the 
value recently reported by Lee, Wall, and Baker,’ who used nitrogen adsorption at low 
temperature. The points on curves (1) shown as crosses within circles and located on the 
broken lines, were calculated from Fig. 6. A further possible check on the surface area 
obtained in this work can be made by comparison with recent measurements for the 
adsorption of benzene vapour on silica gel reported by McKee.* The saturation value 
reported by him, about 80 c.c. of vapour at N.T.P., is close to 270 times that found in this 
work. By simple analogy, we would expect the silica gel used by McKee to have a surface 
area of about 780 m.?/g., which may be compared with his reported values ranging from 
500 to 600 m.?/g. 

The isotherms for the hexamethyldisilazane-treated firebrick are virtually identical for 
acetone and benzene. Owing to experimental difficulties, it was not possible to extend 


Fic. 7. Plots of effective partition coefficient 
against partial pressure for benzene and 
acetone vapours with untreated and treated 


brick. 
lic. 6. Langmuir plots of adsorption = 
isotherms (Figs. 4 and 5). 
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measurements to pressures as low as would have been wished. All of the points obtained 
fell on a plateau, and the form of the isotherm at lower pressures can only be supposed to 
be similar to that for untreated firebrick. However, it is clear from the diagrams that 
saturation of the treated firebrick is reached at about one tenth of the equilibrium pressure 
for saturated untreated firebrick. Further, the height of the plateau for the treated fire- 
brick is, at most, one third of the value to be expected for the untreated material. Clearly, 
the treatment is very effective in suppressing the adsorptive characteristics of firebrick, 
and it should be borne in mind that the material used in the experiments cited had not 
received the most effective form of treatment. There is good reason to suppose that the 
chemical treatment can be used to reduce adsorption even more significantly. 

The isotherms for firebrick with 0-1% of polyethylene glycol lie generally between 
those discussed above. In form, they are more similar to those for untreated firebrick 
than to those for the treated substance. This is particularly true for acetone adsorption, 
where the curve virtually parallels that for the untreated firebrick. No saturation limit 
was reached in the experiments, though these extended to 10% of vapour in nitrogen, 


™ Baker, Lee, and Wall, 2nd Intern. Sympos. of I.S.A., Lansing, Michigan, June, 1959. 
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a value probably never attained in elution gas chromatography. Thus, while the poly- 
glycol certainly reduces the amount of adsorption observed, the extent of this is not 
comparable with that resulting from chemical treatment. 

Fig. 7 illustrates plots of effective partition coefficients against equilibrium pressures 
of adsorbate for acetone and benzene on untreated and hexamethyldisilazane-treated 
firebrick. From these it is evident that, with increasing size of sample of adsorbate, we 
may expect reduced retention times in a chromatographic column. Since the tail of a 
chromatographic elution peak is a region of very low concentration, we might expect that 
in experiments such as are illustrated in Fig. 3 the position of the tail of the peak for any 
given column would be reasonably constant. This was found. The effect of increased 
sample size in chromatographic experiments would, therefore, be most evident as a reduced 
retention of the high concentration region of the elution band, that is, in this instance, the 
front. The net result of these conclusions is that increasing sample size would lead to 
band-spreading in the forward direction, as observed. 

More detailed consideration of the isotherms shown reveals certain discrepancies, 
particularly in the shape of the isotherms obtained with firebrick carrying polyglycol. 
While the acetone curve closely parallels that for untreated firebrick the corresponding 
curve for benzene shows a curious curvature at the high-pressure end. So far as can be 
ascertained, this curvature is real. The difference in the shape of the isotherms may again 
reflect a difference in the nature of the adsorption sites active towards benzene and acetone 
such as was suggested earlier in the light of the chromatographic data. It is clearly 
impossible, without detailed investigation, to clarify this point. 

A further point of interest is the apparent increase, at high pressures, of the extent of 
adsorption by treated firebrick. Again, there seems no obvious reason why this should 
not be a real effect and, if so, it would seem to indicate the onset of significant capillary 
condensation. Since, however, the pressure region in which this is observed is so high, it 
is unlikely to be an important factor in gas-liquid chromatography, particularly since 
much of the porous structure will be filled with solvent. 

In view of the improved characteristics of firebrick as a chromatographic support after 
treatment with hexamethyldisilazane, there seems little doubt that the treatment could be 
successfully applied to other materials such as Celite or Chromosorb, and even to con- 
ventional gas-solid adsorbents such as alumina or silica gel, which are known to have 
hydroxylated surfaces. The possibility exists that the latter might be modified in such a 
way as to produce adsorbents of any desired activity. Work along these lines is 
proceeding. 
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495. Indium Phosphates: Phase-diagram, Ion-exchange, and 
pH Titration Studies. 


By C. E. A. Browntow, J. E. SALmon, and J. G. L. WALL. 


Phase-diagram studies of the system indium oxide—phosphoric oxide- 
water have shown the following salts to occur as stable solid phases: 
(a) In,O,,2P,0,,11H,O; (6) In,0;,3P,0,,7H,O (both at 25°); and (c) 
In,O;,P,0;,4H,O (at 70°). Ion-exchange experiments, together with pH 
titration studies, have indicated that, in the range of pH 0-05—1-25, the 
extent of complex formation between indium and the anions of the following 
acids decreases in the order HF > H,PO, > HCl > H,SO, > HNO, > 
HClO,. The formation of both anionic and cationic phosphato-complexes 
of indium, under specified conditions, has been detected by ion-exchange 
techniques. 


Apart from the studies of Winkler! and Ensslin, Dreyer, and Lessmann? on indium 
phosphates as precipitated from solution, little information is available concerning these 
compounds. However, pH titration and ion-exchange studies *4 have provided indication 
of complex formation between indium and phosphate ions. In order to establish whether 
the properties of the indium phosphates were similar to those of iron(111) and aluminium, a 
more detailed examination has been made. 


EXPERIMENTAL 


Materials.—Indium phosphate. Sodium hydroxide was added to a solution of an indium 
salt in excess of phosphoric acid until a slight permanent precipitate was formed. The solution 
was then heated on a steam-bath, and the precipitated indium phosphate washed, with a long 
period of contact, by decantation with hot 0-5% phosphoric acid, then filtered off and washed 
with hot water. The product, after drying in air, was shown by analysis to be a hydrated 
tertiary indium phosphate. 

Indium chloride and nitrate solutions. These were prepared by dissolution of indium in the 
concentrated acid, followed by dilution. 

Ion-exchange resins. The cation exchanger Zeo-Karb 225 and anion exchanger Amberlite 
IRA-400 were used. 

Analytical Methods.—Indium was determined by an EDTA method,' and phosphate gravi- 
metrically as ammonium phosphomolybdate. 

Measurements of pH were carried out by using a commercial pH meter with a glass electrode 
and a saturated calomel electrode, or (in the case of hydrofluoric acid) narrow-range pH 
indicator papers. 

Cation- and anion-exchanger capacities were determined by standard procedures.® 

Procedures.—Phase-diagram studies. The indium phosphate was added portionwise during 
2—3 weeks to phosphoric acid solutions of various strengths until an undissolved residue 
remained. The suspensions were then kept at the appropriate temperature and stirred at 
intervals until equilibrium was reached, as indicated by check analyses. 

Studies of the removal of indium from cation—exchanger in the indium form. The methods 
previously given ** were employed. 

Cation- and anion-exchange sorption experiments. ‘The procedure previously described was 
used,’ 


1 Winkler, J. prakt. Chem., 1867, 102, 373. 

* Ensslin, Dreyer, and Lessmann, Z. anorg. Chem., 1947, 254, 315. 

3 Holroyd and Salmon, J., 1956, 269. 

* Genge and Salmon, /., 1959, 1459. 

5 Genge and Salmon, Lab. Practice, 1957, 6, 390. 

*® Salmon and Hale, “‘ Ion Exchange, A Laboratory Manual,” Butterworths Scientific Publications, 
London, 1959, pp. 79 and 86. 

7 Salmon, Rev. Pure Appl. Chem., 1956, 6, 24. 
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RESULTS AND DISCUSSION 


Phase-diagram Studies at 25°.—A study of the system In,O,-P,0,;-H,O at 25° for 
solutions containing up to 62% of phosphoric oxide has indicated the following new com- 
pounds as stable solid phases (see Table 1, Fig. 1): (A) In,O;,2P,0,,11H,O as white 


TABLE 1. System In,O;-P,0;-H,O at 25°. Stable equilibrium. 





Solid Solid 
Solutions Moist solids phase * Solutions Moist solids phase * 

In,O; P.O; In,O, P.O; In,O, P,O, In,O, P,O; 
(% (%) (%) (%) (%) (%) (%) (%) 
0:10 2-46 41-64 22-65 C 5-74 40°89 27-54 39-29} 

6-35 42-85 26-11 40-04 
0-38 4-83 20-72 23-18 742 44-61 27-32 40-50 
0-62 8-46 23-54 27:24 973 46-51 24-97 42-10 
0-73 11-46 27-86 30-95 11-57 = 48-18 26-03 42-52 \ A 
1-01 15-42 31-63 34:32 | 
1:17 17-89 28-54 33-98 13:19 49-88 — - 
1-81 22-44 29-65 34:17 | A 13-51 50-29 25-53 48-87 
2-06 26-76 28-21 34-09 14:20 51-73 24-92 49-98 | 
2-80 30-96 27-94 36-28 11-69 54:36 — => 
3-16 32-69 27-68 37-50 
3-61 36-11 27-62 37-50 8-97 56-12 20-72 53-67 
4-46 39-51 27-94 38-10 8-29 56-76 28-70 52-07 -B 
5-03 40-25 28-57 38-98 | 6-35 59-61 19-49 55-73 





493 61:32 21-20 55:86 
* A = In,O,,2P,0,,11H,O. B = In,0,,3P,0,,7H,O. C = In,0,,P,0,,4H,0. 


Fic. 1. System In,O,;-P,0,-H,O aé 25°. Fic. 2. Systems In,O,-P,0,-H,0 at 70°. 
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irregular microcrystals, 1—2 y in size, (B) In,O3,3P,0;,7H,O as rhombohedral plates with 
bevelled edges. The salt (A) could not be formulated exactly, with respect to its degree of 
hydration, from the convergence of the tie lines, and the formula InHPO,,H,PO,,4H,O 
was decided upon in conjunction with the results of experiments in which the compound 
was washed and then dried at various temperatures. 

Some evidence was obtained for the existence of a metastable salt in the range 49— 
53% of phosphoric oxide. In this region, indium oxide has a very high solubility so the 
solutions were very viscous; hence, the separation of the moist solid from the liquid was 
more difficult and the resulting tie lines were correspondingly less accurate. 

Phase-diagram studies at 70°.—A study of the system at 70° for solutions containing up 
to 10°, of phosphoric oxide has indicated the following as a stable solid phase (see Table 2, 
Fig. 2): (C) In,03,P,0,,4H,O as a white crystalline powder. Again, the degree of 
hydration was in part deduced from experiments in which the compound was dried at 
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* Solid phase C = In,O;,P,0,,4H,O throughout. 


TABLE 2. System In,O,-P,0,-H,O at 70°. Stable equilibrium.* to 
Solutions Moist solids Solutions Moist solids ec 
In,O, P,O, In,0, P,O, In,0, P,O, In,0, P,O, TI 
(%) (%) (%) (%) (%) (%) (%) (%) ni 
0-10 0-45 16-59 8-75 0-25 6-11 40-48 22-91 in 
0-17 0-99 35-69 19-81 0-42 8-31 46-83 25-97 . 
0-21 2-80 20-93 12-53 0-61 10-91 41-11 25-20 






















































, , F 
various temperatures. The solid (C) (InPO,,2H,O) has not been described before, although 
indium tertiary phosphate has been reported ? as InPO, after heating at 800°. pe 
pH Titration Studies —The results are given (Fig. 3) of pH titration experiments @ 
in which 0-1m-solutions of indium as chloride and nitrate were titrated with 1-5m-phos- is 
phoric acid. As in the case of aluminium,’ the addition of sodium chloride or nitrate (to - 
Fic. 3. Titration of (a) indium nitrate and (b) indium chloride solution with phosphoric acid. ol 
| fc 
a 
16 
14 P 
C 
s 
=x 
a — 
a 4 
ror © 
pie 
O-8 + —* oF 
2 
0-6 1 \ ! 1 1 l | 1 
oO ‘oOo 20 +O 40 $0 0 ro 20 30 40 $0 
[#,P0,] / [i=] 
1, No added salt. 2, NaNO, added. 3, NaCladded. 4, Na,SO, added. 
give a concentration, in the solution to be titrated, of 0-25m of the salt added) had little , 
effect on the course of the pH titration, and the addition of sodium sulphate (0-25m) led to 0 
a markedly smaller release of hydrogen ions throughout the titration. In all the indium I 
salt titrations, however, the rapid increase in hydrogen-ion concentration during the 
titration, compared with the increase obtained in the titration of potassium sulphate ® 7 
which forms complexes to no significant extent, does indicate that complex-forming 
reactions of the type: I 
In?+ + HsPO, === InHPO,+ + 2H+ 
take place during the titration. It was found that the extent to which hydrogen ions were 
liberated during the titration was subject, in some measure, to the previous history of the S 
indium chloride solution, the ageing effects reported in the cation-exchange experiments t 
being evident also in the pH titrations. < 
Removal of Indium from Cation-exchanger in the Indium Form.—The amounts of indium t 
removed from the cation-exchanger by the various acids indicate the tendency for the 
reaction: 
in?+ + 3H+ ——™ In?+ + 3H+ 9 
(Bars indicate that these ions are in the resin phase.) : 
® Salmon and Wall, J., 1958, 1128. new 
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to proceed from left to right. Any complex formation in solution will disturb the above 
equilibrium, with the result that more metal will be removed from the exchange-resin.® 
The amounts of indium removed by hydrofluoric, phosphoric, hydrochloric, sulphuric, 
nitric, and perchloric acid (Fig. 4) indicate that complex-formation with indium decreases 
in that order. 

Other evidence for the formation of halide complexes of indium has been provided by 
various workers, indicating that the order of decreasing stability of the complexes is 
F > Cl> Br > I *° in accord with the present observation for fluoride and chloride. 

Cation-exchange Experiments with Solutions of Indium Salts——Experiments were 
performed to determine the quantity of indium sorbed on the hydrogen form of the cation- 
exchanger over the pH range 0-5—2-1. Sorption of indium from both indium chloride and 
indium nitrate solutions has been shown (Fig. 5) to increase with pH, but in different 
ways for the two anions. The factors most likely to affect this sorption are: (1) hydrolysis 
of the indium cation, (2) competitive sorption of hydrogen ions, and (3) auto-complex 
formation. The first of these factors, if it led to the sorption of species of lower ionic 


Fic. 4. Removal of indium from Zeo-Karb 225. 
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Fic. 5. Sorption of indium by Zeo-Karb 225. 
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charge, such as In(OH)aq** or In(OH),aq*, could result in the sorption of more than the 
0-33 g.-ion of indium per equiv. of resin that would be expected for the tervalent cation. 
In fact, the sorption of indium rose only a little above the value of 0-33 g.-ion per equiv. 

Moeller showed that indium hydroxide was precipitated from sulphate and nitrate 
solutions when the hydroxide to indium ratio became 0-84 : 1-0 and from chloride solutions 
when the ratio became only 0-02:1-0. It therefore might seem that In(OH)aq?* and 
In(OH),aq* ions are present only to a very small extent in solution and that precipitation 
of hydroxylated species takes precedence over their formation in solution. 

The presence of ions of ‘the type In{[(OH),In],@*™*, as suggested by Biedermann," with 
a limiting value for the charge to metal ratio of unity, should result, however, in 
the sorption of indium on the exchange-resin to the extent of 1-0 g.-ion per equivalent. 
Such species, however, may have been excluded from the resin because their ionic size is 
too great to allow the ion to penetrate the resin network. 


® (a) Carleson and Irving, J., 1954, 4390; (b) Schufle and Eiland, J. Amer. Chem. Soc., 1954, 76, 
960; (c) Roberts and Laubengayer, ibid., 1957, 79, 5895; (d) Sundén, Svensk Kem. Tidskr., 1954, 66, 
50, 173. 

Moeller, J. Amer. Chem. Soc., 1941, 68, 2625. 

1 Biedermann, Arkiv Kemi, 1956, 9, 277. 
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At the lower end of the pH range (Fig. 5) the sorption of less than 0-33 g.-ion 
per equivalent could be due to the second of the factors listed, and in the case of indium 
nitrate the decrease in sorption of indium at low pH values is probably due mainly to this 
cause. 

Auto-complex-formation which, from the ion-exchange experiments with indium-form 
resin reported above, should be greater with the chloride than the nitrate system, could 
cause an increased sorption as InClaq** or InCl,aq*, or decreased sorption as reported 
here, if present in solution as InCl,aq® or InCl,aq~. 

Cation-exchange Experiments with Solutions of Indium Salts and Phosphoric Acid.—With 
both indium chloride and indium nitrate solutions, the addition of phosphoric acid caused 
an enhanced sorption of indium and also appreciable sorption of phosphate on the cation- 
exchange resin. This indicated the presence of cationic indium phosphate complexes in 
the solutions. Tests showed the absence on the resin of chloride and nitrate anions, 
As with the other tervalent metal phosphate systems no indium was sorbed, from similar 
solutions, on an anion-exchange resin, thus indicating the absence of anionic indium 
complexes in the solutions. If the indium chloride solution was first stored for some time 
there was found to be a consistent and significant fall in the quantity of phosphate sorbed 
although the enhanced sorption of indium remained essentially constant (Table 3). 


TABLE 3. Sorption of indium and phosphate by Zeo-Karb 225-H (0-5 g.) from mixtures 
(50 ml.) of phosphoric acid (0-3m) and indium chloride * or indium nitrate * solutions 
(0-1). 


Resin 
Solution Moles per equiv. 
PO, resin 
In pH In PO, p q 
Indium chloride solution freshly prepared 0 1-36 0-358 _— 2-79 -- 
0-33 1:23° 0-405 0-052 — 2-52 
0-73 1-14 0-414 0-067 _ 2-31 
1-26 1-10 0-408 0-079 — 1-75 
1-95 1-06 0-400 0-070 -— 1-67 
Indium chloride solution of age 6 weeks ...... 0 1-36 0-354 —_ 2-82 ~- 
0-33 1-23 0-405 0-033 — 4-28 
0-73 1-15 0-409 0-045 — 3-42 
1-26 1-11 0-407 0-043 — 3-47 
1-95 1-07 0-395 0-039 _ 2-91 
Indium chloride solution freshly prepared 0 1-16 0-336 _ 2-98 — 
0-36 1-09 0-347 0-026 —_ 1-19 
0-80 1-04 0-348 0-046 — 0-73 
1-37 1-02 0-354 0-050 — 1-04 
2-12 0-99 0-366 0-050 ~s 1-75 
3-19 0-98 0-345 0-058 _— 0-43 
4-79 1-00 0-344 0-050 — 0-44 
Indium chloride solution of age 4 weeks ...... 0 1-16 0-329 — 3-04 -= 
0-72 1-12 0-358 0-014 — 6-18 
1-06 1-10 0-358 0-021 ~- 4-21 
1-72 1-07 0-365 0-026 -— 4:24 
2-61 1-05 0-360 0-016 — 5-79 
3-89 1-05 0-357 0-012 — 6-88 
Indium nitrate solution of age 7 weeks......... 0 1-29 0-354 -= 2-83 — 
0-33 1-04 0-449 0-072 —~ 3-78 
0-75 0-96 0-469 0-122 os 2-69 
1-28 0-96 0-467 0-094 -- 3-43 
1-99 0-96 0-458 0-090 — 3-30 


* pH of the solutions adjusted at time of preparation by addition of the appropriate amounts of 
hydrochloric or nitric acids. 


By following the procedure previously adopted,®-!” if the phosphate and indium sorbed 
(designated as Npnosphate and N;, moles per equivalent of resin) are attributed to the sorption 


12 Holroyd and Salmon, J., 1957, 959. 
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of complex [e.g., In,H,(OH),(PO,),7*] and “ free ” ions [e.g., In aq.3+ plus In(OH),@-*, 
etc.], it can be shown that 
PNin — GN phosphate =1 


where # = the mean charge of the free-metal ions, and g = (fv — x)/z, whence g = 
(pNin — 1)/Npnosphate- The value of at any given pH is given by the reciprocal of the 
moles of indium sorbed per equivalent of resin (Fig. 5). Now the value of # used in the 
determination of g can be that of the original nitrate or chloride solution, as is the case in 
Table 3, or adjusted to allow for change in pH with the various amounts of phosphate 
added. However, in view of the very low values of Npnosphate the value of g is much more 
sensitive to changes in Nyhosphate than to changes in . Hence only one set of values for ¢ 
is recorded. 

It can be seen from Table 3 that values for g of the order of 1—2 are generally observed 
with freshly prepared solutions. These would be consistent with the sorption of species 
such as InHPO,* (¢ = 2 for = 3) and InH,PO,?* (¢ = 1 for = 3). The higher values 
of g observed with aged indium phosphate solutions indicate that in such solutions, species 
such as In,(OH),** (formed by dimerisation and similar reactions) are reacting to form 
species such as In,(PO,)(OH)** (¢ = 4 for # = 3) (cf. ref. 10). If either class of solution 
is set aside for a few weeks precipitation occurs, so that the true state of equilibrium 
for this system cannot be ascertained. No previous references to this ageing phenomenon 
in indium chloride solutions could be found in the literature. It may be noted that 
reactions of the type 2In(OH)?+ —» In,(OH),** would not affect the value of #, which, 
significantly, did not vary with time. It is not possible, however, to deduce the precise 
nature of the polymeric species from the present data. 

Anion-exchange Experiments with Solutions of Indium Phosphate in Phosphoric Acid.— 
The sorption of indium and phosphate on samples of anion-exchange resin in the phosphate 
form from solutions of indium phosphate in phosphoric acid demonstrates the presence in 
solution of anionic indium phosphate complexes (Table 4). As with other tervalent metal 
phosphate systems, no phosphate was found to be sorbed from such solutions on a cation- 
exchanger, indicating that no complex indium phosphate cations were present in the 
solutions examined. 


TABLE 4. Anion-exchange experiments with solutions of indium phosphate in 


phosphoric acid. 
Resin (1-0 g.) 
Solution (50 ml.) Moles sorbed per equiv. resin 
In,Os (%) P05 (%) In PO, Capacity t 
0-5 10-0 0-120 0-719 101 
1-5 20-0 0-079 0-693 100 
2-5 30-0 0-049 0-675 99 


+ Percentage capacity of the resin accounted for by assuming sorption of the complex C = 
[InH,(PO,),]*- together with H,PO,~ and HPO,?~ (in equal proportions). 


Sorption of the following possible anionic indium phosphate complexes was considered: 
A = [In(PO,)3)*", B = [InH,(PQ,)3)*, C = [InH,(PO,)s/*", D = [In(PO,),)**, E= 
{InH(PO,),|*-, F = [InH,(PO,),)-, G = [{InH,(PO,),)-, H = [InH,(PO,),)*, I= 
[InH,(PO,),]®-, but the percentage capacity of the resin approached 100 only in the 
case of complex C. Hence, if one complex alone is sorbed, together with free phosphate, 
then it is most likely to be [InH,(PO,),]*~. 


Grateful acknowledgment is made to the Permutit Co. Ltd. for the award of a postgraduate 
Scholarship (to C. E. A. B.) during the tenure of which, part of this work was carried out, and 
to the Imperial Chemical Industries Limited and the Chemical Society for grants. 
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496. Infrared Absorption of the Furano-group in Some Polycyclic 
Aromatic Compounds. 


By L. H. Briccs and L. D. CoLEBROOK. 


Seven infrared absorption bands characteristic of the furano-group in 
benzofurans, furanoquinoline alkaloids, and furanocoumarins are recorded 
and discussed. 


PREVIOUSLY published studies of the infrared spectra of compounds containing the furano- 
group have been confined to monosubstituted or simple polysubstituted derivatives of 
furan. Thompson and Temple? have made vibrational assignments for furan. Nahum? 
has reported on the 3000 cm. region of furan and some dihydrofurans. Cross, Stevens, 
and Watts,® Daasch,* and Cross and Watts 5 have studied a number of 2-monosubstituted 
and 2,5-disubstituted furans over the range 2000—700 cm.. Katritzky and Lagowski® 
have discussed nine characteristic bands for twenty-four 2-monosubstituted furans, 
Kubota’ has studied the spectra of forty-three furano-compounds and has selected three 
bands as characteristic of this group. The compounds ranged from furan itself to a 
tetrasubstituted derivative but were predominantly monosubstituted furans. It has been 
suggested § that certain bands in the spectrum of a 3-monosubstituted furan are character- 
istic of the furanoid system. Sharp bands attributed to CH bending modes of the furan 
ring have been noted in the spectra of some 2,4-dinitrophenylhydrazones containing the 
furan nucleus.® 


Experimental.—Spectra were determined with a Beckman IR-2 spectrophotometer, 
equipped with a sodium chloride prism for the range 2500—670 cm."! and a lithium fluoride 
prism for the range 5000—2500 cm.. Unless otherwise stated, the potassium bromide disc 
technique was used. 


RESULTS AND DISCUSSION 


From a detailed examination of the spectra of three benzofurans, ten furanoquinoline 
alkaloids, and seven furanocoumarins seven bands, listed in the Table, have been distin- 
guished as characteristic of the furano-group in these compounds. With the exception of 


5 OMe 5 
6 oO S 
. | 
S ° 
(I) : N -O (e) : oO (11) 


dibenzofuran and dibenzofuran-2-carboxylic acid all these compounds are 2,3-disubstituted 
furan derivatives. The furanoquinoline alkaloids are based on dictamnine (I) and the 
furanocoumarins on psoralen (II). 

CH Stretching Frequencies.—In addition to the aromatic and aliphatic CH stretching 
bands near 3000 and 2900 cm.-1, respectively, the majority of the compounds exhibit 
bands of weak to medium intensity at 3175—3137 and 3137—3112 cm. (Table, cols. 1 
and 2). The lower-frequency band usually has the higher intensity. This absorption 
appears to be due to the CH stretching vibrations of the furano-nucleus which occur at 


Thompson and Temple, Trans. Faraday Soc., 1945, 41, 27. 
Nahum, Compt. rend., 1955, 240, 1898. 

Cross, Stevens, and Watts, J. Appl. Chem., 1957, 7, 562. 
Daasch, Chem. and Ind., 1958, 1113. 

Cross and Watts, ibid., p. 1161. 

Katritzky and Lagowski, J., 1959, 657. 

Kubota, Tetrahedron, 1958, 4, 68. 

Quilico, Piozzi, and Pavan, Tetrahedron, 1957, 1, 177. 

® Jones, Holmes, and Seligman, Analyt. Chem., 1956, 28, 191. 
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1 2 3 4 5 6 7 
Benzofurans 
1284m 
l 1242s 1104m 867w 842s 
1263m * ; 
2 3152m¢ 3118mt 16l6mt 12475* f 1105s* 86ls* 812w * 
3 3124m 1616s 1258s 1105s 865s 818s 
Furanoquinoline alkaloids 
) 4 3145w 3115m 1626s 1266s 1088s 873s 833s 
‘ 5 3155w 3125w 1621s 1261s 1094s 868m 816s 
of 6 3161m 3125s 1623s 1253s 1089s 859s 840s 
2 7 3146s 3123s 1618s 1263s 1104s 879w 838s 
8 3145m 3112s 1621s 1271s 1094s 873w 827w 
s; 9 3164m 3126m 1626s 1259s 1089s 871m §18s 
d 10 3165m 3135m 1623s 1264s 1099s 858s 821m 
6 11 3165m 3135m 1618s 1272s 1100s 874m 825m 
3 12 3175w 3135m 1623s 1259s 1109s 884m 824s 
S. 13 312lw 1626i 1256s 1109s 885m 821s 
2c 
a Furanocoumarins 
n 14 3165m 3137m 1618s 1259s 1096s 864m 821s 
15 3145w 1616s 1259s 1103s 866m 833s 
¥ i 16 3165w 3134m 1626s 1256s 1096s 868s 827s 
in ; 17 3137s 3116s 1629s 1274m 1092s 880m 838s 
18 3165m 3135s 1639s 1263s 1095s 871m 833s 
” 19 3157m 3130s 1274m 1094s 870m 829s 
20 3175w 3125w 1626: 1272m 1096s 867m 829m 
. Benzofurans 
“ 1 Dibenzofuran 
2 Benzofuran 
” 3 Benzofuran-2-carboxylic acid (coumarilic acid) 
Furanoquinoline alkaloids 
4 Dictamnine 
5 8-Methoxydictamnine (y-fagarine) 
he 6 6,7-Dimethoxydictamnine (kokusaginine) 
n- 7 8-Methoxy-6,7-methylenedioxydictamnine (flindersiamine) 
of 8 7,8-Dimethoxydictamnine (skimmianine) 
9 5,7,8-Trimethoxydictamnine (acronycidine) 
10 7-(2,3-Dihydroxy-3-methylbutoxy)-6-methoxydictamnine (evolatine) 
11 7-(2,3-Dihydroxy-3-methylbutoxy)-8-methoxydictamnine (evoxine) 
12 Dimethylpyranodictamnine (medicosmine) ¢ 
13 Methoxydimethylpyranodictamnine (acronidine) ? 
Furanocoumarins 
14 5-(3-Methylbut-2-enyloxy) psoralen (isoimperatorin) 
ed 15 5-(2,3-Dihydroxy-3-methylbutoxy) psoralen (oxypeucedanin hydrate) 
he 16 5-Geranoxypsoralen 
17 8-Geranoxypsoralen . 
18 8-Hydroxy-5-methoxypsoralen 
ng 19 5,8-Dimethoxypsoralen (isopimpinellin) 
5it 20 8-(2,3-Dihydroxy-3-methylbutoxy)-5-methoxypsoralen (byakangelicin) 
1 «> Lamberton and Price, Austral. J. Chem., 1953, 6, (a) 173, (b) 66. s Strong, m medium, w weak, 
ishoulder. * In CS,. f¢ In CCk. 
on . 
at 


higher frequencies than those of ethylenic double bonds. The absence of these bands 
from the dibenzofuran spectrum supports this assignment. Previous reports”? of 
absorption in this region mention only one band, presumably because a sodium chloride 
prism was used. ‘ 

The constant position of this absorption in the spectra of all types of furan derivatives 
examined suggests its diagnostic value. 

Ring-stretching Frequency near 1600 cm.-1.—In addition to the aromatic bands between 
1600 and 1500 cm.-1, a strong, sharp band, attributed essentially to a C:C stretching mode 
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of the furan ring, appears at 1639—1616 cm.* (Table, col. 3). It is absent from the 
dibenzofuran spectrum. Nahum?” has reported a band at 1621—1580 cm.* due to the double 
bond in some dihydrofurans, and Kubota? two bands, at 1613—1536 and 1522—1447 cm.11, 
ascribed to the furan ring. Katritzky and Lagowski * have assigned bands at 1611—1558, 
1512—1470, and 1405—1377 cm.* to ring-stretching modes of the 2-monosubstituted 
furan nucleus. 

The significantly higher frequency of this absorption in the benzofuran, furanoquinoline, 
and furanocoumarin series may, however, have diagnostic uses in some cases. 

Compounds 12, 13, 14, 16, and 17 possess side chains containing unsaturated linkages, 
the stretching bands of which are not resolved from the furano-group absorption. Absorp- 
tion due to the double bond of the pyrone moiety in compounds 14—20 is superimposed 
on that of the furano-nucleus. 

The CO Stretching Region—A doublet consisting of a medium-intensity member at 
1263 cm. and a strong member at 1247 cm." appears in the benzofuran spectrum. With 
the exception of dibenzofuran, which exhibits single bands at 1284 and 1242 cm.+, all 
other compounds show a medium to strong band at 1274—1253 cm.* (Table, col. 4). 
This absorption may be attributed to a furan ring-stretching mode involving the ether 
linkage. 

The 1100 cm. Region.—A strong band in the range 1109—1088 cm.* (Table, col. 5) 
appears in the spectra of all the compounds examined. 

The CH Out-of-plane Bending Region.—The medium-intensity band at 885—858 cm.1t 
(Table, col. 6) may be assigned to a CH out-of-plane bending mode of the furan ring, in 
agreement with other workers. A band at 867 cm." in the spectrum of dibenzofuran 
is extremely weak. The absence of significant absorption by this compound supports the 
above assignment. All the other compounds, including benzofuran-2-carboxylic acid, 
which has only one hydrogen atom directly attached to the furan nucleus, exhibit this 
absorption. 

A band of variable intensity appears at 842—812 cm. (Table, col. 7). Absorption 
in this position has been noted ® earlier and also assigned ® to a CH out-of-plane bending 
mode. However, benzofuran shows only weak absorption while dibenzofuran unexpectedly 
exhibits a strong band within this range. 

The 750 cm. Region.—Absorption at 795—730 cm. has been reported by other 
workers.*?7_ In simple furans this may be very intense. In the present case the spectra 
are complicated by absorption due to aromatic CH out-of-plane bending modes and no 
absorption attributable specifically to the furano-group can be observed. 


We are indebted to The Chemical Society, the Rockefeller Foundation of New York, the 
Australian and New Zealand Association for the Advancement of Science, and the Research 
Grants Committee of the University of New Zealand for grants, and to Drs. J. R. Price, E. 
Ritchie, and W. L. Stanley for the gift of chemicals. 


DEPARTMENT OF CHEMISTRY, THE UNIVERSITY OF AUCKLAND, 
AUCKLAND, NEW ZEALAND. [Received, November 26th, 1959.) 
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497. The Kinetics of Hydrogen Isotope Exchange Reactions. Part X.* 
The Acid-catalysed Detritiation of [o-*H]|p-Cresol in Water and in 
Deuterium Oxide. 


By V. GoLp, R. W. LAMBERT, and D. P. N. SATCHELL. 


The loss of tritium from [o0-*H]p-cresol has been studied kinetically in 
aqueous hydrochloric acid in the approximate concentration range 3-5— 
6-5N. The reaction velocity has the same dependence on acidity as the 
previously investigated exchange of [o-*H]p-cresol. At the same acidity, 
detritiation is 2—3 times slower than dedeuteration. The detritiation occurs 
1-6, times faster in deuterium oxide than in protium oxide solutions of 4Nn- 
hydrochloric acid. The velocity in mixtures of deuterium oxide and water 
follows the predictions of the Gross-Butler theory. The mechanism of 
aromatic hydrogen exchange is discussed. 


In some of the earlier parts} of this series, evidence concerning the mechanism of acid- 
catalysed hydrogen-isotope exchange in aromatic systems has been obtained by studying 
the dependence of the exchange velocity on the acidity of the medium. In the course of 
our discussion of these earlier results we indicated 1¢ that comparative studies of deuterium 
and tritium exchange might provide further information about the mechanism. Experi- 
ments of this kind have now. been carried out. The rate of loss of tritium from [o-*H]/- 
cresol to aqueous hydrochloric acid has been studied, and the result compared with the 
rate of the previously studied 1 analogous reaction of [o-*H]-cresol, in order to establish 
the effect of the isotopic mass of the leaving atom. The effect of varying the nature of 
the entering isotope has been examined by following the rate of loss of tritium from this 
compound in deuterium oxide, in water, and in mixtures of the two as solvents. 


EXPERIMENTAL 


Materials and Equipment.—Tritium was supplied (as THO), by the Atomic Energy 
Authority, in ampoules of 1 ml. with a nominal activity of 0-2 curie/ml. The deuterium oxide 
was the Norsk Hydro product; that used contained 99-8 wt. % of D,O. The counting was 
performed with an Ekco N612 scintillation unit in conjunction with an Ekco N529 B scaler, and 
an E.H.T. unit 532A supplied by Isotope Developments Ltd. The scintillation solution (to 
which a sample to be counted was added) contained only Eastman Organic Chemicals’ P.P.O. 
(2,5-diphenyloxazole) dissolved in ‘‘ AnalaR’’ toluene. [0-8H]p-Cresol was prepared essentially 
by Gold and Satchell’s method,!* active aqueous perchloric acid being used. Two samples were 
made, m. p. 35°, which exhibited activities corresponding to 21% and 66% of that expected 
for complete exchange equilibrium. 

Procedure for Kinetic Experiments.—The first-order loss of tritium from p-cresol, dissolved in 
an excess of inactive aqueous acid, was followed by extracting samples of the solute and 
determining the loss of activity. (Under the conditions used, negligible activity accumulates 
in the phenolic group.) 

Small known amounts of cresol (ca. 0-04 g.) were dissolved in acid (10 ml.) contained in 
flasks fitted with ground-glass stoppers, and having an additional sealing of Apiezon Q com- 
pound. The flasks, and contents, were kept at 25° in a thermostat bath. At intervals, 1 ml. 
samples were withdrawn, run into 5 ml. graduated flasks, neutralised to Methyl Orange with 
concentrated sodium hydroxide, and then rendered slightly acid by addition of one drop of 
2n-hydrochloric acid. ‘‘ AnalaR”’ toluene (2 ml.) and water were now added to bring the 
volume to 5 ml. After shaking, the layers were separated with the aid of a pipette. The 
aqueous layer was further extracted with one 2 ml. and four 1 ml. portions of toluene. (It was 
shown that this procedure gave a quantitative extraction.) The toluene extracts were placed 


* Part IX, J., 1959, 966. 
fm. (a) Gold and Satchell, J., 1955, 3609; (b) ibid., p. 3619; (c) ibid., p. 3622; (d) Satchell, J., 1958, 
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in a graduated tube and made up to 8-5 ml. This solution was neutralised and dried with small 
amounts of barium carbonate and magnesium sulphate, and 5 ml. were then taken for counting, 
Eight samples were taken foreachrun. To conserve deuterium oxide, the solvent acid volume 
was restricted to 5 ml. for solutions rich in deuterium, and 0-5 ml. samples were taken at 
intervals. In these cases, the concentration of cresol remained similar, but the more active of 
the two specimens was used to maintain a suitable counting rate. The initial sample (at ¢ = 0) 
had an activity providing ca. 80,000 counts/min. The counting time was sufficient to give a 
statistical accuracy of better than 1%. All the samples for a given run were counted on the 
same day to minimise instrumental fluctuation, and all the counting solutions for a given run 
contained the same concentration of cresol, so that any quenching by this solute will have been 
the same in each. It was also shown that added cresol, in amounts up to 10 times that usually 
present in the counting mixtures, had little quenching effect. 

Composition of the Acid Solvents.—Studies were made in five aqueous hydrogen chloride 
solutions with molarities varying between 3-5 and 6-7. These were prepared by the dilution of 
a stock hydrogen chloride solution. Studies were also made with seven different H,O-D,0 
mixtures, each containing 4-0m-hydrogen chloride. Since both the molar and the partial 

















Fic. 1. Dependence of exchange velocity Fic. 2. Dependence of exchange velocity on isotopic 
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molar volumes of water and deuterium oxide are very similar, mixtures of the two may be 
accurately made up by volume. For the solutions rich in deuterium a 7M-solution of hydrogen 
chloride in deuterium oxide was prepared and diluted with deuterium oxide (or water) as 
desired. The greatest atom fraction [D/(D + H)] obtainable for a 4-0m-hydrogen chloride 
solution, when starting with 99-8% deuterium oxide and protium chloride, is 0-962. This was 
considered sufficiently close to unity for the present purpose, and no attempt was made to use 
deuterium chloride. The 7M-stock solution in deuterium oxide was made by absorbing the 
dry gas under conditions which excluded atmospheric moisture and allowed none of the gas to 
bubble through the solution and escape—a process which would lead to loss of deuterium. The 
solutions poor in deuterium were prepared by appropriate addition of deuterium oxide to a 
stock aqueous hydrogen chloride solution. 

Results.—The various rate constants, and others, for comparison, drawn from previous work, 
are tabulated. The dependence of exchange velocity on acidity and on the isotopic composi- 
tion of the medium is shown in the Figures. 


DISCUSSION 


As Fig. 1 shows, the tritium exchange rate increases with acidity in the same manner as 
the deuterium exchange. Roughly parallel behaviour is required by any mechanism so 
far considered for this exchange reaction and therefore does not, by itself, provide a new 
criterion of mechanism. The best straight lines drawn through the two sets of data have 
slopes of —1-14 for deuterium exchange, and —1-23 for tritium exchange. No reliance is 
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placed on this small difference in slope, which may perhaps arise from experimental errors 
affecting the points outside the most convenient part of the velocity range. The experi- 
mental data for [o-*H]/-cresol are those for which in our earlier paper we reported a 
slope of —1-40 for the line of log 4 against Hy. The changed value is due to a recent 
revision 2 of the H, scale for aqueous hydrochloric acid. 

The distance between the lines indicates that deuterium loss is 2—3 times more rapid 
than tritium loss. This is in approximate agreement with ratios in the range 1-5—1-9 
recently reported * for somewhat different experimental conditions, viz., heterogeneous 
exchange between sulphuric acid and isotopically substituted benzene and toluene. An 
isotope effect of this magnitude is substantial, since we are here comparing the masses 2 
and 3, as against the more familiar primary hydrogen isotope effects in which the masses 
1 and 2 are concerned. 


TABLE 1. Loss of tritium from [o-*H]p-cresol to aqueous hydrochloric acid at 25°. 


FED «wre dernsescicss 3-50 4-00 4-76 5-72 6-71 
AED. guheiceteuneone 1-23 1-40 1-68 2-03 2-43 
og Ya renee 4-88 9-44 18-7 54-6 164-0 


TABLE 2. Loss of tritium from [o*H]p-cresol to water—deuterium oxide mixtures 
containing 4-00M-hydrochloric acid, at 25°. 
n = atom fraction of D in solvent; A,, An’, An’, and A,’” are the rate constants for atom fraction n, 


corresponding respectively to the best lines obtained by inspection, by a least-squares treatment of the 
first 6 points, by a similar treatment of points 2—6, and by a similar treatment of all 8 points. 


n 107An 107A,’ 107A,” 107A,’ n 107A, 107A,’ 107A,’ 107A,,’”’ 
0-00 9-55 9-437 9-55 9-77 0-75 13-9 13-45 13-68 14-04 
0-15 10-1 10-15 10-21 10-61 0-90 14-9 14-65 15-21 15-12 
0-30 11-1 11-02 11-31 11-43 0-96 15:3 15-01 15-10 15-59 
0-45 11-9 11-82 11-94 12-19 1-00 * 15-5 15-29 15-47 15-83 
0-60 12-8 12-45 12-84 13-04 


* Extrapolated values. 


TABLE 3. Calculated and experimental rate ratios for water—deuterium oxide mixtures. 


k,’/ky represents the calculated rate for a solvent of atom fraction n, relative to that in pure water 


(see text). 

n hy’ lky An/An An’/Ag’ An’ /An”’ An’ /Ag’”’ n hy’ /Ra An/An An’/An’ An’ /An”’ An’ Ag!” 
0-00 «1 1 1 1 1 0-75 1-450 145 1-425 1-432 1-437 
015 1078 41:06 1-075 1-070 1-086 0-90 1-553 1:56 1-553 1-593 1-547 
0-30 1162 1:16 1-168 1-185 1-170 0-96 1-594 1-60 1-591 1-581 1-595 
0-45 1-252 1:24 1-253 1-251 1-248 1:00* 1-620 1-62 1-620 1-620 1-620 
0-60 1350 1:34 1-320 1-345 1-335 


* Extrapolated values. 


The results in Table 3 and Fig. 2 show that for solutions containing 4N-hydrochloric acid 
the exchange in deuterium oxide as solvent is 1-6, times faster than in water. The results 
in water—deuterium oxide mixtures agree with the predictions of the Gross—Butler theory 4 
based on this rate ratio. To avoid unconscious bias in the evaluation of rate constants, 
these were computed by the method of least squares, and the uncertainty of the rate 
ratios—as revealed by computations based on slightly different assumptions as to the 
most reliable range of each of the runs—is indicated in the graphs. Although the 
systematic error of the rate constants can be appreciably higher, it is thought that the 
probable error of the rate ratios does not exceed +2°8%. The value for deuterium oxide 
as solvent is based on a short extrapolation from the atom fraction 0-96, which proved to 
be the highest proportion of déuterium attainable without the use of deuterium chloride in 


* Bell, Dowding, and Noble, J., 1955, 3106. 
~ * (a) Olsson, Arkiv Kemi, 1959, 14, 85; (b) cf. Melander and Olsson, Acta Chem. Scand., 1956, 10, 
79. 
* Butler and Orr, J., 1937, 330; Nelson and Butler, J., 1938, 958; Gross ef al., Trans. Faraday Soc., 
1936, $2, 877, 879, 883. 
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the preparation of the acid solutions. The extrapolation does not admit much latitude, 
and it was verified that small variations of the value of 4, would not substantially worsen 
or improve the fit of the curve. 

Unfortunately, the agreement of the intermediate rate ratios with the predictions of the 
Gross—Butler theory cannot be adduced as diagnostic evidence for any particular reaction 
mechanism, since one of us has recently shown ® that the result is equivocal in this applic- 
ation (see also later discussion). 

We have previously proposed a mechanism for acid-catalysed aromatic hydrogen 
exchange which involves the rapidly reversible formation of a conjugate acid of the 
aromatic substrate, in which the entering and departing isotopic hydrogen atoms occupy 
non-equivalent positions,t and a subsequent rate-determining rearrangement of that 
conjugate acid: 

H,O+ + ArH* _ (H-++Ar++H*)+ — (H-+Ar+++H*)+ ——g» HAr + H*H,O+ 
i -+-H,O —2 +-H,O 

The isotope effects now observed can be explained on this model as follows: The difference 
between the dedeuteration and detritiation velocities is due to the loosening of the ejected 
atom in the formation of the transition state of the slow step. The rate difference between 
water and deuterium oxide is ascribed to a combination of two opposed effects, viz., the 
effect on the acid—base pre-equilibrium, which will cause the concentration of the conjugate 
acid of the substrate to be greater in deuterium oxide solution (perhaps by a factor of 
2—3) and a smaller reverse effect of the mass of the entering isotope in the rearrangement 
step. The present observations are therefore compatible with the model previously put 
forward. However, they are also compatible with other mechanistic models. For 
instance, with (a) models involving no intermediates, and (b) a model involving a 
symmetrical intermediate, H--+ Ar--- H*. a 

(a) The only hypothesis required to explain the two isotope effects in a model without 
intermediates concerns the tightness of binding of hydrogen in the aromatic substrate, in 
the transition state (here assumed to be symmetrical with respect to the hydrogen atoms 
undergoing exchange), and in the hydroxonium ion. If it is assumed that this binding 
becomes progressively looser along this series—so that a heavier hydrogen isotope will 
cause the greatest stabilisation in the aromatic substrate, a smaller one in the transition 
state, and a slightly smaller one yet in the hydroxonium ion—then the observed isotope 
effects may be explained. 

(b) An exchange mechanism involving a symmetrical intermediate would be analogous 
to the type of mechanism postulated by Melander ® in explanation of the isotope effects 
observed in certain other electrophilic aromatic substitutions, and supported by Zollinger? 
in discussion of his work on isotope effects in diazo-coupling reactions. 

In this scheme, there are two potential-energy maxima, one on each side of the inter- 
mediate. If it is assumed that the binding of hydrogen at the two maxima is tighter than 
in the hydroxonium ion but looser than in the intermediate and in the aromatic molecule, 
then the observed effects may be accounted for. The numerical values, given below, 
illustrate these qualitative arguments for this particular mechanism, which can be written 
as follows (X and Y denoting two hydrogen isotopes) : 


x Yy 
yA xh 
X,0* + ArY oe X,0 +- (X-++ Ar+++ Y)* ——» X,YO* + ArX 
y*-1 
In this notation $. = fh, . £h.,/(EA. + Fh). 


+ Other writers have referred to this intermediate as a 7-complex, although we were careful to avoid 
this term. 


5 Gold, Trans. Faraday Soc., 1960, 56, 255. 
® Melander, Arkiv Kemi, 1950, 2, 213. 
7 Zollinger, Experientia, 1956, 12, 165. 
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Thus, for the two effects observed, we have 


Bo _ Bh Bhs Ba +Hhy . o. 
A Dh, oh, BRA + RR, 


H 
TA RR, Dry Ry + HRs na 


= 21.0. =l ~ 16 
TA hy thy BR + BR 





The following set of rate ratios is consistent with these effects: 
DRy|'thy = 2, Dry Bh, = 2, Ph/tk4 = 255, Rhy | th, = 1-05, Bh/5R- = 1-25 


It is emphasised that this particular set of values is not the only possible one which fits the 
results, though rather little latitude exists in the choice of the ratios. 

Thus, while the isotope effects we have observed do not refute our mechanism involving 
an unsymmetrical intermediate, nevertheless they do not support it in any positive sense 
and it is, perhaps, pertinent to re-examine the whole question of whether the inclusion of 
such an intermediate is essential to an understanding of the exchange process, for doubts 
concerning this have been expressed by Long and Paul ® and by Melander and Myhre.® 

It is recalled that the proposed mechanism involving unsymmetrical conjugate acids as 
intermediates was based on the interpretation of the observed linear logarithmic dependence 
of the exchange velocity on Hammett’s acidity function Hy. It has since been shown that 
this result is not confined to the aqueous acids first studied, but is also found in other 
widely differing acidic solvent systems.” The nature of the recent criticism of our 
proposals by Long and Paul, and by Melander and Myhre, is that a mechanism involving 
slow proton transfers from solvent acid species might also be expected to show correlations 
with H,, and that, therefore, unsymmetrical conjugate acid intermediates are not required 
by our kinetic observations. These two sets of authors base their expectations on different 
grounds, between which it is important to distinguish. 

Long and Paul expect a correlation with H, even when the bases from which the 
protons are being transferred participate in the transition state. As regards transfers 
from the hydroxonium ion, they remark that the water molecule in the transition state 
will be a “ solvation molecule,” and imply that its presence, or absence, in the transition 
state will not, therefore, afiect the activity coefficient of the latter. It has, however, 
been pointed out that the only available experimental measurements do not support this 
suggestion.“ In addition, there are further difficulties for this particular reaction model. 

Gold and Satchell 1* observed the exchange rate to follow H, over the approximate 
composition range 10—85% sulphuric acid by weight in mixtures with water. Over this 
range the hydrogen ion is not the only Brgnsted acid in the system since the presence of 
H,SO, molecules is experimentally established }* above 66%. A rate-determining proton 
transfer, of the type accepted by Long and Paul, would be expected to involve additive 
contributions from the various acids (after the manner of general acid catalysis), in 
particular from H,O* and the stronger acid H,SO,, although no other example of this 
kinetic behaviour is known with certainty. Accordingly, the rate constant of exchange 
would be expected to be given by 


4 = hyjot[H30*) farm fa,otlf*y + Au,s0,[H_S04] fares fu,so./f*s 
where the activity coefficients f+, and f*, refer to the transition states for proton 
transfer from H,O* and H,SO, respectively, and square brackets denote concentration. 
Proportionality between 4 and h, is compatible with this mechanism only if certain obvious 


® Long and Paul, Chem. Rev., 1957, 57, 935. 

® Melander and Myhre, Arkiv Kemi, 1959, 18, 507. 

10 (a) Satchell, J., 1956, 3911; (6) ibid., 1958, 1927, 3910; (c) Mackor, Smit, and van der Waals, 
Trans. Faraday Soc., 1957, 58, 1309. 

11 Kresge and Satchell, Chem. and Ind., 1958, 1328. 

™ Young, Record of Chem. Progress, 1951, 81. 
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assumptions are made concerning the values of the various terms in the above equation, 
We do not feel that these assumptions are probable ones, and it was our reluctance to base 
an interpretation on such assumptions which led us to abandon our preconception that 
exchange in acidic media involves a slow proton transfer and to put forward what seemed 
to be more straightforward mechanistic proposals. The more recently discovered fact 1% 
that deuterium exchange of anisole occurs at similar speeds in sulphuric acid—water and 
sulphuric acid—acetic acid mixtures of the same Hy value (7.e., in media where different 
carriers of the proton must be present) is in full agreement with our mechanism, but 
requires ad hoc postulates if there is a slow proton transfer in which the conjugate base of 
the solvent acid becomes part of the transition state. It therefore seems most probable to 
us that an acceptable mechanism should involve a transition state containing only the 
aromatic substrate and a proton. 

Besides our solution of this problem, two others have been put forward. One of these 
is the “ freer proton” theory of de la Mare, Hughes, Ingold, and Pocker.* We have 
previously given reasons for disfavouring this model. The other solution is that of 
Melander and Myhre,® who have recently pointed out, in effect, that the unsymmetrical 
“structure ” of composition SH* postulated by Gold and Satchell need not correspond to 
a potential minimum along the reaction co-ordinate. No experimental criterion based 
on kinetic analysis is known at the moment by which to detect the presence or absence of a 
slight potential minimum preceding the transition state. In particular, the Gross—Butler 
test could not distinguish between a mechanism involving structures of SH* which are 
intermediates in the generally accepted sense, and a mechanism involving similar structures 
which do not correspond to a stable configuration (quite apart from the equivocal status 
of this procedure as a test of the composition of the transition state 5). 

Among other discussions of the — mechanism is the suggestion #4 that the slow 


step may involve an isomerisation from AKG -s to AK _— , where H-S is an acid species. 


Such a scheme would not be expected to lead to the miceenteete on Hy, which is commonly 
observed. 

Finally, the recent discovery ® of exchange in 1,3,5-trimethoxybenzene under the 
catalytic influence of acetic acid molecules in aqueous solution suggests that under these 
conditions it is possible to realise the general acid catalysis which we have failed to detect 
in the strong acids and on the absence of which our mechanism was based. The results 
are very significant to the exchange mechanism in dilute aqueous solution with a strongly 
basic substance such as 1,3,5-trimethoxybenzene and imply that in these reactions the 
conjugate base of the catalyst remains part of the transition state. It is not certain how 
far one may generalise this conclusion. It seems quite likely that a drastic change in 
reactivity of the exchanging substrate would stabilise the symmetrical intermediate 
HArH* so that the transition state for proton detachment requires the presence of a base. 
This would in turn require the transition state for formation of HArH* to involve the whole 
catalyst acid molecule and hence give rise to general acid catalysis. Similar ideas were 
expressed by Gold and Long ’?* in relation to hydrogen exchange in the strongly basic 
aromatic molecule, anthracene. For this molecule the high stability of the symmetrical 
ion (ArH,)* had been established by spectroscopic studies.!” 


Kinc’s COLLEGE, STRAND, Lonpon, W.C.2. [Received, December 8th, 1959.) 


13 de la Mare, Hughes, Ingold, and Pocker, J., 1954, 2930. 

4 Dallinga, Verrijn Stuart, Smit, and Mackor, Z. Elektvochem., 1957, 61, 1019. 
'S Kresge and Chiang, J. Amer. Chem. Soc., 1959, 81, 5509. 

*® Gold and Long, J. Amer. Chem. Soc., 1953, 75, 4543. 

17 Gold and Tye, J., 1952, 2172. 
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498. The Kinetics and, Mechanisms of Additions to Olefinic Substances. 
Part VI. Olefin-forming Proton-loss accompanying Addition of 
Hypochlorous Acid to 2,3-Dichloropropene. 


By P. BALLINGER, P. B. D. DE LA MARE, and D. L. H. WILLIAMs. 


By using the method of isotopic dilution, it has been shown that addition 
of hypochlorous acid to 2,3-dichloropropene is accompanied by substitution, 
which gives 3-7% of cis- and 4:3% of trans-1,2,3-trichloropropene, based on 
the consumption of hypochlorous acid. By starting with 2,3-dichloro- 
propene allylically labelled with **Cl and examining the ratio of allylic to 
vinylic labelling in the product, it has been shown that only 22% of the cis- 
olefinic product, and only 11% of the trans-olefinic product is derived by 
proton-loss from the attacked carbon atom. The unchanged 2,3-dichloro- 
propene, as well as the isolated products, including sym.-dichloroacetone, 
have the same specific activity as the reactant olefin. The chloride ion 
liberated in the reaction is derived in part from the reacting hypochlorous 
acid and in part from the 2-, but to a negligible extent from the 3-chlorine 
atom of the 2,3-dichloropropene. These results provide further information 
concerning the reactions of the carbonium ion formed from hypochlorous 
acid and 2,3-dichloropropene, and the stereochemical factors concerned in 
determining the direction of proton-loss from halogen-substituted carbon- 
ium ions. 


Or recent years it has become apparent that carbonium ions often undergo reactions 
which reflect the dynamic stereochemistry of their formation. Examples from several 
fields have been referred to elsewhere,!>? and earlier parts of the present series have been 
concerned, inter alta, with this principle as applied to the addition of hypohalous acids to 
olefins.*-4 

Electrophilic substitution at olefinic centres is of interest in this connection. Reactions 
of this type are well known, and are very characteristic of di- and poly-aryl-substituted 
olefins. Thus triphenylethylene with bromine can, according to the conditions, give 
mainly either the product of substitution, bromotriphenylethylene, or of addition, 1,2-di- 
bromo-1,2,2-triphenylethane: 5 

—Ht 


_;o Ph,C:CBrPh 


(1) PhgCBr*CHBrPh 
+Br- 


B + 
Ph,C:CHPh — Ph,C*CHPhBr 
—— 


Such a reaction would generally be held “-® to proceed through a substituted carbonium ion 
(¢.g-, (I)]. In many other cases, the proton-loss which follows electrophilic attack may 
give isomeric olefinic products, so that the overall reaction in part appears to be a 
substitution at a saturated carbon atom, though in fact it is a substitution accompanied by 
rearrangement of the double-bond system.”? Thus the main product of chlorination of 
isobutene under aprotic conditions is 3-chloro-2-methylpropene (II),“® which is also the 
main olefinic product obtained from isobutene and hypochlorous acid in water.® 
_ It having been recognised that such reactions often involve halogen-substituted carbon- 
lum ions, a theory concerning the orientation of proton-loss in such cases was developed © 

? Part V, de la Mare and Galandauer, J., 1958, 36. 

* de la Mare, Ann. Reports, 1957, 54, 160. 

* de la Mare and Pritchard, J., 1954, 3910, 3990. 

* Ballinger and de la Mare, J., 1957, 1481. 

® Meisenheimer, Annalen, 1927, 456, 139. 

* Taft, J. Amer. Chem. Soc., 1948, 70, 3364. 


* Reeve, Chambers, and Prickett, J. Amer. Chem. Soc., 1952, 74, 5369. 
® de la Mare and Salama, J., 1956, 3337. 
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RT ClCHyCMe,X 
Cl + 
CH,:CMe, = CIl-CH,*CMe, —————— CI'CHCMe, 


——ay — H+ ‘ 
Sr CCH y'CMeiCH, 


(IT) 


in terms of the polar effects of the substituents attached to the carbonium ionic centre. An 
alternative theory was put forward, and was considered to be preferable, by de la Mare and 
Salama,’ who associated proton-loss to form predominantly the allylic halide (II) with 
distortion of the chloromethyl group towards a three-membered ring by interaction 
between the C-C dipole and the carbonium ionic centre, as might be formulated by either 
structure (III) or (IV). It was considered that this would stereochemically be unfavour- 
able for proton-loss, and would therefore allow this process to occur predominantly in 
the methyl groups.* 
8+ + Ho 
C—CMe, 7-C—CMe, 

r HV ZL 

ci Cl 

(III) = 8 (IV) 


Further test of this hypothesis becomes possible in symmetrical systems, in which the 
direction of proton-loss can be defined by tracer studies. One such system is that in which 
hypochlorous acid reacts, under the influence of acids as catalysts, with 2,3-dichloro- 
propene. Additions of hydrogen chloride and of hydrogen fluoride to this compound %10 
give the product expected if electrophilic attack by the proton is initiated at the 1-carbon 
atom. Chlorination in water was shown by Henry ™ to give, in about 50% yield, sym.- 
dichloroacetone, presumably by the following sequence: 


+ + - 
CHgICCPCH, CI gs CCH CCHCH,C! OA CreCHyCCI(OH)*CH,CI 
-cl- 


—H+t + 
CleCHyrCO*CH,C! «g—— CleCHy*C(OH)*CH,Cl 


The other possible product of addition of hypochlorous acid, 2,2,3-trichloropropan-1-ol, 
has never been described; the products of substitution, cis- and trans-1,2,3-trichloro- 
propene, had not been isolated from the present reaction before this investigation, but they 
have been characterised, and their configurations have been established." 

In a preliminary communication, it was recorded that 1,2,3-trichloropropene could be 
obtained from 2,3-dichloropropene and hypochlorous acid in water, with perchloric acid as 
catalyst, and silver perchlorate to prevent the formation of free chlorine. The present 
paper confirms and amplifies this report and describes some of the stereochemical features 
of this reaction, as well as some characteristics of that part of the reaction which gives 
sym.-dichloroacetone. 


EXPERIMENTAL 


Most of the general methods have been described in previous papers in this series. Infrared 
spectra were determined with a Grubb-Parsons spectrophotometer. Separations by vapour- 
phase chromatography were made with a commercial apparatus, with kieselguhr as the support 
for the liquid phase of dinonyl phthalate, the temperature being ca. 90° and nitrogen being the 
carrier gas. We are indebted to Mr. D. G. Hare for assistance with these separations. 


* Arguments that structures like (III) are more important than those like (IV) for chlorine-substit- 
uted (though perhaps not for bromine-substituted) carbonium ions have already been adduced.* 


® Friedel and Silva, Jahresber. Fortschr. Chem., 1871, 404; 1872, 322. 
10 Henne and Haeckl, J. Amer. Chem. Soc., 1941, 68, 2692. 

11 Henry, Compt. rend., 1882, 94, 1428. 

12 Hatch, D’Amico, and Ruhnke, J. Amer. Chem. Soc., 1952, 74, 123. 
13 Ballinger and de la Mare, Chem. and Ind., 1957, 1545. 
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2,3-Dichloropropene was purified by fractional distillation; it had b. p. 93-4°/760 mm., 
n,* 1-4578. [3-*6C]]-2,3-Dichloropropene was prepared from this by refluxing it with acetone 
and lithium chloride-36. The product was washed with water, dried, and fractionally distilled; 
it had b. p. 94-0°/771 mm., ,*° 1-4574. 

2-Chloroallylthiouronium picrate was prepared by refluxing either of the above materials with 
thiourea in methylated spirit,4 followed by addition of picric acid. The product was 
precipitated by adding a little water, and was recrystallised; it had m. p. 172° (Found: C, 31-9; 
H, 3-0; Cl, 9-3; N, 18-6; S, 8-1. CygH,O,CIN;S requires C, 31-6; H, 2-7; Cl, 9-3; N, 18-5; 
S, 84%). This material, when prepared from [3-**CI]-2,3-dichloropropene prepared as described 
above, had no radioactivity; so, as was expected, the 2,3-dichloropropene was labelled 
specifically in the 3-position. The isomeric trichloropropenes were prepared by the route: # 


Cl, KOH A 
CH,:CCl-CH,Cl ——» CICH,°CCl,°CH,Cl are CHCI.CCl-CH,Cl. The products were separated 


by careful fractional distillation, and had the following properties: cis-isomer, b. p. 87°/100 mm., 
n,* 15020; trvans-isomer, b. p. 75°/100 mm., n,*° 1-4957. Their infrared spectra accorded with 
those reported by Hatch, D’Amico, and Ruhnke,”™ and characterised both isomers as at least 
99% pure. Vapour-phase chromatography showed that each gave a single peak, and appeared 
to be uncontaminated with any trace of impurity. Mixtures of the two gave completely 
separated peaks in which the ¢vans- ran ahead of the cis-isomer. 

A mixture of these isomers was labelled in the 3-position as described for [3-**Cl]-2,3-di- 
chloropropene. The product was fractionated, and the individual isomers were converted into 
their thiouronium picrates. These had no radioactivity and had the following properties: 
cis-1,2-dichloroallylthiouronium picrate, m. p. 153° (Found: C, 29-4; H, 2-6; Cl, 17-5; N, 17-4; 
S, 7°8. CygH,O,C1,N,;S requires C, 29-0; H, 2-2; Cl, 17-2; N, 16-9; S, 7-7%); trans-1,2-di- 
chloroallylthiouronium picrate, m. p. 184° (Found: C, 29-7; H, 2-1; Cl, 17-7; N, 16-8; S, 8-1%). 

Radioactively labelled cis-1,2,3-trichloropropene was mixed with the inactive trans-isomer 
and fractionally distilled; the recovered tvans-compound was inactive. Similarly, when 
labelled évans-1,2,3-trichloropropene was mixed with the inactive cis-isomer and fractionally 
distilled, the latter material was recovered and was shown to be completely inactive. So no 
exchange occurs between the isomers during fractionation. 

The following methods were used for assaying the specific activities of the polychloro- 
compounds. For some samples, the activities were determined directly in solution in ethanol. 
For others, the compound was decomposed completely by heating it with magnesium, 
essentially as described by Fedoseev and Ivashova.!® The product was dissolved in water, and 
the radioactivity and chloride content were determined in the usual way. The specific activity 
was calculated on the assumption that by this method all the chlorine in the compound had 
been liberated as chloride. In still other cases, 2,3-dichloropropene or 1,2,3-trichloropropene 
was partially hydrolysed by heating it under reflux with 1 equiv. of lithium ethoxide in aqueous 
ethanol. The volatile material was then removed as completely as possible under reduced 
pressure; the residue was dissolved in water and extracted with ether to remove the last trace 
of organic material; and the aqueous solution was then evaporated, and the residue taken up 
in ethanol, to give a solution used for determination of radioactivity and chloride ion. It was 
shown, by comparison with the radioactivity of samples of the compounds specifically labelled 
in the allylic position on which the radioactivity had been determined directly, that hydrolysis 
under these conditions removes only the allylic chlorine atom. Appropriate correction * was 
made when it was necessary to compare radioactivity determined in ethanol and in water. 

Reaction of Hypochlorous Acid with 2,3-Dichloropropene.—(1) [3-**Cl]-2,3-Dichloropropene 
(49-4 g.) was added to a stirred solution (ca. 20 1.) of silver perchlorate (0-05m) and perchloric 
acid (0-5m) at 24° in a blackened vessel. Hypochlorous acid (1814 ml., 0-315 mole) was added 
in 100 ml. portions at intervals during 2 hr. The reaction was allowed to continue for 24 hr., 
by which time all the hypochlorous acid had been used up. The solution was filtered, and the 
precipitate was washed with acetone, dried, dissolved with ammonia, and reprecipitated. The 
precipitate was weighed (64-8 g,, 0-45 mole); a portion was converted into hydrogen chloride 
by reduction, and a solution of this was examined for chloride content and radioactivity. The 
filtrate from the reaction was extracted with pentane, and the extract was dried and fractionally 
distilled. After removal of the pentane, two fractions were obtained; (a) 2-7 g., b. p. 


M4 Levy and Campbell, J., 1939, 1443. 
%8 Fedoseev and Ivashova, Zhur. analit. Khim., 1956, 11, 233; Chem. Abs., 1956, 50, 14,446. 
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94-0°/765 mm., ”,** 1-4562; (b) 3-0 g., b. p. 94-0—94-5°/765 mm., m,,** 1-4571. These were nearly 
pure unchanged 2,3-dichloropropene. The residues in the still-pot were transferred to a small 
fractionating column and fractionated; there were recovered 3 g., b. p. 143—144°/760 mm., 
which on refractionation gave two fractions: (c) 1 g., b. p. 130—143°/760 mm., m,*> 1-4906; 
(d) 1 g., b. p. 143—148°/760 mm., n,** 1-4978. This was a mixture of cis- and trans-1,2,3-tri- 
chloropropene, as was confirmed by examination of its infrared spectrum. 

The aqueous layer remaining after extraction with pentane was saturated with ether and 
salted out with sodium sulphate. The ether layer was removed, and the solution extracted 
twice more with ether. The combined extracts were washed with water, dried, and fractionally 
distilled. After removal of the ether, there were obtained the following fractions: (e) 0-9 g., 
b. p., 38—40°/10 mm.; (f) 0-8 g., b. p. 61-5—62°/10 mm., ,,* 1-4728; (g) 0-8 g., b. p. 
62-5°/10 mm., ,,* 1-4755; (h) 0-7 g., b. p. 62-5°/10 mm., ,** 1-4798 [fractions (g) and (h) 
solidified on being kept]; (7) 5-3 g., b. p. 62-8—63-2°/10 mm., solidifying in the collecting tube; 
(Rk) 1-7 g., b. p. 76—78°/6 mm. Towards the end of the distillation, flashes of light were seen in 
the column, and a mass of friable material remained as residue. Fraction (i) was recrystallised 
to constant specific activity and constant m. p. 42° from light petroleum. 

The specific activities of the original 2,3-dichloropropene, and of fractions (b), (d), and (i) 
were determined. Fraction (i) was then partially hydrolysed with 1-2 ml. of 0-5N-sodium 
hydroxide for 20 hr. at 48°. The volatile material was evaporated under vacuum, and the solid 
was dissolved in water, and its chloride content and radioactivity were determined. The 
results are in Table 1 (radioactivities are expressed in counts min.~* concn."*). 


TABLE 1. Radioactive measurements on samples from experiment (1). 


Sample Activity (corr.) 
Ceigingl BO -CicdlarensOes nccscccesissnsccscscossicecescesccsesscocscescscsccscsorecossenses 27,720 
Recovered 2,3-dichloropropene ..........sssscseseeeeeeeeees pcmasousessnenquccacasescoegacoes 27,540 
symt.-Dichioroacetone [17action (8) ..............cecccccccecocscccceccccccccscesovesesccsocecs 27,760 
Be Se ONUIND PUIOUNNEE GOT os.0c0 sks scevsdsstccacsessascvscccccescssonscccosccssccess 27,100 
NaCl from partial hydrolysis of 1,2,3-trichloropropene *...........0....:seeeeeeeeeeeeeee 7,020 
HCI from silver chloride precipitated during reaction  ..........ss.cseeeseeeeeeeeeeees 350 


(2) [3-*°Cl)-2,3-Dichloropropene (171 g.) was dissolved in water (ca. 85 1.) containing silver 
perchlorate (0-02m) and perchloric acid (ca. 0-5m). Hypochlorous acid (1-312 moles, ca. 8-51) 
was added slowly with stirring during 3 hr. at 27°. After 24 hr., inactive ¢vans- (14-04 g.) and 
cis-1,2,3-trichloropropene (14-06 g.) were added to the reaction mixture, which was then stirred 
for some time to ensure complete mixing. The solution was extracted twice with pentane 
(ca. 5 1.) and the extract was dried and fractionally distilled. There were recovered cis-1,2,3- 
trichloropropene (1-5 g., b. p. 87°/100 mm., ,*° 1-5018) containing neither the isomer nor any 
other impurity in significant amount, as was shown by examination of the infrared spectrum; 
and the trans-isomer (2 g.), contaminated only with 10% of the cis-isomer, as was shown also by 
infrared spectroscopy. The specific activities of the starting material, and of the recovered 
samples of cis- and of trans-1,2,3-trichloropropene were determined; and each was partially 
hydrolysed to determine also the specific activity of the allylic chlorine atom. Since the érans- 
isomer had not been obtained completely pure, the ratio of allylic to total labelling was 
determined also on a second specimen, as follows. An intermediate fraction from the distil- 
lation (2 g.) was diluted with 12 g. of inactive pure ¢rans-1,2,3-trichloropropene, and the mixture 
carefully fractionated; there was recovered pure ¢vans-1,2,3-trichloropropene, b. p. 75°/100 mm., 
n,** 1-4956, free from cis-isomer. The specific activity of this and of the allylic chloride 
obtained from it by partial hydrolysis were determined in the usual way. The results are shown 
in Table 2. 


TABLE 2. Radioactivities of samples from experiment (2). 


Sample Radioactivity 
Original 2,3-dichloropropene ..............cccccsccccsscscscccccscececccccsccccscesoscsccsscecs 6237 
cis-1,2,3-Trichloropropene (diluted)  .............cscssccccccscsescsccccececcscsecccscsceosoes 2069 
trans-1,2,3-Trichloropropene (diluted)  ..............cscceceseseceeecsercceeeersessecseseess 2281 
LiCl from partial hydrolysis of cis-1,2,3-trichloropropene .............s+sseeeeeeeeenees 459 
LiCl from partial hydrolysis of trans-1,2,3-trichloropropene ..............0.seeeeeeeees 259 
tvans-1,2,3-Trichloropropene (diluted again and further purified) ................4+ 197 


LiCl from partial hydrolysis of purified trans-1,2,3-trichloropropene ............+++ 22-4 
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DISCUSSION 


These results illustrate the following points concerning the course of the reactions. 
The reaction between hypochlorous acid and [3-*6C]]-2,3-dichloropropene gives sym.-di- 
chloroacetone, 1,2,3-trichloropropene, other as yet unidentified products, and chloride ion, 
which is in part derived from the 2-chlorine atom, in part from the hypochlorous acid, and 
negligibly (at the most 1%) from the 3-chlorine atom. [3-6C]]-2,3-Dichloropropene 
recovered after completion of the reaction is unchanged in specific activity: so no direct 
exchange occurs between the 3-chlorine atom of 2,3-dichloropropene and hypochlorous 
acid; nor is the initial step of the reaction sufficiently reversible to allow exchange through 
such a sequence as: 


Cit + CHgICCICH,2*Cl —pe CleCHyCClCH,2°Cl —t> Cl*CHyrCCICH, + 3#CI+ 


The sym-dichloroacetone formed in the reaction has the same specific activity as the 
starting material, and so is produced with no exchange between the chlorine atoms in the 
2- and 3-positions. 

From the results given in Table 2, the amounts of cis- and of trans-1,2,3-trichloro- 
propene formed in the reaction are: cis, 37%; trans, 43%. For both of these compounds, 
partial hydrolysis and examination of the specific activity of the liberated chloride has 
shown (Table 2) that the proton-loss has occurred mainly from the 3-carbon atom. The 
ratio of vinylic to allylic labelling is, for the cis-isomer, 22:78; and for the ¢vans-isomer, 
11:89. That part of the reaction which leads to olefin-formation can therefore be 
discussed in terms of the following scheme. 


Olefin-formation in the reaction between hypochlorous acid and 2,3-dichloropropene. 


+ 
CH,-CCI*CH,**Cl “a or 


Cl (Vv) 
—H+ 
—H+ | eo 
~H+ —Ht 
H Cl | I, SCI 
Seic “Nef “Need “Neic’ 
ci’ CH,?*Cl H Nc, 2#c1 CH 36C| CH H 
l 2 2 
cl cl 
trans-, allylically cis-, allylically trans-, vinylically cis-, vinylically 
labelled labelled labelled labelled 
05% 0-8%, 38% 29% 
(VI) (VII) (VIII) (TX) 


The silver chloride produced in the reaction is derived in part from the attacking hypo- 
chlorous acid and in part from the 2-position. It is not significantly derived from the 
labelled 3-chlorine atom, which therefore does not migrate to the 2-, or therefore to the 
l-position, before the main products of the reaction are determined. It seems very 
probable, therefore, that the main olefinic products (VIII, IX) are derived from an 


QHereci-cH, Met FCHyCCIyCH;*CI 


ci* 
(X) (XI) 
unsymmetrical intermediate which can lose a proton, or can combine with water, before 


undergoing more profound structural changes involving the 3-chlorine atom. For this 
intermediate, structure (V) is preferred to other possibilities, such as (X) or (XI); essentially 
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because (a) electrophilic attack by other reagents occurs with this compound at the 
l-carbon atom; and (bd) if intermediates such as (X) or (XI) were important, we would 
expect “? to isolate without difficulty the compound 2,2,3-trichloropropan-l1-ol, through 
such a reaction as: 


CHyecciyCH,86c1 HO HO-CHyCClyCH,**CI 


In fact, this trichlorohydrin has not been detected in the products of the reaction, and 
cannot form more than a very small part of them. 

The trans-, vinylically labelled, olefin predominates in the product over the corre- 
sponding cis-isomer. This suggests that structure (XII) approximately represents the 
preferred conformation of the dichloropropene as it is being attacked by hypochlorous 
acid. In this conformation, the 2- and the 3-chlorine atom are by preference as far apart 
as possible, thus minimising dipolar repulsions between the C-Cl bonds; and proton-loss 
has a greater chance of occurring in such a way as to leave the two vinylic chlorine atoms 
trans to each other in the product. 


Cl 
H Ci cit HT oC! m Cl Cl 
~ . ~H H ! / 
H7o CNC hin. one _ 
1 ~H /~H a 


The present results support the conclusion, reached in a previous investigation,’ that 
olefin-formation in these systems is directed in considerable part by stereochemical rather 
than by polar factors. 

Comparison of these experiments with those on allyl chloride * suggests that, though 
the introduction of a 2-chlorine atom has undoubtedly favoured attack on the 1-position, 
it has not resulted in more prominent participation of the 3-chlorine atom as measured by 
migration of this to the carbonium ionic centre. Perhaps proton-loss in an overall sense 
has been favoured in the present reaction by the inductive effect of the 2-chlorine atom, 
and so this process occurs still more readily after the formation of the carbonium ion, and 
allows rearrangements involving the 3-chlorine atom less opportunity to compete. Since, 
however, chloride ion is liberated in the course of the reaction in amount greater than that 
expected from the amount of dichloroacetone formed, other reactions of the carbonium 
ion must also be important. The present experiments show that these do not interchange 
the 3- with the 2-chlorine atom or with the entering chlorine atom, but do not tell us to 
what extent, if at all, the entering and the 2-chlorine atom become equivalent; and so we 
defer speculation concerning the stereochemical preference for the cis-isomer in the minor 
product of proton loss, #.¢., in the allylically labelled 1,2,3-trichloropropene (VI, VII). 


WILLIAM RAMSAY AND RALPH FoRSTER LABORATORIES, 
UNIVERSITY COLLEGE LONDON, 
GowER STREET, Lonpon, W.C.1. [Received, December 11th, 1959.) 
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499. Submicro-methods for the Analysis of Organic Compounds. 
Part XI.* Determination of Tertiary Nitrogen by Use of an Ion- 
exchange Resin. 


By R. Betcuer, M. K. Buatry, and T. S. WEst. 


Tertiary nitrogen is determined on the submicro-scale by treating the 
compound with methyl iodide to form the corresponding quaternary 
ammonium iodide. The latter is dissolved in water and converted into its 
hydroxide by passage through a strongly basic anion-exchange resin. The 
hydroxide is determined by titration with standard acid. The method, 
which is rapid and accurate to within 0-3%, was applied to the analysis of 
several alkaloids, but should be generally applicable to bases which react 
quantitatively with methyl iodide. 


Tue determination of NMe groups by the Herzig—Meyer method is a difficult and tedious 
operation on the submicro-? or micro-scale; 23 it requires 6—8 hr. under exacting con- 
ditions for a single determination. We have developed a more convenient, very rapid 
submicro-method * of determining the tertiary nitrogen content of certain organic com- 
unds. 

. With an alkyl iodide many tertiary amines readily form the quaternary ammonium com- 
pound: R,N + Mel —» [R,NMe]*I-. The rate of the reaction varies with the nature of 
the amine; certain reactions are exothermic, and others endothermic. The nature of 
substituents adjacent to the amino-nitrogen is also important. Since the quaternary 
iodides are formed rapidly in most cases ® it occurred to us that treatment of the halides 
with an anion-exchange resin in its free-base form would provide a simple method for the 
generation of the corresponding quaternary ammonium hydroxide. The hydroxides are 
usually sufficiently basic to be titrated as strong bases. 

The substance under examination was treated with excess of methyl iodide. After 
the excess had been evaporated, the solution in distilled water was passed down a small ion- 
exchange column in the free-base form. - The eluate was titrated with standard 0-01N- 
sulphuric acid by using a micrometer syringe burette to a Methyl Red—Methylene Blue 
end-point. Parallel blank determinations on the reagents and the column itself were done. 


TABLE 1. 
No. of N (%) t¢ Diff. No. of N (%) t Diff. 
Substance detns. Calc. Found (%)* Substance detns. Calc. Found (%)* 
Atropine 7 4-84 4-93 +0-09  Isoquinoline 8 4-84 4-75 — 0-09 
(5-19) (5-28) methiodide (5-19) (5-09) 
Narcotine 5 3-39 3°42 +0-03 hydrate 
(3-63) (3-65) Codeine 4 4-67 4-62 —0-05 


(5-01) (4-95) 

* Maximum positive error in individual results was 0-23% ; maximum negative error in individual 
results was 0-28% (i.e., error from theoretical percentage). The sample weights used in these 24 
determinations varied from 67-18 to 50-44 pg. 

+ Figures in parentheses are results calculated in terms of the N-Me group. 


Results obtained in the analysis of some alkaloids are shown in Table 1. These 
substances have a methyl group attached to the nitrogen atom and this method therefore 
provides a simpler and (although indirect) much more rapid method than that previously 
described for the NMe content of such compounds.! The accuracy is satisfactory and only 


* Part X, J., 1959, 3577. 


Belcher, Bhatty, and West, J., 1958, 2393. 

* Herzig and Meyer, Monatsh., 1897, 19, 379. 

® Viebéck and Brecher, Ber., 1930, 63, 3207. 

* Bhatty, Ph.D. Thesis, Birmingham University, 1957. 

* Hickinbottom, ‘‘ Reactions of Organic Compounds,”’ Longmans, Green, London, 1948, pp. 304ff. 
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very simple apparatus is needed. There are, of course, limitations owing to the failure 
of certain compounds to react quantitatively with methyl iodide, e.g., N-methylacetanilide 
and morphine. The acid-base end-point is not as sharply defined as the iodine end-point 
of the corresponding Herzig—Meyer method in such small volumes of solution at these 
dilutions, but a reproducibility of +1 yl. of 0-01N-sulphuric acid is obtainable by titrating 
to a definite shade of the indicator. Protection from fumes such as ammonia, hydrogen 
chloride, etc., is of course essential. 


EXPERIMENTAL 


Apparatus.—(1) Ion-exchange column. For the preparation of the l-cm. wide Pyrex 
column, a wad of glass wool, about 5 mm. thick, was inserted at the bottom of the stem and was 
pressed to the walls. The column was filled with water up to the wider end and small amounts 
of resin were added from the tip of a spatula. The particles settled under gravity. A length 
of about 3-5 cm. of resin bed was obtained in the column. The filling was secured by a second 
glass-wool plug, about 2 mm. thick. 

Before the column was used it was regenerated with 100 ml. of 4% sodium hydroxide 
solution which passed through the resin bed at the rate of 1 drop per 5 sec. The column was 
afterwards washed exhaustively till the alkalinity in 12 ml. of the eluate was not more than 
5 ul. of 0-01Nn-sulphuric acid. It required a total volume of about 141. of the wash water to 
give a blank of the above order. 

The column, thus prepared, lasted more than a fortnight under constant use for the conver- 
sion of submicro-samples of the quaternary salts into the hydroxide form. The efficiency of 
such a column was established by passing through the resin known volumes of 0-01N-sodium 
chloride solution. Recoveries of sodium hydroxide in the eluate were almost theoretical on 
the submicro-scale. It was, however, necessary to use about 10 ml. of water in order to remove 
completely the alkali from the column. Blanks were determined identically at the same time. 
The recoveries given in Table 2 were obtained. 


TABLE 2. Titration of NaOH after generation from NaCl. 


Vol. of 0-01N-NaCl soln. added (ul.) Vol. of 0-°01N-NaOH recovered (l.) 
99-0 99, 97, 98, 98, 98, 98 
198-0 198, 199, 198, 199, 198 


(2) Conical flasks. (a) 20 ml. Pyrex-glass flasks for the collection and the titration of the 
eluate. (6) 5 ml. Pyrex-glass flasks for carrying out the reaction of a substance with methyl 
iodide. 

(3) Titration equipment. The titration equipment and arrangement have been described 
in the previous publications in this series. A graduated 2 ml. glass syringe was used for adding 
known volumes of wash-water. 

Reagents.—(1) Ion-exchange resin. Analytical reagent grade Amberlite IRA-400(0H>) 
resin was used for making the column. The resin is supplied in 20—50 mesh, but for procuring 
a longer life of the same column, 60—80 mesh resin is better. 

(2) Methyl iodide. Reagent grade. 

(3) 0-O01N-Sulphuric acid. The acid was standardised on the micro-scale. 

(4) Indicator solutions. Alcoholic solutions (0-01%) of Methyl Red and Methylene Blue 
were added separately to the eluate before titration. The use of too much indicator obscured 
the end-point. 

(5) 4% Sodium hydroxide solution. The column was treated with about 100 ml. of this 
solution for the regeneration of the resin. 

Procedure.—About 50 wg. of substance were transferred to a 5 ml. conical flask. 10 Drops 
of methyl iodide were added from a pipette, and the contents of the flask were mixed com- 
pletely by gentle shaking. The flask was covered with filter paper and placed in water at about 
40° in order to evaporate excess of methyl iodide. 

In the meantime, the flow-rate on the ion-exchange column was adjusted to about 1 drop 
per 5sec. The residue in the flask was dissolved in 1 ml. of water and transferred to the column 
which had nearly drained to the top of the resin. The flask and the column were then washed 
in turn with three lots of 1 ml. and four lots of 2 ml. of water. A teat-pipette was used for 
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transference of the wash-solution from the flask. The effluent was collected in a 20 ml. flask, 
4 drops of Methyl Red and 3 drops of Methylene Blue indicator solutions were added, and the 
whole was titrated with 0-01n-sulphuric acid. The blanks were determined before the sample 
titrations and were considered acceptable when they agreed within 1 yl. of the standard 
sulphuric acid titre. When the blanks were more than 7—8 ul. of acid, the column was washed 
further until the values were reduced; the determinations were then carried out. The last 
blank solution was kept after titration for comparison. 

Once set, the rate of flow of the liquid from the column was not altered, because, otherwise, 
the blanks were also disturbed. Titrations were made without undue delay. 


Factor: 1 ul. of 0-01n-H,SO, = 0-1401 ug. of N. 


We are grateful to the D.S.I.R. and the Commonwealth Relations Office for financial 
assistance. 


CHEMISTRY DEPARTMENT, 
THE UNIVERSITY, BIRMINGHAM 15. (Received, December 14th, 1959.]} 





500. The Reduction of Quinquevalent Vanadium by Hydrogen 
Peroxide in Solutions of Strong Acids. 


By G. KAKABADSE and H. J. WILson. 


The reduction of quinquevalent vanadium by hydrogen peroxide in 
acid solution depends upon the VO*tt-VO,* and the H,O,-O, redox 
system, which, in turn, are affected by the nature and concentration of 
acid, the time, and the temperature. Simultaneous peroxidation of 
quinquevalent vanadium renders the mechanism of reduction rather com- 
plex. A scheme is suggested in which pale yellow vanadyl(v), red-brown 
monoperoxyvanadyl(v), yellow diperoxyorthovanadate, and blue vanadyl(Iv) 
ions are related to hydrogen-ion and hydrogen peroxide concentrations. 


The VO**-VO,* and H,O,-O, Redox Systems.—Earlier interpretations ' of the reduction 
of quinquevalent vanadium with hydrogen peroxide in acid solution fail to assign a 
function to the redox behaviour of the ions involved and suffer from a rather incomplete 
knowledge of the chemistry of quinquevalent vanadium, partly owing to the complexity ? 
of the vanadium—hydrogen peroxide system comprising simultaneous peroxidation and 
reduction. 

It has been established that the redox potentials of the VOtt-VO,* (refs. 3, 4) and the 
H,0,-O, (ref. 5) system are pH-dependent. These findings were extended to more 
concentrated solutions of sulphuric acid; the results (Fig. 1) show that the difference in 
the redox potentials of these systems increases with increasing hydrogen-ion activity up 
to 16N-sulphuric acid. 

Effect of Acid Concentration.—Potentiometric titrations of vanadyl(v) solutions with 
hydrogen peroxide in sulphuric acid (4—20n) convey (Fig. 2) that appreciable reduction 
occurred in 4N-acid, and that the degree of reduction increased (increase in potential 
change) as acidity increased, although even in 20n-sulphuric acid reduction was still 
incomplete as judged by the green colour of the solution in the presence of excess of 
hydrogen peroxide. In the case of 24n-sulphuric acid (Fig. 3, curve a) the solution 
attained the characteristic blue colour of the reduced form within a few minutes and the 

? Cain and Hostetter, J. Amer. Chem. Soc., 1912, 34, 274; Hothersall, J. Soc. Chem. Ind., 1924, 48, 
270T; Auger, Compt. rend., 1921, 172, 1355. 

? Kakabadse and Wilson, Nature, 1957, 180, 861. 

* Carpenter, J. Amer. Chem. Soc., 1934, 56, 1857; Hart and Partington, J., 1940, 1532. 


* Ducret, Ann. Chim. (France), 1951, 6, 705. 


® Delahay, Pourbaix, and Van Rysselberghe, Ind. chim. belge, 1951, 16, 396; Berl, Trans. Electro- 
chem. Soc., 1943, 88, 253. 
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completeness of reduction was checked (Fig. 3, curve b) by oxidation with n/10-potassium 
permanganate. 

Effect of Time and Nature of the Acid.—It has been seen that solutions of quinquevalent 
vanadium in concentrated acids are reduced rapidly. In order to make a comparative 
study of the reaction of vanadyl(v) ions with hydrogen peroxide in solutions of different 
acids, more dilute solutions (0-5—6n) of sulphuric, perchloric, and nitric acids have been 
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used to determine absorptiometrically the effect of time and of the nature of the acid. 
Under these conditions, the intensely coloured, red-brown monoperoxyvanadyl(v) ions 
which are instantly formed are reduced relatively slowly to the paler blue vanadyl(Iv) ions. 
Absorptiometric measurements were taken of freshly prepared solutions and repeated 
after 2 and 4 days (Fig. 4). It is seen in Fig. 4 that a general decrease in optical density 
occurs with time and that the maximum optical density for all three acids is at about 
2n-hydrogen-ion concentration. 
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Reduction experiments in concentrated selenic acid, which is reputed ® to be stronger 
than sulphuric acid, yielded the characteristic deep blue colour when excess of Irydrogen 
peroxide had been added. 

Effect of Temperature —The effect of temperature on the completeness of reduction 
was checked for 10N- and 24N-sulphuric acid. In the former case, 4 reductions, under 
conditions identical except for temperature and time, were followed potentiometrically 
(Fig. 5); in the first two experiments the reduction was followed immediately by titration 
with permanganate. Here, the amounts of reduced vanadium were 25% at 24° (curve a) 


lic. 4. Absorptiometric measurements taken (a) immediately, (b) after 2 days, and (c) after 4 days of solu- 
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and 91% at 75° (curve 6). Next, the experiments were repeated but the solutions were 
stored for 4 days before back-titration of the reduced form. In this case, reduction at 24° 
(curve c) was 95% complete, and that at 75°, 89% complete. On the other hand, the 
detrimental effect of high temperature on reduction was not noticed in the case of 24N- 
sulphuric acid, reduction at 81° being quantitative.? 

_ “ Reverse” Procedure.2—The solvent action of hydrogen peroxide on vanadium and 
its compounds renders the volufnetric determination of vanadium selective in the presence 
of some impurities naturally occurring in its ores. Vanadium pentoxide or ammonium 
metavanadate was dissolved in hydrogen peroxide, and the resulting yellow solution was 


6 — “The Chemical Elements and Their Compounds,” Oxford, 1951, Vol. II, p. 975. 
L 
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acidified with concentrated sulphuric acid. Reduction to the blue vanadyl(Iv) ion was 
quantitative within a few minutes. Detailed analytical results of the ‘‘ reverse ” procedure 
will be published elsewhere. 

A similar approach to the reduction of quinquevalent vanadium with hydrogen peroxide 
was to prepare the solid ammonium diperoxyorthovanadate’ and treat this with acid. 
In this case, hydrogen peroxide was not added externally but came from the peroxy- 
compound itself. Reduction to the blue vanadyl(Iv) cation then occurred by way of the 
red monoperoxyvanadyl(v) cation. 


EXPERIMENTAL 


‘ 


Solutions.—Vanadium(v) solution: prepared from ‘‘ AnalaR’”’ ammonium metavanadate, 
Vanadium(rv) solution: prepared by reducing the vanadium(v) solution with sulphur dioxide, 
Hydrogen peroxide: 100-vol. analytical reagent. Acids: 97% w/w sulphuric acid; 60% w/w 
“ AnalaR ” perchloric acid; 95% w/w “‘ AnalaR ’”’ nitric acid, freed from nitrous oxides by 
boiling with urea. (We thank Mr. B. Manohin for suggesting this method.) 

VOt*-VO,* and H,O,-O, Redox Systems.—The vanadium solutions were M/50 in total 
vanadium, having an identical vanadium concentration throughout, and a 1 : 1 ratio VOT* : VO,* 
The redox potentials were measured at 21° with platinum-calomel electrodes, a Cambridge pH 
meter being used (constant e.m.f. values were obtained more quickly in 12—24n-sulphuric 
acid solutions than in the more weakly acidic solutions). 

The hydrogen peroxide solutions were m/10 and the electrodes used were oxygen-calomel. 
The oxygen pressure was adjusted with a Towers flowmeter to approx. 1 atm. The tem- 
perature was kept at 25°. A series carried out at 0° (to reduce possible decomposition 
of hydrogen peroxide), under otherwise identical conditions, gave a similar redox curve (see 
Table). 

Variation in acid normality was achieved by adding calculated amounts of acid to each of 
the VOt*-VO,* and H,O, solutions. The corresponding molal activities were obtained ® 
and are given in the Table. sf 


Redox potentials of the H,O,-O, system at 0° and 25°. 


Molal activity Logj, activity E.m.f. at E.m.f. at 

H,SO, (Nn) of H,SO, § of H,SO, 0° (mv) 25° (mv) 
1-0 0-0807 —1-0931 523 542 
1-5 0-104 —0-9832 534 552 
2-0 0-126 —0-8988 537 561 
3-0 0-192 —0-7167 546 568 
4-0 0-271 — 0-566 558 576 
6-0 0-496 —0-3041 567 592 
8-0 0-960 —0-0177 583 607 
12-0 3-14 0-4964 589 628 
16-0 9-80 0-9912 617 641 
20-0 29-6 1-4711 — 679 
24-0 86-8 1-9385 747 758 


Effect of Acid Concentration.—The course of the titration was followed potentiometrically 
by means of a Mullard potentiometer unit, platinum and calomel electrodes being used. The 
solutions, which were M/20 in vanadium, were titrated with 3% hydrogen peroxide solution 
at 20°. 

Effect of Nature of Acid.—The absorptiometric investigation was accomplished with a 
Hilger ‘“‘ Spekker”’ absorptiometer. As maximum absorption for the red-brown complex 
occurs at 450 my,® a No. 2 Kodak filter, having maximum transmittancy at 430 my, was 
employed. A 1 cm. cell was used throughout. The solutions were m/50 in vanadium and had 
a 25-fold excess of hydrogen peroxide. 

“ Reverse’ Procedure—Ammonium metavanadate (“ AnalaR’’), containing ca. 0-1 g. of 


? Kakabadse, Dr.-Ing. Thesis, Berlin, 1943. 

8 Harned and Owen, “ The Physical Chemistry of Electrolytic Solutions,’’ Reinhold Publ. Corp., 
New York, 1958, p. 735. 

® Davis and Bacon, J. Soc. Chem. Ind., 1948, 316; Wright and Mellon, Ind. Eng. Chem., Analyt., 
1937, 9, 375. 
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vanadium, was dissolved in 5 ml. of hydrogen peroxide (100-vol.). Concentrated sulphuric 
acid was added slowly with constant shaking and cooling until the solution became bright blue. 
The solution was stored for 15 min., diluted with 200 ml. of distilled water, and titrated at ca. 
80° with standard potassium permanganate. An analogous procedure was adopted in the 
presence of various added substances. 


DISCUSSION 


The reduction of quinquevalent vanadium with hydrogen peroxide in acid solution 
involves two stages: the instantly occurring peroxidation ! of the pale yellow vanadyl(v) 
cation 314 

VO,* + H,O, = [OV(O’O)]* + H,O ole PO OEE a 


followed by the relatively slow reduction * to the blue vanadyl(Iv) cation: 
2VO,t + 2H*+ + HyO, = 2V0% +2HJO+0O, . . . 2. . - . @ 


Under weakly acid conditions, peroxidation predominates, 7.e., the equilibrium of reaction 
(1) lies far to the right. But as the difference in the redox potentials of the two systems 
involved increases with increasing hydrogen-ion concentration (Fig. 1), thus promoting 
the ease of reduction, a gradual withdrawal of VO,* ions to satisfy reaction (2) occurs. 
In consequence, equilibrium (1) is now displaced to the left. 

A similar explanation would hold for the “ reverse” procedure: vanadium pentoxide 
dissolves in hydrogen peroxide as the bright yellow diperoxyorthovanadic acid: 


V20,,3H,0 + 4H,O, = 2[VO,(O-0),J*- + 6H++4H,O . .. . . Q) 


On addition of hydrogen ions an equilibrium with the red-brown monoperoxyvanadyl(v) 
cation is established: 1° 


[VO,(O°0),]*- + 4H*+ = [OV(OO)]}# + H,O,+HJO . . ~~... 


the subsequent stages being identical with those shown in reactions (1) and (2). 

The complexity of the vanadium—hydrogen peroxide system is well illustrated by 
optical density curves in Fig. 4. The maximum, occurring at about 2Nn-hydrogen-ion 
concentration, corresponds to optimum formation of the red monoperoxidised form; the 
decrease in optical density to the right of the maximum (H* > 2n) is due to the presence 
of the blue reduced form. As to be expected, this effect is displayed most markedly by 
the strongest acid used, 7.e., perchloric acid. On the other hand, the observed decrease in 
optical density to the left of the maximum (H* < 2N) is mainly due to an equilibrium 
between the red and the yellow peroxy-form of quinquevalent vanadium, and, according 
to equation (4), the yellow form will predominate in the presence of a weaker acid, 1.¢., 
more readily with sulphuric acid than with perchloric acid. The position of the nitric acid 
curve in Fig. 4 may have been affected by the presence of excess of urea. 

The apparent anomaly of the redox curve of the H,O,—O, system as regards the abrupt 
rise of the e.m.f. above 16N-sulphuric acid (Fig. 1) may be attributed to decomposition !* 
or dehydration of hydrogen peroxide with formation of ozone.4* Analytical results prove 
that reduction occurs more readily in 24N- than in 16N-sulphuric acid. 

The dependence of the overall reduction reaction upon hydrogen peroxide and hydrogen- 


ion concentration (eqn. 2) is clearly shown by the horizontal displacement of the potentio- 
metric curves in Fig. 2. ~ 


MANCHESTER COLLEGE OF SCIENCE AND TECHNOLOGY, 
MANCHESTER, 1. (Received, December 15th, 1959.] 
e 10 Jahr, “ F.1.A.T. Review of German Science, 1939—1946,” Part 3, p. 176; Z. Elektrochem., 1941, 
, 810. > 
™ La Salle and Cobble, J. Phys. Chem., 1955, 59, 519. 
* Roth and Shanley, Ind. Eng. Chem., 1953, 45, 2343. 
13 Arnold and Mentzel, Ber., 1902, 35, 2902. 
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501. The Magnetic Properties of Vanadium(u1) Complexes. 
By B. N. Ficeis, J. Lewis, and F. MABss. 


The magnetic susceptibilities of four vanadium(11) complexes in which 
there are six equivalent ligand atoms surrounding the central vanadium ion 
have been measured over the temperature range 80—300°k. The com- 
plexes were ammonium vanadium alum, trisacetylacetonatovanadium(rm1), 
potassium trisoxalatovanadium(11) trihydrate, and potassium trismalonato- 
vanadium(11). Their susceptibilities obey a Curie law quite closely. The 
values of the Curie constants and, for the alum, the magnetic data available 
at lower temperatures from other authors are discussed with reference to the 
theory of the V** ion in a ligand field of cubic symmetry but with a small 
component of axial symmetry superimposed. — 


Tue V** ion in co-ordination complexes is well known to exhibit a magnetic moment of 
about 2-7 B.M., i.e., slightly below the spin-only moment of 2-83 B.M. for two unpaired 
electrons. In particular, the magnetic properties of ammonium vanadium alum have been 
studied previously.1 It has been pointed out * that a magnetic moment of 2-7 B.M. at 
room temperature is to be expected for the V** ion in a ligand field of cubic symmetry, 
when the relation between the spin-orbit coupling constant and thermal energy is taken 
into account. However, the moment of the V** ion in a cubic ligand field would 
be expected to fall as the temperature is lowered, whereas, for the alum at least, 
the moment observed at room temperature is constant down to quite low temperatures. 
The distribution of the six ligand water molecules surrounding the tervalent metal ion in 
an alum departs from that of a regular octahedron,® corresponding to an extension or 
compression of the octahedron along a trigonal axis. The magnetic behaviour of this alum 
has been fairly satisfactorily accounted for in terms of.a ligand field of trigonal symmetry, 
superimposed on the main cubic field and arising from the distortion of the octahedron.‘ 

We now report careful measurements of the magnetic suceptibility of ammonium 
vanadium alum and several other tervalent vanadium complexes in which the vanadium 
ion is surrounded by six equivalent ligand atoms. We compare the results with the theory 
developed for the magnetic behaviour of V** in ligand fields of symmetry lower than cubic. 

van der Handel and Siegert measured the magnetic susceptibility of ammonium 
vanadium alum over the range 1—300° k: at very low temperatures the susceptibility was 
independent of temperature, whereas at fairly high temperatures it obeyed a Curie law. 
The majority of their measurements were made at temperatures below 20° kK, the range 
above this being represented by only four determinations. Information on the accuracy 
of the measurements and the purity of the sample employed was not given. Fritz and 
Pinch! measured the susceptibility of this alum from 1° to 10° k and found substantial 
agreement with the results of van der Handel and Siegert. In this instance it was known 
that only slight oxidation of the alum took place during the measurements, and accuracy 
of the measurement of the susceptibility appears to be good. Chakravarty ! reported the 
susceptibility of the alum at four temperatures (identical with those of van der Handel and 
Siegert) between 70° and 300° K; agreement with the results of those authors was very 
good. 

The experimental data on ammonium vanadium alum yield, essentially, four pieces of 
information: (i) the temperature, 8, below which the susceptibility becomes constant, 
(ii) the value of this constant susceptibility, (iii) the Curie constant, C, in the higher temper- 
ature range, and (iv) the value of a term in the susceptibility, independent of temperature, 

1 van der Handel and Siegert, Physica, 1937, 4, 871; Fritz and Pinch, J. Amer. Chem. Soc., 1956, 
78, 6223; Chakravarty, Indian J. Phys., 1958, 32, 447. 

2 Figgis, Nature, 1958, 182, 1568. 


% Bevers and Lipson, Proc. Roy. Soc., 1934, A, 148, 664; Lipson, ibid., 1935, A, 151, 347. 
4 Siegert, Physica, 1937, 4, 138. 
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at higher temperatures. The values of these items from the data of van der Handel and 
Siegert are listed in Table 1. 


TABLE 1. Magnetic properties of ammonium vanadium alum. 


Exptl., other Calc., Exptl., this 
Quantity * authors Siegert work 
alk «cabins Gen dukpecinwsswienboetetwillydelpate tang Skates 6-9° 6-9° — 
8 EE a Sa EE Ee DR ERE SP are 0-85 0-85 0-95 + 0-02 
High temp. T.I.P. (c.g.s.u. x 10°) (yout) ~~ --- 250 450 >150 
Low-temp. T.I.P. (c.g.s.u.) (your) «.+eseeeeeeeees 0-24 0:17 — 


* T.I.P. = Temperature-independent paramagnetism. 


Siegert * interpreted his results with van der Handel in terms of the splittings of the 
ground levels of the V** ion, as given in Fig. 1. The details of this theory have recently 
been discussed by Chakravarty.’ Siegert chose to fit 8 and C of the experimental data 
by means of the two parameters involved in his theory, namely A, the separation between 


Fic. 2. Inverse of molar susceptibility versus 
temperature for ammonium vanadium alum and 
potassium trisoxalatovanadate(111) trihydrate. 


Fic. 1. Splittings of the energy levels of the 
V3+ion. The numbers under a line indicate JOO 
the degeneracy of the energy level concerned 
(spin x orbital). 
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field (second order) fe) /00 200 300 
Temp.(*«) 
O, K,V(C,0,)3,3H,0. 
x, NH,V(SO,).,12H,0. 








the orbital singlet and the orbital doublet, and 2’, the “ effective ” value of the spin-orbit 
coupling constant. He assumed that the cubic ligand field was strong, i.c., that there was 
complete mixing of 8P and °F of the free ion under the influence of the field. Agreement 
with the experimental data for the remaining two items, the values of the temperature- 
independent susceptibilities, was not good (see Table 1). Siegert required A = 670 cm.. 
The data of Fritz and Pinch and of Chakravarty do nothing to change this interpretation. 


Results—Our measurements on ammonium vanadium alum are summarised in Table 1 and 
in Figs. 3and 4. In Table 2 the results of our measurements on the other tervalent vanadium 


TABLE 2. Magnetic properties of the octahedral vanadium(t1t) complexes 
studied in this work. 


Curie High-temp. 
Compound Her, (300° kK) constant 0 T.L.P.* (x 10°) 
NEV (SO). IBD _....ccesccscsees 2-80 0-95 0° 50 
V (acetylacetonate), .............. - 2-80 0-97 2 50 
K,V(C,O,)5,8H,O ...........0..0000 2-80 0-96 1 50 
A oh 2-78 0-99 14 100 


* Estimates only; maximum possible values are ~150. 
* Chakravarty, Proc. Phys. Soc., 1959, 74, 711. 
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complexes studied are listed; they are also set out in Figs. 2 and 3, which give plots 1/yy versus 
temperature. In the particular case of the alum, Fig. 4 is a plot of 4u,q? against T?; this is 
done to facilitate the comparison of data from all observers over the entire range of temperature, 
The solid line of Fig. 4 is a plot of the expression: 


{1 — (1 — 8/2kT) exp (—3/kT)} 


Auer? = 0-935 (3/2kT) 1 + 2 exp (—3/kT) 





+10°T . . 


0-935 is the best fit for the Curie constant to accord with our results and the theory; 8 js 
taken as 6-9°. 

For kT > 8 this expression reduces to: }yoq.? = 0-935 + 10¢*T. The molar susceptibility for 
the V** ion in ammonium vanadium alum in dilute sulphuric acid solution was found to be 
3360 x 10° c.g.s.u., independent of the concentration of the solution, for 0-l1m- and 1-0m- 
vanadium. This value of the susceptibility corresponds to a Curie constant of 0-955. 

















Fic. 3. Inverse of molar susceptibility versus Fic. 4. dpteg? versus 4/T for ammonium vanadium 
temperature for potassium trismalonatovanad- alum, experimental for various authors and calcul- 
ium(t111) and trisacetylacetonatovanadium(ttt). ated according to (1). 
400r ‘Or ; es 
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DISCUSSION 


Ammonium Vanadium Alum.—Our measurements of the magnetic susceptibility of this 
alum over the temperature range 80—300° K, as set out in Table 1 and Fig. 2, confirm 
the main features of the earlier measurements but differ in important details. We have 
found that the susceptibility is some 7% higher than that given by van der Handel 
and Siegert or Chakravarty.1 Since we measured the absolute susceptibilities with an 
accuracy of +2% and analysed the compound before and after the measurement, we are 
confident that the earlier measurements were not sufficiently precise or that some of the 
V%* ion had been oxidised. As discussed below, the interpretation of the magnetic 
properties of the V** ion in a cubic ligand field depends critically on the departure of the 
moment from the spin-only value for two unpaired electrons, viz., 2-83 B.M., and, there- 
with, of the Curie constant from 1-00. Consequently, we find that, although the interpret- 
ation of the susceptibility of ammonium vanadium alum given by Siegert and based on his 
results with van der Handel serves to account for our measurements, the choice of the 
parameters which occur in the interpretation is different. 
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Siegert’s theory yields the following expressions: 
C = 1— 4D%,/3A 
8 = (D%2/A)(1 — 2D2/A) 
XouT = (16N 87/38) (1 _ 2D?2/A) 
xount = 4N8*D*/3 


Here it has been assumed that 2 < A, so that 22/A? may be neglected relative to 1; the 
justification for this is discussed by Siegert. D is the equivalent of the quantity |B|a in 
Siegert’s nomenclature, and is a measure of the degree to which the cubic ligand field 
mixes the *P term of the free ion into the 87, term of the 3F ground term. With no mixing 
(weak field), D = 3/2; with complete mixing (strong field), D = 1. 

Rather than employ as a parameter, as done by Siegert, we have chosen to retain it 
as a known quantity at the free-ion value of 105 cm. and to introduce, instead, the 
parameter k which allows for the loss of orbital angular momentum associated with the 
T, term when delocalisation of the fg, electrons in x-bonding occurs. * The introduction 
of k is accomplished by employing AL for the orbital angular momentum operator wher- 
ever it appears; the spin-orbit coupling operator then becomes A&L‘S and the magnetic 
moment operator (kL + 2S). Then it is found that D = k|B]/a. Also, instead of dealing 
with the case of a strong ligand field, we have evaluated the mixing coefficient of *P into 
the 87, (*F) ground term under the assumption that the cubic ligand field is the same as that 
found in aqueous solutions containing the V** ion, viz., 10Dqg = 19,000 cm..° The centre- 
of-gravity separation *P-*F in the complex was taken as 9300 cm.*1.78 This gives: 

PCT) = [¥(T,PF — 0:35 4(T,)*P]/1-06 
and D = 1-2k. 

As set out in Table 3, our experimental results on ammonium vanadium alum in the 
range 80—300° k, as well as those obtained by other workers at lower temperatures, can be 


TABLE 3. Quantities specifying the magnetic behaviour of ammonium vanadium alum, 
as calculated in Siegert’s theory. 








. Calculated 
= nts ss 
D = 1-2 (complex) D = 1 (strong field) D = 1:5 (weak field) 
Best ih a y gee ) 
exptl ——____+_______,_,, ~— ~ + x San! 
Quantity value 10 O09 O8 07 10 O09 O8 07 10 O98 O8 07 
We seksaonsn 0-95 0-935 0-935 0-935 0-935 0-93 0-93 0-93 0-93 0-935 0-935 0-935 0-935 
ae 6-9° 71° «70° 69° G&8° 7-1° 70° 69° 68° 72° 7:0° 69° 69° 
XCLT «+eeee 0-24 0-26 0-26 0:26 0-26 0-25 0:25 0-25 0-25 0-26 0:26 0-26 0-26 


10°ycur .-. 150 210 210 210 210 220 220 220 220 210 210 210 #«(2210 
| a 3000 2400 1900 1450 2000 1600 1300 1000 5250 4250 3400 2600 


* A is chosen to give the best fit for C and 5/k simultaneously. 


quite satisfactorily accounted for on the re-interpreted theory of Siegert. The main 
points are that, provided fg, electron delocalisation is allowed for, the free-ion value of the 
spin-orbit coupling may be employed, and that a considerably larger axial field splitting 


* We do not need to consider the usual reduction of A arising from delocalisation of the ¢, electrons, 
since we are concerned only with the operation of spin-orbit coupling within the ¢,, set. However, it is 
probable that a reduction of X takes place because the transfer of charge accompanying the bonding to 
ligand atoms leads to the ¢,, electrons’ moving in a force field different from that of the free ion.?_ Thus 
it would be better to take as the spin-orbit coupling operator ACLS, where C is a number a little less 
than 1. As we were unable to decide on a suitable value for C, and in order to keep the treatment as 
an as possible, we followed the procedure implicit in the early work on the effective reduction of A 
and took C = 1.8 


* Stephens, Proc. Roy. Soc., 1953, A, 219, 542. 

7 Dunn, J., 1959, 623. 

* Owen, Proc. Roy. Soc., 1955, A, 227, 183. 

* Jérgensen, “‘ Quelques Problémes de Chimie Minérale,” Institute Internationale de Chimie Solvay, 
Bruxelles, 1956, 355. 





2484 The Magnetic Properties of Vanadium(1n) Complexes. 


of the orbital triplet ground levels must be invoked—some 2000 cm.*!. Also a much lower 
value for yor is deduced, although still higher than the experimentally determined value, 
Xour is in satisfactory agreement with experiment. 

Other V** Complexes.—From Table 2 it is obvious that the behaviour of the remaining 
three tervalent vanadium complexes we have studied is very similar to that of the alum 
as far as the Curie constant and yoqr are concerned. However, in view of the Weiss 
constant of 14°, not too much significance can be placed on the result for the malonate, 
It seems that these complexes also possess a distortion from cubic symmetry of the ligand 
field, and of much the same magnitude as that observed in the alum. The presence of 
such a distortion in these complexes is more readily understood than in the alum, for 
bonding between pairs of C=O groups must result in a departure from strictly cubic 
symmetry for the arrangement of the six oxygen atoms around the vanadium ion. It 
seems curious that the distortion necessary to explain the magnetic data is so similar in 
all the complexes unless, as Van Vleck ! has suggested, the effective axial field arises from 
Jahn-Teller effect phenomena rather than from the exigencies of lattice packing, etc. 
From the splitting of the “ third band ” of the ligand-field spectrum of V** as V,O, diluted 
with Al,O,, Ballhausen and Liehr™ have inferred that a trigonal field of ~850 cm." is 
present. 

Solutions of Ammonium Vanadium Alum.—In order to examine the behaviour of the 
V%* ion in an environment which is not subject to the exigencies of crystal packing, we 
measured the susceptibility of two solutions, of different concentration, of ammonium 
vanadium alum in dilute sulphuric acid. If the susceptibility had been that predicted for 
the V** ion in an environment of cubic symmetry, the difference between that value and 
the value found for the ion in the solid complexes would have been well outside experi- 
mental error (a value 7% lower is required; a total experimental error between the two 
measurements of 3% is estimated). The results indicate that the instantaneous ligand 
field to which a V** ion is subject in solution is not entirely of cubic symmetry. Although 
the time average of the ligand field may correspond to high symmetry, the average of the 
magnetic susceptibilities arising from the instantaneous non-cubic fields is not expected 
to be the same as that for a steady-state cubic field. The fact that the solution measure- 
ment yields exactly the same magnetic susceptibility as is observed for the solid com- 
plexes may perhaps be taken to indicate that the Jahn-Teller effect is the mechanism 
which determines the effective non-cubic ligand field in both circumstances. 


EXPERIMENTAL 


Magnetic Measurements.—The measurements of the absolute values of the magnetic 
susceptibilities of the complexes were made by the Gouy method at room temperature. The 
magnetic field of 10,000 gauss was provided by an electromagnet, and the force on the specimen 
was measured on a semimicro-chemical balance. A specimen 10cm. long and weighing about 
0-4 g. was employed. The equipment was calibrated by means of nickel chloride solution.” 
The accuracy of the measurement of the susceptibilities of the complexes was +2%. The 
measurement of the relative values of the susceptibility at different temperatures was made on 
equipment previously described,!* and was accurate to +0-5%. The results of three separate 
preparations were examined for the alum, of two preparations for the other complexes. 
Measurements were made at several field strengths up to 10,000 gauss. The measurements of 
the susceptibilities of solutions of ammonium vanadium alum were made by the Gouy method 
at room temperature at a magnetic field of 10,000 gauss. The sample volume was 15 ml. 

Preparations and Analyses—Ammonium vanadium alum was prepared by Palmer’s 
method ™ [Found (i): V, 10-6, 10-6; SO,, 40-5, 40-4; NH,, 3-5; (after measurement) V, 10-7; 


10 Van Vleck, Discuss. Faraday Soc., 1958, 26, 97. 

11 Ballhausen and Liehr, J. Amer. Chem. Soc., 1959, 81, 538. 

12 Nettleton and Sugden, Proc. Roy. Soc., 1941, A, 178, 313. 

13 Figgis and Nyholm, J., 1959, 331. 

‘@ Palmer, ‘‘ Experimental Inorganic Chemistry,” Cambridge Univ. Press, 1954. 
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SO,, 40-1; (ii) V, 10-6, 10-8; SO,, 40-8, 40-8; (iii) V, 10-7, 10-7. Calc. for NH,V(SO,),,12H,O: 
V, 10-7; SO,, 40-3; NH,, 3°8%). 

Trisacetylacetonatovanadium(111)—Ammonium vanadium alum was heated with acetyl- 
acetone on the water-bath. The product was extracted with chloroform, and the chloroform 
evaporated off under reduced pressure. The substance, recrystallised from dry ether under 
reduced pressure, formed small brown needles [Found: V, 14-6, 14-7; C, 51-8, 51-4; H, 6-2, 6-1. 
Calc. for V(C;H,O,)3: V, 14-6; C, 51-7; H, 6-1%]. 

Potassium Trisoxalatovanadium(tn) Trihydrate—Warm saturated aqueous solutions of 
potassium oxalate and ammonium vanadium alum were mixed. After cooling, sufficient 
ethanol was added to start precipitation. The solution was kept in an ice-bath until the 
deposition of dark green crystals of the trihydrate was complete. The compound was recrystal- 
lised from water until free from sulphate ion [Found: V, 10-5; K, 24:3; C,O,, 54:2. Calc. for 
K,V(C,0,)3,3H,O: V, 10-5; K, 24-1; C,O,, 543%). 

Potassium Trismalonatovanadium(ti).—This complex was prepared as for the oxalate 
complex, a saturated solution of potassium malonate being used in place of the oxalate solution 
[Found: V, 10-4, 10-9; K, 24-5, 24-4; C, 22-6, 23-5; H, 2-0, 2:3. K,V(C,H,O,), requires V, 
10:7; K, 24:7; C, 22-8; H, 1-3%]. 

Solutions.—For a 1m-solution of ammonium vanadium alum in 1m-sulphuric acid at 294° k, 
yy was found to be 3360 x 10° c.g.s.u.; for a 0-1M-solution in 1m-sulphuric acid, yy was 
3330 x 10% c.g.s.u. The corresponding Curie constants are 0-95 and 0-96, respectively, if an 
allowance of 100 x 10° is made for yoqr. 


The authors acknowledge helpful discussions with Professor D. P. Craig and Dr. T. Dunn. 


WILLIAM RAMSAY AND RALPH FORSTER LABORATORIES, 
UNIVERSITY COLLEGE, Lonpon, W.C.1. (Received, January 6th, 1960.} 





502. The Solubility Behaviour of Aromatic Hydrocarbons. Part II} 
Solubilities in Carbon Tetrachloride. 


By E. McLAuGHuin and H. A. ZAINAL, 


The solubilities in carbon tetrachloride of the aromatic hydrocarbons 
biphenyl, o-terphenyl, m-terphenyl, naphthalene, phenanthrene, pyrene, 
fluorene, acenaphthene, and fluoranthene have been measured over a range 
of temperature. When the solubility data are plotted in the semi-reduced 
form, log mole-fraction against T;/T, where T; and T are the melting point 
and solution temperature respectively, all the data lie on a single curve. 
This behaviour is interpreted in terms of the entropies of fusion of the pure 
solutes. Using known calorimetric heats of fusion, we have determined 
interchange energies for the various solutes with carbon tetrachloride in 
order to test for strictly regular solution behaviour. These values are 
compared with known values determined from corresponding solubilities 
in benzene. 


In Part I* the solubilities in benzene of a wide range of aromatic hydrocarbons were 
determined. It was shown that the effect of melting point on solubility data, for a series 
of closely related solutes in a common solvent, could be eliminated if log x was plotted 
against T;/T, where T; and x are the freezing point and mole-fraction of solute, respectively, 
and T is the solution temperature. This corresponding-states behaviour arises because, 
for a series of closely related non-polar solutes, the entropies of fusion and their deviations 
from ideality in the same non-polar solvent are approximately the same. In the present 
work the solubilities of this group of hydrocarbons in carbon tetrachloride are reported. 
The results are analysed on a similar basis to test for the generality of reduced behaviour 
and the factors governing it. 


? Part I, McLaughlin and Zainal, J., 1959, 863. 
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EXPERIMENTAL 


Materials.—Sources of materials and m. p.s of the purified products are: pyrene 148-0° 
(Rutgerswerke A.G.), fluorene 113-5°, fluoranthene 109-8°, biphenyl 68-8°, acenaphthene 
93-8° (Gesellschaft fiir Teerverwertung), phenanthrene 99-2°, m-terphenyl 85-0°, naphthalene 
80-1° (B.D.H.), o-terphenyl 53-6° (Eastman Kodak). All the compounds were purified by 
chromatography on alumina, with benzene as eluant except for o- and m-terphenyl, where 
light petroleum was used. Solvents were removed by sublimation at 10 mm., or in cases 
where the compounds did not sublime, by prolonged heating in vacuo nearthem.p. ‘‘ AnalaR” 
carbon tetrachloride, which was dried (CaCl,) and freshly distilled, was used as solvent. 

Apparatus and Technique.-—Solubilities were determined by noting the solution temperatures 
of fixed mole-fractions. The technique previously described! was used. This consisted of 
making up mole-fractions by weight, sealing in Pyrex tubes, and rotating mechanically in a 
thermostat. The temperature at which the last trace of solid disappeared was noted to the 
nearest 0-1° with N.P.L. certified thermometers. Temperature was controlled electrically to 
-+0-05°. Table 1 lists the measured solubilities. 


DISCUSSION 


Plots of log x against 1/T for the data listed in Table 1 are approximately linear within 
experimental error over the measured temperature range and on extrapolation pass 
through the melting point. 


TABLE 1. Solubilities of aromatic hydrocarbons in carbon tetrachloride. 


{* = mole fraction: temp. in °c.] 


BIE co ccccsccsccsee Temp. 30-0° 38-4° 45-4° 53-6° 

x 0-3963 0-4946 0-5998 0-8279 
o-Terphenyl ......... Temp. 28-8° 348° | 41-6° 45-4° 49-8° 

x 0-5743 0-6707 0-7493 0-8186 0-8875 
m-Terphenyl ......... Temp. 39-4° 45-0° -- 55-4° 70-0° 

* 0-2063 0-2609 0-3718 0-4250 
Naphthalene ......... Temp. 31-6° 41-0° 49-6° 56-0° 62-8° 

x 0-3129 0-4046 0-5132 0-6010 0-6992 
Phenanthrene ...... Temp. 32-4° 36-8° 40-8° 43-8° 46-0° 

* 0-1768 0-2084 0-2421 0-2664 0-2920 
PYTORG oc ccccecvecccecece Temp. 41-0 58-4 69-0 79-2 

* 0-0702 0-1189 0-1639 0-2190 
PORTION viscncessececess Temp. 38-2° 46-6° 52-8° 58-2° 64-6° 

x 0-1619 0-2069 0-2499 0-2879 0-3436 
Acenaphthene ...... Temp. 30-0° 41-4° 45-4° 52-0° 

* 0-1805 0-2627 0-2987 0-3585 
Fluoranthene ......... Temp. 31-8° 40-2° 47-0° 53-0° 60-4° 

x 0-1032 0-1424 0-1821 0-2278 0-2984 


The results have been put in the form 
log x = —m(1/T) + ¢ oe Meee 


and m and c evaluated by the method of least squares subject to the condition that equation 
(1) passes includes the point (0, 1/7;)._ Values of m and c are listed in Table 2. 


TABLE 2. Parameters of solubility equation. 


Compound m c Compound m c Compound m c 
Biphenyl ...... 1063-4 3-111 Naphthalene ... 1106-0 3-133  Fluorene ...... 1257-4 3-252 
o-Terphenyl ... 975-2 2-979 Phenanthrene... 1245-0 3-345 Acenaphthene 1282-8 3-496 
m-Terphenyl... 1689-0 4-461 Pyrene ......... 1431-3. 3-398 Fluoranthene... 1458-5 3-819 


The slopes of the solubility curves for naphthalene, fluorene, acenaphthene, and 
phenanthrene, for which heats of fusion AH; are known, do not correspond with the ideal 
values calculated from the equation 


Inl/a=AH(\/T—1/T)/R  . ..... 
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when the activity a is replaced by the mole-fraction x. These departures from ideality 
can be interpreted in terms of the activity coefficient f which is given by regular solution 


theory as * 
; f=eap (i — sft]. 2k we als are 


W is the interchange energy for solvent-solute molecules in the liquid quasi-lattice and is 
zero when the solution is ideal and f= 1. For a strictly regular solution W is constant. 
By using the heats of fusion previously given,! the interchange energy has been calculated 
from the present solubility data for naphthalene, fluorene, phenanthrene, acenaphthene, 
and biphenyl and is given in Table 3 in the form W/k (°K). The experimental solubilities 
were used and variation of the heat of fusion with temperature was neglected as a first 
approximation. Constancy of W/k within about 6% indicates that the solutions conform 
approximately to strictly regular behaviour. 


TABLE 3. Interchange energy W/k (in °K) of carbon tetrachloride with aromatic 


hydrocarbons. 
Average W/k 
Compound CCl, CyH, 
Naphthalene ......... Temp. (°c) 31-6 41-0 49-6 56-0 62-8 
W/k 93 97 85 85 107 93 30 
Phenanthrene ......... Temp. (°c) 32-4 36-8 40-8 43-8 46-0 
W/k 189 177 164 147 146 165 36 
PERGONRO nn csccccovesets Temp. (°c) 38-2 46-6 52-8 58-2 64-6 P 
W/k 138 137 129 132 129 133 77 
Acenaphthene ......... Temp. (°c) 30-0 41-4 45-4 52-0 _ 
W/k 128 119 115 121 — 121 136 
Biphenyl] ...........+00 Temp. (°c) 30-0 38-4 45-4 53-6 -— 
W/k 72 78 59 56 - 66 a 


The average values of W/k for these five solutes in carbon tetrachloride are given in 
Table 3 together with corresponding values for benzene as solvent. As can be seen, the 
values for carbon tetrachloride are higher than those for benzene, except for acenaphthene, 
and the deviations from ideality are therefore greater. This probably arises from two 
causes. First, benzene is a planar molecule whereas carbon tetrachloride is spherical, so 
packing of the latter in the solute lattice is less favourable. Secondly, although benzene- 
solute interactions are mainly between the carbon skeletons of the two molecules, the car- 
bon tetrachloride-solute interactions, however, involve mainly the peripheral chlorine atoms 
interacting with the carbon skeleton of the solute. This leads to greater deviations from 
the averaging laws for the heteromolecular interaction for the case of carbon tetrachloride— 
solute interactions than for benzene-solute interactions and consequently greater deviation 
of the solutions from ideality. 

In a series of closely related molecules where the intermolecular potential is of the same 
shape it is possible to represent in reduced form by a unique curve the physical properties 
of the series which are dependent on the characteristics of the potential. This reduction 
is generally made by choosing the critical state as the reference state. For gases, both 
equilibrium and transport properties of simple spherically symmetric molecules are found 
to follow this law of corresponding states. For condensed phases, however, conformity 
of physical properties to corresponding states has not been so extensively investigated. 

For the solubility data of solids in liquids it has previously been shown ! that if the 
solubility formula (3) is transformed into 


In a = —AS, [(T;/T) — 1)/R ice te &. oe ae 
then the activity is a uniqug function of the reduced temperature for a series of closely 
related non-polar molecules in a non-polar solvent. This behaviour arises because in such 

® Guggenheim, ‘‘ Mixtures,’’ Oxford Univ. Press, 1952. 


® Hirschfelder, Curtiss, and Bird, ‘‘ Molecular Theory of Gases and Liquids,’’ Wiley, New York, 
1954, p. 611. 
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a series the entropies of fusion are all similar, and when T;/T —» 1, In a—» 0. In this 
case the reference temperature for solubility is taken as the melting point of the pure 
solute. Such an equation has not been tested experimentally owing to lack of sufficient 
experimental data on entropies of fusion and activity coefficients. If deviations from 
ideality are small, however, or of the same relative order for each species, then a plot of 
In x against T/T would also be expected to be a unique curve for a series of closely related 
solutes dissolving in a solvent with the same type of force field. 

The solubility data of Table 1 are plotted in the Figure as log x against 7;/T and are 
seen to fall approximately on one curve with a small scatter. The ideal curve, AS; being 
taken as 13-0 molar entropy units, which is the average value from the known heats of 
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fusion, is shown as a broken line. The best straight line subject to the condition that it 
passes through the point (0,1) has been fitted to the experimental results and is given by 


is 15-9 [T: 
log « = —sa309n | 7 1] Piiebistig? qnogoig: 


The corresponding equation for the solubilities in benzene has the factor outside the 
bracket replaced by 13-8/2:303R. Although log solubility is not in general linear in 1/T, 
yet deviations from linearity for such systems as are considered here are small, so that use 
of equations (5) is justified in the first approximation for small temperature ranges. 
Equations such as (5) can be determined for a series of solvents to enable an estimate of 
the solubility to be made within about 5%. 

This behaviour indicates that, at the same value of reduced temperature 7;/T, the 
solubilities of these hydrocarbons in carbon tetrachloride are all equal irrespective of their 
melting points. 


Thanks are due to Professor A. R. Ubbelohde, F.R.S. for his interest in this work and to the 
National Coal Board for financial support. One of us (H. A. Z.) thanks the Government of 
Iraq for a grant. 
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503. Hydrogen Resonance Spectra at Low Temperatures of Pure 
Hydrocarbons and of Selected Coal Samples. 


By R. E. RicHarps and R. W. YorKE. 


Measurements of the hydrogen magnetic resonance line widths and of 
the second moments of many solid hydrocarbons and of selected samples of 
coal have been used to obtain an indication of the types of hydrogen atom 
present and hence of the types of ring and of the positions of methyl groups. 


THE proportions of the main chemical elements in different types of coal lie within the 
ranges C, 65—95%; O, 3—30%; H, 2—6%. Microscopic examination discloses a 
number of components (termed macerals), differing in optical properties and chemical 
composition. Vitrinite, exinite, and micrinite are the most important. The most 
homogeneous is vitrinite, which constitutes the major portion of the bright coals. Exinite 
and micrinite both occur in high proportions in the dull coals; they have no general 
dominant constituent (contrast vitrinite in bright coal) and therefore have a more variable 
composition than the bright coals. Vitrinite can be isolated in an almost pure state, ¢.g., 
by hand-picking. Exinite and micrinite, which are richer and poorer respectively than 
vitrinite in hydrogen, differ in density and can be fractionated, though with difficulty, by 
means of liquids differing in specific gravity. 

The elucidation of coal structure has been attempted by many methods. In the 
present state of knowledge the simplest likely model consists of central aromatic nuclei 
with flat conjugated benzenoid ring systems or lamellae to which are attached alicyclic 
rings and also aliphatic groups linking one cluster to another. This model has mainly 
been built up from physical evidence. 

Recent X-ray measurements by Hirsch,’ on a range of vitrains, suggest that the 
aromatic layers in coals containing up to about 90% of carbon are small in that they 
contain only a few condensed rings and that these layers are cross-linked to form larger 
units. 

Infrared absorption spectra? of coals show that methyl and methylene groups are 
present, as well as hydrogen-bonded hydroxyl (probably phenolic), diaryl ethers, and 
aromatic carbon—hydrogen linkages. 

Preliminary measurements * have shown that the hydrogen magnetic resonance line 
widths of different samples of coals at low temperatures vary markedly with the carbon 
content, and it was suggested that this is associated with variations of the ratio of aromatic 
to aliphatic hydrogen atoms in the coals. Measurements have therefore been made of 
the second moments of many solid hydrocarbons and of carefully selected samples of coal. 


EXPERIMENTAL 


Nuclear magnetic resonance measurements were performed with the spectrometer described 
previously,* at 90° k (liquid oxygen as refrigerant unless otherwise specified). Care was taken 
to ensure that the radio-frequency level used was low enough to avoid saturation. 

Commercial decalin was purified in the usual manner. From refractive-index measurements 
it was estimated that 79% was in the cis-form. 9,10-Dihydroanthracene was obtained from 
Messrs. Light. The remaining hydrocarbons were kindly provided by Dr. J. C. Smith. 

The National Coal Board kindly supplied samples of a range of vitrain coals which, from 
petrographic analysis, contained at least 96% of vitrinite (by vol.) except for the Coegnant, 
Gellideg Seam coal (this contained 89% of vitrinite and 11% of micrinite). The analytical 
figures for the Blaenhirwaun coal are estimated values from other similar coals. The National 
Coal Board also supplied two samples of durain, dense, spore-rich, dull coal from the “ branch 


1 Hirsch, Institute of Fuel Conference, April, 1958. 

2? Cannon, Nature, 1953, 171, 308. 

% Newman, Pratt, and Richards, Nature, 1955, 175, 645. 

* Richards and Smith, Trans. Faraday Soc., 1951, 47, 1261. 
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band” of the Aldwarke Main, Silkstone Seam. European Research Associates kindly lent 
three macerals separated from an American bright coal (83-3% of carbon; dry, mineral-matter- 
free) and dull coal (84:2% of carbon; d.m.m.f.) of the same rank. The resultant vitrinite has 
C, 84:5; H, 5-4%; O, 85%. A series of coals derived by solvent-extraction were also received 
from European Research Associates. Step-wise extraction from a vitrinite (84-0% of carbon: 
d.m.m.f.) was made, starting with pyridine. The pyridine-soluble part was then extracted 
with trichlorobenzene, the trichlorobenzene-soluble part with benzene, and the benzene- 
soluble part with carbon tetrachloride. The coal samples studied by Newman, Pratt, and 
Richards were prepared from hand-selected lumps of bright coals containing more than 50% 
of vitrain. 
Results 

Hydrocarbons.—The results of the magnetic resonance ‘measurements on the hydrocarbons 
and other model compounds are shown in Table 1. 

Coal Samples.—The nuclear-resonance measurements for the range of vitrain coals from 
the National Coal Board are shown in Table 2. The results are average values of six recordings 
for each sample. 

The results obtained from the macerals supplied by European Research Associates and for 
the solvent-extracted materials are shown in Tables 3 and 4 respectively. 

Measurements of second moments of six samples of vitrains have been mentioned by Smidt, 


TABLE 1. Second moments at 90° k 
No. of | Mean second moment Line width 


Compound traces (gauss?) (gauss) 
IE, « cxcecedevymannsprtencmétinetueresionbysnenssve 8 15-9 + 0-7 9-3 + 0-3 
IER -uidriiesdinsseiacigesenmbiabinandtunmaiieeunnihe 8 21-8 + 0-5 12-9 + 0:3 
9,10-Dihydroanthracene ..............seeeeeeeeeees 6 15-5 + 0-6 8-7 + 0-7 
PGCMETOMD  ocsccccccscccsscesscccccccdsccsccscccce 8 15-9 + 0-7 9-3 + 0-3 
1,6-Di-2’-naphthylhexane _..............seeeeeeees 8 17-5 + 0-6 9-1 + 03 
GEER cin evvsnrrnsssoeroosusoresontosiones 8 20-2 + 0-5 9-4 +. 0-5 
ti hes hee tec ce RE TT 8 21-4 + 0-8 11-6 + 0:3 
1-n-Nonylnaphthalene .............cccseseeeeeeeeees 8 20-6 + 0-7 11-4 + 0:3 
1-Ethyinaphthalene *  ...........ccecsccccsccescseee 8 12-8 + 0-5 8-6 + 0-5 
1-n-Propylnaphthalene ® ..............sceeeseseeees 8 7 14-9 + 0-6 8-5 + 0-1 
2,3-Dimethylnaphthalene * ................s20000e+ 8 9-2 + 0-3 7-8 + 0-2 
1,8-Dimethylnaphthalene _ ..............seeeeeeee 8 17-5 + 0-9 8-6 + 0:3 
Equimolar mixture of benzene and decalin ... 8 21-6 + 0-6 12-3 + 0-4 
Mixture of benzene and decalin (3:1) ......... Ss 17-7 + 0-5 9-9 + 0-2 
1,4,5-Trimethylnaphthalene * .................606+ 8 15-2 + 0-6 8-0 + 0:3 
5-Acetamido-6-nitrotetralin — ............eseeeeeee 8 16-2 + 1-1 7-7 + 0-2 
2,3-Dihydro-6-nitrobenzo-1,4-dioxin ............ 8 13-7 + 0-8 5-3 + 0-1 
* Measured by C. L. M. Bell. 
TABLE 2.* 
Line Second 
O, etc. width moment 
Coal C(%) H(%) N(%) S(%) %) (gauss) (gauss*) 
Nailstone Yard seam ............... 79-2 5-3 1-4 1-0 13-1 §84+03 212+ 03 
Markham Main Barnsley Seam... 82-0 5-5 1-8 1-0 97 T6401 189+ 08 
Dinnington Main Barnsley Seam 84-9 5-4 1-9 1-0 68 75+02 17-84 03 
Houghton Main Parkgate Seam 86-7 5-3 1-8 1-0 52 71+01 162403 
Coegnant Gellideg Seam............ 91-4 4-6 1-6 0-5 1-9 72+02 141+ 05 
Blaenhirwaun Pumpquart Seam 94-0 2-2 1-0 0-8 20 66+02 125+ 0-4 
Aldemark Main Silkstone Seam... 87-9 6-3 1-2 0-6 4-0 77+02 17-1+1-1 
85-+01 17-8+ 06 
* Compositions (%) are given on a dry, mineral-matter-free basis. 
TABLE 3. TABLE 4. 
Line Second | Line Second 
width moment width moment 
Maceral (gauss) (gauss*) Coal (gauss) (gauss?) 
Micrinite (d 1-40—1-43) 67+0-1 12:7+40-9 WEEE Sonn revesssencvcssexs 74403 1561+ 07 
Vitrinite (d 1-27—1-:33) 76+02 145+ 06 Pyridine-soluble ......... 751+02 145+ 0-6 
Exinite (d <1-25) ...... 85+0-7 200+ 0-5 | Trichlorobenzene-soluble 66+ 0-2 13-1 + 03 
Benzene-soluble ......... 68+03 151 + 0-7 
: CCl,-Soluble ............... T1403 15-9 + 0-4 
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van Raayen, and van Krevelen. The results are in approximate agreement with those 
described here, except that a sample of carbon content 80-2% gives a second moment of 19 
gauss*, compared with 21-2 gauss* obtained in this work for a sample of 79-2% carbon content. 
These authors also found a difference of about 3-8 gauss * between samples measured after 4 
hours’ drying at 80° at 0-2 mm. compared with the same sample treated at a pressure of 105 
mm. at 165° until no further change in second moment occurred. It is presumed that coals 
of low carbon content contain significant amounts of water which is only removed with great 
difficulty, so that the results obtained in this work for the carbon of content 79-2% may be too 


high. 


DISCUSSION 

Comparison between Theoretical Second Moments and Experimental Values.—The 
crystal structure of tetralin has not been determined. From a scale model, with standard 
interatomic distances and angles, the intramolecular contribution to the second moment 
was found to be 13-7 gauss?. The intermolecular broadening can be estimated to be 
between the intermolecular broadening for cyclohexane (9-6 gauss?) and naphthalene 
(6-9 gauss”); ® if the intermolecular broadening is taken to be 8-2 gauss?, the total rigid 
theoretical second moment is found to be 21-9 gauss?, in close agreement with the experi- 
mental value of 21-8 gauss, from which it is concluded that any molecular motion in 
tetralin at 90° K is too slow to affect the nuclear resonance spectrum. 

The crystal structure of acenaphthene has been determined by Banerjee and Sinha.’ 
However, according to Wyckoff,§ certain molecular separations in the crystal are so large 
that a reconsideration of the structure seems needed. Only the intramolecular second 
moment was therefore calculated from the published data and by this means a value of 
7-2 gauss* was obtained. It seems likely that the intermolecular broadening will be 
similar to that in tetralin (8-2 gauss?). In this case the total theoretical second moment 
would be 15-4 gauss?, very close to the observed value. So there is no molecular motion 
in any part of the acenaphthene molecule at 90° k. 

The same model was used for the ring system of 6-methyltetralin as for tetralin, and 
the methyl group was arranged so that one hydrogen atom was in the plane of the benzene 
ring and the other two were symmetrically above and below. The rigid intramolecular 
second moment is 16-7 gauss*. If the intermolecular broadening is estimated to be about 
8 gauss®, the total rigid second moment would be 24-7 gauss*. This value is larger than 
the experimental value of 20-2 gauss”, and indicates some molecular motion. The most 
likely form of motion is reorientation of the methyl group about the Cgy.)-C axis.” If 
the second moment of this compound is then recalculated by assuming this motion of the 
methyl group only, the intramolecular broadening becomes 13-2 gauss*. If the inter- 
molecular broadening is assumed to be about 7 gauss? the total theoretical value of 20-2 
gauss* is obtained, in exact agreement with the observed value. The assumption of 
rotation of the methyl group is therefore supported. 

From a scale model of 6-n-propyltetralin, with various arrangements of the n-propyl 
group, second moments from 17 to 20 gauss* were obtained. If an intermolecular broaden- 
ing of about 7 gauss® is assumed, the total rigid second moment would then be 24—27 
gauss*. The experimental value of 21-4 gauss? lies well below this range and so once again 
it is assumed that some molecular motion is present. If the rotation is assumed to be 
restricted to the terminal methyl group, a value of 15 gauss* is obtained for the intra- 
molecular second moment, and an intermolecular contribution of 7 gauss* being assumed, 
a value of 22 gauss? is obtained. This is reasonably consistent with the experimental 
value. Further motion involving the whole propyl group would very significantly reduce 
the second moment, well below the experimental value. 

5 Smidt, van Raayen, and van Krevelen, Fuel, 1959, 38, 539. 

* (a) (Cyclohexane) Andrew and Eades, Proc. Roy. Soc., 1953, A, 216, 398; (b) (naphthalene) 
Andrew, J. Chem. Phys., 1950, 18, 607. 


? Banerjee and Sinha, Indian J. Phys., 1937, 11, 21. 
8 Wyckoff, ‘‘ Crystal Structures,”’ Interscience, New York, 1953, Vol. 3, p. 88. 
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For the scale model of 1,8-dimethylnaphthalene the structure of the naphthalene 
nucleus determined by Ahmed and Cruickshank ® was used. The feri-methyl groups are 
very close together and the arrangement which gave the greatest possible separation 
of hydrogen atoms was chosen. The rigid intramolecular second moment was found to be 
16-1 gauss*, of which 13-9 gauss* is contributed by the methyl groups. The total second 
moment is 23-0 gauss* if the intermolecular second moment is assumed to have the same 
value as that calculated by Andrew ® for naphthalene (6-9 gauss*). The observed value 
of 17-5 gauss* indicates that the methyl groups are probably in motion. In view of the 
large interaction between the methyl groups a more exact calculation was carried out, by 
assuming that they are in three-fold rotation in opposite directions like meshed gear- 
wheels. On this basis a total second moment of 17-2 gauss? is obtained in good agreement 
with the observed value. 

These results and those of other authors (see below) indicate that (a) the contributions 
of the hydrogen atoms in normal aliphatic and in aromatic groupings to the second moment 
of a compound at low temperatures are very similar in all hydrocarbons, (b) at 90°x 
terminal methyl groups are always undergoing molecular motion about the Cyeysin-C 
axis at a sufficient rate to reduce their contribution to the second moment, and (c) when 
the peri-methyl groups in condensed aromatic systems give second moments greater than 
normal on account of their close proximity. It may therefore be possible to estimate the 
second moments of the hydrocarbons by considering the proportions in the molecule of 
(i) aromatic hydrogen atoms, (ii) hydrogen atoms in methyl groups not in adjacent feri- 
positions, (iii) hydrogen atoms in methyl groups in adjacent feri-positions, and (iv) 
aliphatic hydrogen atoms excluding the hydrogen atoms in methyl groups, in conjunction 
with definite values for the contribution of these different types of hydrogen atoms to the 
total second moment. The values will include both intramolecular and intermolecular 
interactions and their use assumes that the intermolecular interactions on the specific 
type of hydrogen atom considered does not vary much from one hydrocarbon to another. 
This assumption is partly justified because the broadening depends on the inverse sixth 
power of the H-H distances and therefore only the nearest atom in other molecules will 
produce a marked effect. 

The value of the contribution of aromatic hydrogen atoms to the total width was 
chosen by considering the observed and the theoretical second moments of benzene ® 
and naphthalene ® obtained by Andrew. The observed and theoretical second moment 
of benzene of 9-7 gauss? at 80°K is about half-way between the observed value of 9-1 
gauss* of naphthalene at 96° k and the theoretical value of 10-1 gauss?, so 9-7 gauss? was 
chosen for the contribution of aromatic hydrogen atoms. 

The second moment of decalin was determined (see above) in order to obtain the 
contribution of the aliphatic hydrogen atoms (S,,)._ The fact that it is a mixture of cis- 
and trans-forms is not important. This molecule contains eighteen hydrogen atoms, of 
which sixteen are aliphatic and the other two can be regarded as aromatic. The observed 
second moment of 25-5 gauss* may therefore be treated as follows: 


25-5 = 48 x Sut ve x 9-7 


The value of S,, which is obtained is 27-5 gauss. 

The contribution of the hydrogen atoms in methyl groups not in adjacent feri-positions 
(S,) was chosen by taking Andrew’s value © of 9-9 gauss? at 95° k for the second moment 
of p-xylene, which contains ten hydrogen atoms and two methyl groups undergoing 
rotation about their Coy.)-C axes: 


9-9 = 5 x S. + % X 9-7 
The value of 10-0 gauss? is obtained for S,. 


® Ahmed and Cruickshank, Ac/a Cryst., 1952, 5, 852. 
1®@ Andrew and Eades, Proc. Roy. Soc., 1953, A, 218, 537. 
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The contribution of hydrogen atoms in methyl groups in adjacent peri-positions (Sy) 
was calculated from the observed second moment of 17-5 gauss? of 1,8-dimethylnaphthalene. 
This molecule contains twelve hydrogen atoms, of which six are aromatic and six are in 
methyl groups in adjacent peri-positions: 


17-5 = 3 xX Sy + vz X 97 


A value of 25-3 gauss? is obtained for Sy. 

The use of these values can be illustrated by reference to 6-n-propyltetralin. This 
molecule contains eighteen hydrogen atoms, of which twelve are aliphatic, three are 
aromatic, and three are in the terminal methyl group. The second moment would 
therefore be expected to be 


3§ X 27-5 + He x 9-7 + 3% x 10-0 = 21-6 gauss? 


The observed value is 21-4 gauss?. 

Second moments calculated in this way are given in col. 4 of Table 5. The agreement 
between cols. 3 and 4 is surprisingly good. The greatest discrepancies are found with 
acenaphthene and 1,4,5-trimethylnaphthalene. The difference between the observed 
value of 15-9 gauss* for acenaphthene and calculated value of 16-8 gauss? is accounted for 





TABLE 5. 
” Har + Hue 
H H 
Second moment (gauss*), as bs sg 2 
calc. second 
Compound Ze obs. (see text) True moment 

ND — ass ints fede tas be dulcéoseeiddese 90 25-5 25-5 0-13 0-13 
MIR: ctcisansinebieeielbdinescesseunss 90 21-8 21-6 0-50 0-47 
TD icanicasevaccoseseesosee 90 15-9 16-8 1-50 1-87 
9,10-Dihydroanthracene ............ 90 155 15-7 2-00 2-07 
1,6-Di-2’-naphthylhexane ......... 90 17-5 17-9 1-17 1-28 
ie 90 20-2 20-0 0-75 0-70 
6-n-Propyitetralin ...................0. 90 21-4 21-6 0-50 0-52 
1-n-Nonylnaphthalene ............... 90 20-6 20-7 0-63 0-63 
1-Ethylnaphthalene ...............0.. 90 ° 12-8 12-7 5-00 4-74 
1-Propylnaphthalene ............... 90 14-9 14-9 2-50 2-42 
1,8-Dimethylnaphthalene............ 90 17-5 175 1-00 1-28 
1,4,5-Trimethylnaphthalene ...... 90 15-2 16-4 1-33 2-24 
2,3-Dimethylnaphthalene............ 90 9-2 9-8 -- — 
NE stchsnuipaesonesabineseseeSuis 95 9-9 9-9 —_— — 
ENS as cevlncebttbesaccosdicacetes 95 9-8 9-9 — —_ 
EE acess cehaddinthsheerenes 95 9-8 9-9 —_ _— 
IE citccodensshuecevinaceiese's 95 9-8 9-9 == — 
Benzene—Decalin (1:1) ............ 90 21-6 21-6 0-50 0-50 
Benzene—Decalin (3:1) ............ 90 17-7 17-6 1-25 1-23 


by the fact that this compound has methylene groups with an abnormally large carbon- 
carbon distance of 2-01 A. With 1,4,5-trimethylnaphthalene the difference between the 
observed value of 15-2 gauss? and calculated value of 16-4 gauss® is accounted for by the 
close proximity of the two feri-methyl groups. The broadening due to these two groups 
will therefore be very sensitive to the distances between their carbon atoms. Comparison 
of cols. 3 and 4 confirms that for the tetralin, acenaphthene, and 9,10-dihydroanthracene 
there is no rotation of the aliphatic ring or chains. Similarly in 1,6-di-(2’-naphthylhexane 
there is evidently no rotation of the chain linking the two naphthalene nuclei. This type 
of structure must be considered because the coals probably contain aliphatic bridges 
between adjacent graphitic layers as well as rings attached to one graphitic layer. The 
agreement for 1-n-nonylnaphthalene indicates that only the terminal methyl group is 
rotating, as found for all the other compounds studied. 

The values derived for the specific types of hydrogen atoms in the hydrocarbons were 
applied to the mixtures of benzene and decalin studied, by adding together the different 
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types of hydrogen atoms for the two molecules according to the molar proportions of the 
mixtures. As seen in Table 5, agreement between the observed and the calculated values 
of the second moments is good. 

The compounds with the large polar groups were studied to see how much effect these 
have upon the calculations. 5-Acetamido-6-nitrotetralin gave a calculated second moment 
of 21-2 gauss, and this is in serious disagreement with the experimental value of 16-2 
gauss*. Clearly, the two large polar groups seriously upset the intermolecular broadening 
between the molecules and invalidate the calculations. 

A similar situation occurs with 6-nitrobenzo-1,4-dioxin which has a calculated second 
moment of 19-9 gauss? and an experimental value of 13-7 gauss*. 

A number of measurements have been made in this Laboratory“ on some poly- 
methylene terephthalate polymers, (*C,H,*CO-O-[CHg]n°O°CO),,. When ” = 4, 5, or 6, 
the experimental second moments were 15-1, 19-3, 22-3, and 23-1 gauss*, the values 
calculated as above being 18-6, 21-6, 22-4, and 23-0 gauss? respectively. These clearly 
show that when there is a large proportion of polar groupings as when 1 = 2, the cal- 
culations are not accurate, but as the proportion of polar groupings to hydrocarbon 
material becomes smaller, the calculations are more successful. 

From these measurements it may therefore be concluded that the above semi-empirical 
calculations can be expected to apply reasonably well to materials which are largely of a 
hydrocarbon nature. If the molecule contains substantial proportions of strongly polar 
groupings or large atoms, then the method breaks down. It seems that the calculations 
might be expected to apply reasonably well to materials of coal-like structure. 

The conclusions reached above show, however, that it is not possible to make the 
calculations backwards so as to obtain the ratio of aromatic to aliphatic hydrogen content. 
Nevertheless, the contribution of the methyl groups not in adjacent ert-positions is nearly 
the same as the contribution of the aromatic hydrogen atoms. Also the contribution of 
adjacent feri-methyl groups is not far from the contribution of aliphatic components. 
Further, any other relatively isolated hydrogen atoms in groups such as OH, CH, CHO, 
would make a small contribution to the second monent similar to that of an aromatic 
hydrogen. The calculated proportion of aromatic hydrogen would therefore include 
hydrogen atoms in these groups. It is therefore possible to calculate from the observed 
second moment the ratio of aromatic hydrogen atoms and hydrogen atoms in methyl 
groups not in adjacent feri-positions to hydrogen atoms in the CH, and adjacent peri- 
methyl groups. Thus, let this ratio be a/b, then the second moment is 
a b 


<(AH_)*) ay = a+t x 9-7 + att 


a 27-5 — <(AH,)) ay 


bb <(QH,) ay — 9°7 

In the case of tetralin, ¢<(AH,)*>,, = 21-8 gauss*, whence a/b = 0-47. The correct ratio is 
0-50. The calculated ratios for the compounds are compared with the correct ones in the 
last two columns of Table 5. 

The above equation was applied to the range of vitrain coals and the results are given 
in Table 6. The resultant ratio (P,) given in col. 2 of Table 6 must be corrected for the 
hydroxyl content of the coal (Hox) as suggested by Dryden,” since hydrogen attached to 
oxygen probably behaves like aromatic hydrogen. This being assumed, if H is the total 
hydrogen content of coal, then the corrected ratio (P) is given by P = P, — (1+ 
P,)(Hon)/H. The corrected values are given in col. 3 of Table 6. The value of Hoy has 
been calculated by assuming that the hydroxyl-oxygen amounts to 60% ™ of the total 
oxygen in a bright coal. 


1 Land, Richards, and Ward, Trans. Faraday Soc., 1959, 55, 225. 
12 Dryden, Fuel, 1958, $7, 444. 
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There is also the complication of the hydrogen in methyl groups in adjacent feri- 
positions. Infrared studies * indicate that there are not many methyl groups present. 
Support is obtained from the study of the kinetics of coal carbonisation covering a 
range of vitrinites from 80-2 to 93-7% of carbon. This indicates that there is only one 


TABLE 6. 
— Ss 
Hen, + Hue i? 

C (%) in Har + Hye Corr. Upper Lower Upper Lower 
coal Hen, + Hoeri-me for OH limit limit limit limit 
79-2 0-5 0-4 0-4 0-3 0-75 0-75 
82-0 0-9 0-8 0-8 0-6 0-80 0-78 
84-9 1-2 1-1 1-1 0-9 0-84 0-82 
86-7 1-7 1-6 1-6 1-4 0-87 0-86 
91-4 3-0 2-9 2-9 2-5 0-93 0-92 
94-0 5-4 5-2 5- 4-6 0-98 0-98 


* f{, = Fraction of aromatic carbon. 


methyl group per lamella and that higher hydrocarbon radicals are rare, only about one 
in five lamella having one containing between two and three carbon atoms. This suggests 
the presence of “ side groups”’ and alicyclic rings rather than “ side chains.” Recent 
X-ray studies also indicate the presence of alicyclic structures in appreciable amounts. 
A reasonable assumption from the infrared measurements is that the ratio of non-aromatic 
hydrogen in methyl to that in CH, is of the order of 1-10. In this case upper and lower 
limits of the ratio H,,/(Hon, -+- He) can be calculated in which respectively all or none of 
the methyl groups are in the fert-position: 
Upper limit = r. Lower limit = (107 — 1)/11. 

These upper and lower limits are included in cols. 4 and 5 of Table 6. It must be 
emphasised that the “ aromatic’”’ hydrogen in Table 6 still includes any tertiary CH 
hydrogen which may be present. Estimates of the proportion of these tertiary CH groups 
vary and so at present this cannot bé disentangled from the aromatic content. The 
conclusions drawn in this paper are based on the estimates given by Dryden.!* 

The fraction of aromatic carbon (f,) was calculated from these figures, it being assumed 7” 
that the proportion of tertiary CH groups is small. This was done by first calculating the 
percentage of hydrogen in CH, and methyl groups in the coal from the total hydrogen less 
that in the form of hydroxyl. Then the percentage of carbon in this form was calculated 
by using a weight factor of 12/2-1, in order to allow for a small number of methyl groups.” 
The carbon in aromatic form was calculated by difference from the total carbon content, 
and finally the fraction of aromatic carbon (j,). 

It seems from the evidence quoted above that the proportion of peri-methyl groups 
in the coals is likely to be very small and that therefore the lower limit of f, is likely to be 
more accurate. 

The above procedure may be carried out on the second moments of the coals studied 
by Newman, Pratt, and Richards.* The results are shown in Table 7. It is assumed 
that the carbon content of the coals were on a dry, mineral-matter-free basis (d.m.m.f) 
(for low-ash coals this is roughly equivalent to the air-dried coal basis). The correlation 
between the values of f, for the two sets of coals is very good. 

These values may be compared with similar results obtained from other methods. 
The other physical methods which have been reported can be classified broadly into those 
that yield (directly or after preliminary calculations) values of the fraction of carbon in 

‘3 Brown, J., 1955, 744. 


“ Fitzgerald and Van Krevelen, Fuel, 1959, 38, 17. 
1° Ergun and Tiensuu, Nature, 1959, 188, 1669. 
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aromatic form (¢.g., infrared spectroscopy and density in relation to elementary com- 
position) and those that yield parameters related to the size of the aromatic nuclei (e.g., 
X-ray diffraction, molecular refraction in relation to elementary composition, and calorific 


TABLE 7. 
Ha 
Second Hen, + Hoe 

C (%) moment Ha + Hue Corr. Upper Lower Upper Lower 
in coal (gauss?) Hen, + Hoyert-me for OH limit limit limit limit 

79-2 21-5 0-5 0-4 0-4 0-3 0-74 0-72 

83-1 19-5 0-8 0-7 0-7 0-5 0-80 0-78 

92-6 16-0 1-8 1-7 1-7 1-5 0-94 0-93 


value in relation to composition). Values of f, have, however, been calculated by Dryden ® 
from the results of the last three methods. Thus in the X-ray method the experimental 
average diameters of the lamellz were correlated with the number of carbon atoms in them 
and values of f, were obtained by successive approximations of estimated values. Similar 
methods were used with the molecular refraction and calorific value results. 
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Carbon content (%) 


The values of f, from these physical methods have been plotted against carbon content 
in the Fig., together with the values obtained above from the second moments of the two 
series of coals studied. Infrared results for a hydrogen/optical density factor of 3 and the 
lower limit of the nuclear resonance results have been plotted. It is seen that the nuclear 
resonance values of f, are somewhat greater than those of the infrared, refractometric, 
and heat of combustion methods at all values of carbon content. They are generally in 
good agreement, however, with the results from the densimetric and X-ray methods within 
the limits of experimental error. 

The calculations were also applied to the two samples of dull coal studied. The 
second moment of 17-1 and 17-8 gauss? led to values of f, of 0-81 and 0-79 respectively for 
the lower limit. Unfortunately, the petrographic analysis of these coals was not available. 
However, the values of f, are somewhat smaller than obtained above for a vitrinite of the 
same carbon percentage, and it follows that there is probably a large proportion of exinite 
present, as would be expected in a dull coal. 

The measurements on the range of coals obtained by solvent-extraction showed that 
there was little difference in second moment between the extracted samples and the 
original vitrinite. Thus the extracts obtained closely resemble the parent coal and there 
is no appreciable separation of the aromatic from the aliphatic material. This confirms 
the fact that the aromatic and the aliphatic portion of coal form parts of the same molecules 
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rather than separate molecular species. Similar results have been obtained in the 
attempted separation of coal in solution by chromatography. The value of the second 
moment for the benzene extract is rather greater than that for the trichlorobenzene extract, 
indicating a slight enhancement of the proportion of aliphatic hydrogen atoms. It is 
interesting that an infrared investigation by Hertog and Berkowitz!” of the benzene 
extract of a coal showed a similar increase of the aliphatic hydrogen atoms over that of 
the parent coal. 

The calculations above were also carried out on the three macerals studied. The 
results are shown in Table 8. There is a remarkable difference in the fraction of carbon 


TABLE 8. 
Har 
Hon, + Hye Se 

Har + Hye Corr. Upper Lower Upper Lower 

Coal Hon, + Hoert-me for OH limit limit limit limit 
SED viccucsbarteanecns 4-9 4:6 4-6 4-1 0-94 0-93 
REED decticiccbhbccvests 2-7 2-5 2-5 2-2 0-90 0-89 
SUED: » cehccdewasdegs cues 0-7 0-6 0-6 0-5 0-79 0-77 


in aromatic form between the three macerals. The exinite is considerably less aromatic 
than vitrinite of the same carbon content and with micrinite the converse is the case. 
Dormans, Huntjens, and van Krevelen,’ using the densimetric method, have determined 
values of f, for a range of similar macerals, and found that when the vitrinite had a carbon 
percentage of 85-0%, the values of f, for the micrinite, vitrinite, and exinite were 0-92, 
0-84, and 0-75 respectively. These values are in reasonable agreement with the lower 
limit of nuclear-resonance values determined above. In line with this general trend of 
aromatic proportions, it has been found that more volatile matter can be obtained from 
exinite, and less from micrinite, than from the corresponding vitrinite, and also that the 
yield of coke falls into the sequence micrinite, vitrinite, exinite. Thus it would be expected 
that the volatile matter arises mainly from the aliphatic carbon in the coal. Actually, 
not quite all the aromatic carbon is left in the coke residue, some of the smaller aromatic 
clusters being set free as volatile matter, but this is not enough to upset the general 
conclusions. 

Measurements by Smidt, van Raayen, and van Krevelen ® show that a sample of coal 
containing 96-59% of carbon gave a second moment of 8-6 gauss*. This would suggest 
that the intermolecular broadening is smaller in coal than in the hydrocarbons studied so 
far. On the other hand, the difference is small in any case, in relation to the assumptions 
which must be made about the coal structure, and this has only a small influence on the 
derived value of f,. 


We are grateful to the National Coal Board and to the Hydrocarbon Research Group of the 
Institute of Petroleum for grants in aid of this research, and to the Department of Scientific 
and Industrial Research for a maintenance grant (to R. W. Y.). We thank Dr. J. C. Smith, 
the National Coal Board, and European Research Associates for the loan of chemicals and 
samples. 
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16 Dryden, Institute of Fuel Conference, April, 1958. 
"” Hertog and Berkowitz, Fuel, 1958, $7, 253. 
8 Dormans, Huntjens, and van Krevelen, Fuel, 1957, 36, 321, 
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504. The Stereochemistry of the Bridged Quaternary Salts of 
2,2’-Bipyridyl. 
By R. F. Homer and T. E. Tomiinson. 


The stereochemistry of a number of diquaternary salts of 2,2’-bipyridyl in 
which the quaternising group forms a bridge between the nitrogen atoms has 
been investigated by ultraviolet spectroscopy and by measurements of the 
redox potentials of the compounds. The results closely parallel those for the 
isosteric 2,2’-bridged biphenyls. In the compounds having bridging chains 
up to four carbon atoms long the presence of considerable inter-ring conjug- 
ation has been demonstrated. This conjugation present in the ethylene- 
bridged compound is little affected by the introduction of 00’-methyl groups, 
whereas conjugation in 2,2’-bipyridyl dimethiodide is much reduced. 


BEAVEN and his co-workers +? examined the ultraviolet spectra of a series of biphenyl 
derivatives containing 2,2’-bridging groups with from two to four atoms in the bridge. 
On the basis of molecular models they concluded that there is a twist of 50° between the 
planes of the benzene rings in the dihydrodibenzoxepin (I), and they argued that the high 
degree of inter-ring conjugation revealed in the ultraviolet absorption spectrum of this 
molecule could only be explained on the assumption that “large departures from 
coplanarity may be accommodated [in bridged biphenyls] without complete loss of 
conjugation.” This assumption was later® apparently substantiated by the finding of 
considerable conjugation between the benzene rings of the C,-bridged compound (II). In 
order to account for the unexpectedly high degree of inter-ring conjugation in these twisted 
molecules Beaven and Johnson ° subsequently produced evidence suggesting that possibly 
“ the bridge atoms may be involved through hyperconjugation, in the interaction between 
the pheny] groups, in addition to their influence onthe angle between the benzene ring 


art eats 2 H,C—CH, 
ee FER i ois 
(I) (II) (IIT) 


Braude and Forbes,‘ on the other hand, produced evidence that the angle of twist in 
compound (I) was only about 21°, not significantly different from that of 9,10-dihydrophen- 
anthrene (III) which is also conjugated and is generally agreed to be twisted through 
18—20°. On the basis of their investigations of spectra they concluded that compounds 
such as (I) and (III) were non-planar in their ground state but were near-planar in the 
excited state.* 

ortho-Substituted bridged compounds usually exhibit inter-ring conjugation,*> while 
similarly substituted unbridged compounds do not. Beaven et al. explain this as due to the 
fact that the unsubstituted bridged molecule is already sufficiently twisted to accommodate 
these substituents without further twisting. Braude and Forbes explain it by postulating 
a ‘‘ locking-effect ” to be exerted by the bridge which limits further out-of-plane twisting 
of the rings; ortho-substituents are, in their view, accommodated in much less twisted 
molecules by distortion of the bond angles between the substituent and the ring. 

* Suzuki (Bull. Chem. Soc. Japan, 1959, 32, 1340) has concluded, by calculation, that some conjug- 
ation is possible in twisted biphenyl systems. 


! Beaven, Hall, Lesslie, and Turner, J., 1952, 854. 

* Beaven, Bird, Hall, Johnson, Lesslie, and Turner, J., 1955, 2708. 
% Beaven and Johnson, J., 1957, 651. 

* Braude and Forbes, J., 1955, 3776. 

* Hall and Minhaj, J., 1957, 4584. 
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Two schools of thought therefore exist and it appeared that a series of bridged 
diquaternary salts of 2,2’-bipyridyl (IV) would prove interesting. Whereas in the biphenyl 
field, the only readily available tool for configurational studies is ultraviolet spectroscopy, 
several bipyridyl compounds have redox properties which it will be shown depend on the 
degree of conjugation possible between the rings. 

The compounds (IV; » = 2, 3, and 4) are readily available by treatment of 2,2’-bi- 
pyridyl with the appropriate polymethylene aw-dihalide. 6,7,8,9-Tetrahydrodipyrido- 
(1,2-a:2,1-c]-[1,4]-diazocinium dibromide (IV; » = 4) always crystallised with one-third 
of a mol. of hydrogen bromide, arising presumably by dehydrohalogenation of the tetra- 
methylene dibromide used for quaternisation and revealed by titration and analysis. 


— — HO-H,C . == — CH?-OH 
~ Pm . - 4 
[cH], Ys 
(IV) (Vv) 


Several attempts to prepare the methylene compound (IV; = 1) by treatment of 
2,2'-bipridyl with a methylene dihalide gave no pure product. Use of methylene sulphate 
in nitrobenzene led to a quaternary salt, isolated as iodide, which appeared from analysis 
to be the required 6H-dipyrido[1,2-c:2,1-e]imidazolium dibromide with the addition of two 
formaldehyde residues. These were presumably combined as nuclear hydroxymethyl 
groups, since formaldehyde was not removed at 135°/0-001 mm. The bridged quaternary 
structure (V) suggested for this compound is strongly supported by its ultraviolet spectrum. 

We reported recently® that 6,7-dihydrodipyrido[1,2-a:2,l-c]pyrazinium dibromide 
(IV; » = 2) reacts with strong reducing agents, e.g., sodium dithionite, in aqueous solution, 
taking up a single electron and forming a free radical. The free radical is relatively stable, 
presumably owing to delocalisation of its odd electron over the whole molecule. The 
possibility of such delocalisation is illustrated by the eighteen possible resonance forms 
which can be written for the radical without postulation of charge separation. Some of 
these structures do not involve conjugation between the rings (e.g., VI), but six of the 
structures (e.g., VII) involve conjugation via a double bond between the rings. 


—_—— —— oe 
+ SS 
\ N oN =N oN J 
(VI) H,C-CH, H,C-CH, (VII) 


Maximum stabilisation of the radical only occurs therefore when it is possible for 
conjugation to exist between the pyridine nuclei. 

The stability of the original quaternary salt, however, is not dependent upon inter-ring 
conjugation; hence factors which tend to prevent ring coplanarity will tend to reduce the 
stability of the free radical relative to that of the unreduced salt. This relative stability 
may be measured by determining the reduction-oxidation potential of the reaction in 
which the radical is formed from the diquaternary salt; the smaller the relative stability 
of the radical the more difficult is the reduction and the more negative the redox potential. 
One factor which influences the value of the redox potential is, therefore, the degree of 
conjugation between the rings in the radical, which is related to the amount of steric 
hindrance in the molecule. 

In the three compounds (Iv; n = 2, 3, and 4), as the length of the bridging group in- 
creases, the redox potential associated with radical formation becomes more negative (cf. 
Table). This indicates that the longer the bridging group the less stable is the free radical 

* Homer and Tomlinson, Nature, 1959, 184, 2012. 
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relative to its parent quaternary salt. This is most simply interpreted as reflecting an 
increased departure from coplanarity which decreases the ease with which the odd electron 
of the radical becomes delocalised, or increases the energy required to impose a conjugated 
structure on the molecule. An extreme example of the effect of restriction of conjugation 
on redox potential is provided by 2,2’-bipyridyl dimethiodide which cannot be reduced to 
a radical at potentials that can be attained in aqueous solution. 

The methylene-bridged compound (V) is reduced in aqueous solution in a complex and 
irreversible manner and its behaviour cannot be interpreted in terms of redox properties. 

The absorption spectra and redox properties of the 1,12- (VIII), 2,11- (LX) and 3,10- 
dimethyl derivative (X) of the ethylene-bridged compound are summarised in the Table. 
In the 2,11- and the 3,10-compound the methyl groups would not be expected to influence 
inter-ring configuration, and the fact that the redox potentials of these compounds are 
~120 mv more negative than that of the unsubstituted parent compound is probably 
due to the inductive effect of the methyl groups. 


Ultraviolet absorption spectra and redox potentials of bipyridyl salts. 


Normal redox 
potential (mv) 


Compound Amaz. e ‘* (H = 0) 
CEE OF te Biase indi cdde siti coursnisseribapediaidenieis 308—311 19,000 ; —349 + 3 
Monoprotonated bipyridyl  ...........ssseceseeeseeees 302 14,700 * 
300 15,000 ¢ 
Digsbomted DETR! | oo 5. iccscccccsccccccssoccesecsense 290 15,200 ® 
CVS BD bikditikn ochdsb canada ndiencdsnsihoantinesbveneveveds 287 15,600 —548 + 3 
2,2’-Bipyridyl monomethochloride ................s00++ 277 9,330° 
eae Oe odie lassi datdscrodiviibnsnadensiscenedessgesieeecs 275 15,000 ~—700 
2,2’-Bipyridyl dimethiodide ................csscessseeeess 269 13,500 ¢ Not reduced 
270 13,600 ¢ at —750 
Monoprotonated 2,2’-bipyridyl monomethochloride 270 11,500° 
ME icndocsdnidvaesgesscuabvescussncasbagateeehessanecsasbabeeteess 295. . 18,800 Compiex reduction 
CUMEED Uaidoneckeades cbbcisacesdindacbeudecdbbyescesetivisesbone 307—310 15,600 —580 + 20 
RST Get R eT 305 16,700 —487 +3 
EUR  .ccecusounncuunesdethonsccsousdouedteginessnecongepseeeeenes 320—330 20,600—19,800 —479 +3 


* Krumholtz, J. Amer. Chem. Soc., 1951, 78, 3487. % Westheimer and Benfey, ibid., 1956, 78, 
5309. °¢ This work. 


In the 1,12-dimethyl compound (VIII), however, the methyl groups would be expected 
to interfere with the configuration of the molecule owing to the increased twist necessary to 
accommodate them. It is noteworthy, therefore, that the redox potential of this com- 
pound is only some 100 mv more negative than those of the 2,11- and the 3,10-compound 


"= Me Me Me Me 
= 2 = - <a -" 
Aion Ath “a 
9 8 7 6 / 
H,C—CH, H,C-CH, H,C-CH, 
(VIII) (IX) (X) 


and is in fact almost the same as that of the trimethylene-bridged compound (IV; » = 3). 
The reduction of this compound is in marked contrast to the non-reducibility of 2,2’-bi- 
pyridyl dimethiodide in which one would expect a comparable degree of non-planarity. 
It appears, therefore, that the ethylene bridge largely overcomes the steric interference of 
the methyl groups in this compound. Braude and Forbes‘ observed a similar effect in 
the isosteric biphenyl, and Hall and Minhaj ® found a comparable effect on introducing a 
bridge into a chlorobipheny]. 

Krumholtz,’ examining the ultraviolet spectra of 2,2’-bipyridyl, its monoprotonated 
ion, and its dimethiodide, and the spectra of other isomeric bipyridyl dimethiodides and 
salts, concluded that “ some kind of electronic interaction involving a double (or x-)bond 


? Krumholtz, J. Amer, Chem. Soc., 1951, 78, 3487. 
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between the rings is related to the characteristic spectral behaviour of the polynuclear 
compounds,” and further, ‘‘ that in all «-substituted quaternary compounds the absorption 
spectrum consists of a unique band of reduced oscillator strength as compared with the 
spectra of the free bases and their NH ions. The absorption maximum of the biquaternary 
ions of the «,x-bipyridyls is located at a shorter wavelength than that of the long wave- 
length band of the free bases and their NH ions. This behaviour indicates strongly that 
steric hindrance by the a-NMe group prevents coplanarity of the rings, and hence structures 
involving a double bond between the rings.” 

Westheimer and Benfey ® found that the ultraviolet spectra suggested that neither 
diprotonated 2,2’-bipyridyl nor the monoprotonated monomethiodide was flat, and 
ascribed this to twisting of the molecule by electrostatic repulsion of the charged nitrogen 
atoms. In the non-planar compounds the absorption maximum was less intense and at 
shorter wavelength than in the planar compounds. 

The Table lists figures given by these workers and others obtained during the present 
work. Although embodying results from three different sources the figures appear to be 
comparable as the results of Krumholtz and of Westheimer and Benfey for the mono- 
protonated base agree well, as do ours and Krumholtz’s for the dimethiodide. It is clear 
from the Table that of all the unsubstituted compounds examined the ethylene-bridged one 
shows the highest intensity and longest-wavelength absorption and is therefore presumably 
the most highly conjugated. That it is more conjugated than the diprotonated base is 
explicable on the basis of twisting of the latter by electrostic repulsion of the charged 
nitrogen atoms. As the chain length of the bridge is increased the intensity of the 
absorption falls and the maximum shifts to a shorter wavelength. It appears from the 
spectra, as from the redox data, that there is still slightly more conjugation in the tetra- 
methylene-bridged compound than in the dimethiodide. As no criterion for complete 
non-conjugation can be deduced for these compounds, since no absorption which can be 
attributed to non-conjugated pyridine chromophores appears, it cannot be decided 
whether any residual conjugation remains in the dimethiodide. 

The intensity of the absorption of the dimethyl ethylene-bridged salt (VIII) fits well 
with the closeness of its redox potential to that of the trimethylene compound (IV; » = 3), 
which has a similar ultraviolet absorption spectrum. The comparatively long wavelength 
of the absorption maxima of the methyl-substituted compounds is presumably due to the 
bathochromic effect of the methyl groups since, ¢.g., B-picoline methiodide absorbs at 
2650 A compared with 2580 A for pyridine methiodide. Both the intensity and the 
position of the peak for the compound obtained from bipyridyl and methylene sulphate are 
strong arguments for the correctness of formula (V), despite the complex behaviour on 
reduction. 

The figures given by Westheimer and Benfey for the monoquaternary monoprotonated 
ion and for the monoquaternary ion itself are as expected for a slightly sterically hindered 
molecule (interference between the N-Me and the o’-H), which in the former case is 
intensified by additional twisting due to electrostatic repulsion. 

It is clear then that the redox potentials of the compounds, and their ultraviolet absorp- 
tion spectra, are both influenced by conjugation, which is related to the degree of departure 
from coplanarity of the unexcited molecule. Hence, in considering their stereochemistry, 
deductions from both types of evidence may be used. The two methods are however 
independent, for excitation and reduction are different processes and the similarity between 
the results arises because in both processes the stability of the final form of the molecule, 
the excited or the reduced state, depends more upon conjugation than does the stability 
of the ground state. Both redox potentials and ultraviolet absorption spectra indicate a 
lessening of conjugation between the pyridine rings as the length of the bridging chain is 
increased. On the basis of ultraviolet absorption the effect of a 4-carbon chain is ap- 
proximately as great as that of a single o-methyl substituent, the effects of 2- and 3-carbon 
8 Westheimer and Benfey, ]. Amer. Chem. Soc., 1956, 78, 5309. 
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chains being less. Both spectra and redox potentials show that steric effects of bridging 
groups up to C, are less than those introduced by two o-methyl substituents. More 
conjugation, therefore, is present in the bridged compounds than seems probable at first 
sight and this is emphasised by the effect revealed both by spectra and redox measure- 
ments of a 2-carbon bridge in overcoming the greater part of the restriction of conjugation 
normally associated with o-methyl substituents. 

It may be concluded, therefore, that the dependence of conjugation upon stereo- 
chemistry which is so well established in the biphenyl series by ultraviolet-spectral investig- 
ations, is closely paralleled in the bipyridyl series, where redox potential measurements 
may be used to confirm deductions from spectral studies. Unfortunately, however, like 
spectral studies, redox potential determinations cannot be used to distinguish un- 
ambiguously between the alternative ideas of Beaven et al. and Braude and Forbes; the 
conflict might be resolved most simply by crystallographic investigations. 


EXPERIMENTAL 


Determinations of Ultraviolet Spectra.—Ultraviolet absorption spectra were determined for 
10-*m-aqueous solutions at 200—400 my, by means of a Unicam S.P. 500 spectrophotometer. 

Determinations of Reduction—Oxidation Potentials.—A solution of the quaternary salt, freed 
from oxygen by a stream of oxygen-free nitrogen, was titrated at 30° with sodium dithionite 
solution. The potential of the system was measured between either of two gold electrodes anda 
saturated calomel electrode (assumed 0-238 v at 30°) after addition of each aliquot part of 
reductant, and again after the lapse of one minute to ensure that potential drift due to contamin- 
ation with traces of oxygen was less than 1 mv/min. Each determination was carried out 
several times, with good agreement between replicates. The redox potentials were calculated 
from these results by the standard procedure. 

As the redox potentials of the compounds were shown to be independent of pH the determin- 
ation was carried out in a buffer solution at as high a pH as was consistent with the stability 
of the compound, in most cases at pH 10, to avoid exceeding the hydrogen potential. In the 
case of the tetramethylene-bridged compound it was not possible to obtain a complete reduction 
curve owing to interference by the hydrogen potential. The figure of approx. —700 mv is 
deduced from the first part only of the curve, which by analogy with the behaviour of the other 
compounds allows extrapolation to a figure which is probably within +50 to —100 mv of the 
true value. 

6,7-Dihydrodipyrido[1,2-a:2,1-c]pyrazinium Dibromide.—2,2’-Bipyridyl (20 g.) was stirred 
under reflux with ethylene dibromide (100 c.c.) for 16 hr. The mixture was cooled, and the 
solid filtered off and washed with acetone and ether to give the anhydrous quaternary salt 
(31 g., 69%). Recrystallisation from aqueous acetone yields the monohydrate, m. p. 340° 
(decomp.) varying with the rate of heating (Found: C, 40-0; H, 3-5; Br, 44:6; H,O, 5:1. 
C,,H,,N,Br,,H,O requires C, 39-8; H, 3-7; Br, 44-2; H,O, 5-0%). 

6,7-Dihydro-1,12-dimethyldipyrido[1,2-a:2,1-c]pyrazinium Dibromide.—3,3’-Dimethy]l-2,2’-bi- 
pyridyl (1-8 g.) and ethylene dibromide (10 c.c.) were heated under reflux for 12 hr. To the 
cooled mixture was added acetone (20 c.c.), and the solid was filtered off and washed with 
acetone. The crude material was treated with carbon in water (10 c.c.) and reprecipitated 
with acetone (100 c.c.), to give the quaternary salt monohydrate (2-8 g.), m. p. >380° (Found: C, 
43-2; H, 4-5; N, 7-0. C,,H,,N,Br,,H,O requires C, 43-1; H, 4-6; N, 7-2%). 

6,7-Dihydro-2,11-dimethyldipyrido{1,2-a:2,1-c]pyrazinium Dibromide.—4,4’-Dimethyl-2,2’-bi- 
pyridyl (1-6 g.), nitrobenzene (10 c.c.), and ethylene dibromide (1-5 c.c.) were heated at 170— 
180° for 7 hr. The solid product was filtered off, treated with carbon in a small volume of 
water, and precipitated with acetone, to give the quaternary salt monohydrate (1-1 g.), m. p. 268— 
270° (Found: C, 43-0; H, 4-5; N, 7-0%). 

6,7-Dihydro-3,10-dimethyldipyrido[1,2-a:2,1-c]pyrazinium Dibromide.—5,5’-Dimethyl-2,2’-bi- 
pyridyl (4-0 g.), nitrobenzene (20 c.c.), and ethylene dibromide (5 c.c.) gave, as above, the 
quaternary salt (6-8 g.), m. p. 330—335° (decomp.) (Found: C, 40-3; H, 4-6; N, 6-65; Br, 38-2. 
C,,H,,.N,Br,,2-5H,O requires C, 40-3; H, 5-0; N, 6-7; Br, 38-4%). 

7,8-Dihydro-6H-dipyrido[1,2-a:2,1-c]-[1,4]-diazepinium Dibromide.—2,2’-Bipyridyl (6-0 g.) 
and trimethylene dibromide (20 c.c.) were heated under reflux for 16 hr. Isolation as above 
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gave the quaternary salt (9-75 g.), m. p. >300° (Found: Br, 42-7. C,,H,,N,Br,,H,O requires 
Br, 42°6%). : 

A Ab Tetahevedidpuidel).9-achl-e:4iAa-dlamelaiom Dibromide.—2,2’-Bipyridyl (5-0 g.) 
and tetramethylene dibromide (20 c.c.) were heated at 140° for 6 hr. The solid was filtered off, 
washed with acetone, and treated with carbon in methanol (150 c.c.), and hot acetone (100 c.c.) 
was added. The quaternary salt (4-5 g.), m. p. 265° (decomp.), separated on cooling. Further 
crystallisation from aqueous ethanol failed to raise the m. p. [Found: C, 40-4; H, 4:3; N, 7-0; 
Br, 43-8; titratable acidity as Br~, 6-2; O (by combustion), 4-65. C,,H,,N,Br,,H,O,}HBr 
requires C, 40-4; H, 4-4; N, 6-8; Br, 44-7; acidity, 6-4; O, 3-8%]. 

x,x’-Bishydroxymethyl-6H-Dipyrido[1,2-c:2,l-e]imidazolium Di-iodide.—Methylene sulphate 
(11 g.) was stirred in nitrobenzene (100 c.c.) at 100°, and 2,2’-bipyridyl (15-6 g.) in hot nitro- 
benzene (50 c.c.) was added. The mixture was heated at 150—160° for 3 hr. and a dark solid 
separated. After cooling, the nitrobenzene was decanted and the solid residue was boiled 
with water (100 c.c.) for 1 hr. to decompose unchanged methylene sulphate. The aqueous 
solution was treated with carbon, filtered, cooled, and neutralised with an excess of calcium 
carbonate. After filtration from inorganic material the filtrate was evaporated in a vacuum to 
a reddish oil which was dissolved in hot water (20 c.c.) and treated with sodium iodide (5 g.) in 
hot water (10c.c.). The salt which separated on cooling was filtered off and recrytallised from 
aqueous ethanol in red needles (1-8 g.), m. p. 280° (decomp.) (Found: C, 32-0; H, 2-6; N, 5-65; 
I, 52-8. C,,;H,,O,N,I, requires C, 32-2; H, 2-7; N, 5-8; I, 52-5%). 


The authors are indebted to Dr. R. L. Jones for the method of synthesis of 6,7-dihydrodi- 
pyrido{1,2-a:2,1-c]pyrazinium and 7,8-dihydro-6H-dipyrido[1,2-a:2,1-c]-[1,4]-diazepinium di- 
bromide. 

IMPERIAL CHEMICAL INDUSTRIES LIMITED, 


JeaLott’s HILL RESEARCH STATION, 
BRACKNELL, BERKS. [Received, December 23rd, 1959.) 





505. The Catalytic Oxidation of European Larch ¢-Galactan.* 
By G. O. AsPINALL and A. NICOLSON. 

Catalytic oxidation of larch e-galactan results in selective oxidation 
of primary alcoholic groups with the formation of carboxylic acids. Graded 
hydrolysis of the oxidised polysaccharide gives two aldobiouronic acids, 
(6-p-galactose §-D-galactopyranosid)uronic and (6-p-galactose L-arabino- 
furanosid)uronic acid. The structural significance of these and other 
results is discussed. 


PREVIOUS investigations 1 have shown that the arabinogalactan (e-galactan) from European 
larch wood (Larix decidua) is a highly branched polysaccharide containing L-arabinose 
and D-galactose residues in the approximate proportion of 1:6. The majority of arabinose 
residues are accommodated as 3-0-$-L-arabinopyranosyl-L-arabinofuranose units (I). 
Since a polysaccharide cannot be built up from such units alone, it was concluded that the 
arabinose residues were constituent parts of an arabinogalactan, but direct proof was not 
available. The highly branched framework of the polysaccharide is composed of 
p-galactopyranose residues with the main chains containing 1,3-linkages and the outer 
chains containing 1,6-linkages. The partial structure (II) represents one way in which 
a large proportion of the galactose residues in the polysaccharide may be accommodated. 
The partial structures (I and II) do not take into account the mode of attachment of 
arabinose residues in the side-chains (I) to galactose and, therefore, do not include the 
galactose residues (approximately 1 in 12) which are involved at these points. The 
previous methylation studies, however, indicated a proportion of branching points in the 
polysaccharide in excess of those required by that part of the molecular structure repre- 
sented by (II). Evidence for the mode of attachment of L-arabinose to p-galactose 


* A summary of this paper was presented at the Atlantic City meeting of the American Chemical 
Society, September, 1959. 


? Aspinall, Hirst, and Ramstad, J., 1958, 593 and references then cited. 
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residues in the polysaccharide has hitherto been lacking since L-arabinofuranose residues 
are readily cleaved by acid and it has been impossible to isolate, as products of partial 
hydrolysis, oligosaccharides containing both arabinose and galactose residues. This 
paper describes a new approach to the problem. 


-+++3 D-Galp |———3 D-Galp |.... 
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We have recently shown 2 that the primary alcoholic groups of polysaccharides may be 
oxidised to carboxylic acids by Mehltretter’s procedure which had been developed for the 
preparation of glycosiduronic acids. The oxidation is effected by passing oxygen through 
an aqueous solution of the polysaccharide, containing sufficient sodium hydrogen carbonate 
to neutralise acid formed, in the presence of a platinum catalyst. Both glycofurano- 
siduronic and glycopyranosiduronic acid linkages in the oxidised polysaccharides,? thus 
formed, resist acid-hydrolysis, and aldobiouronic acids may be isolated as products of 
graded hydrolysis. The larch arabinogalactan contains terminal D-galactopyranose and 
non-terminal L-arabinofuranose residues susceptible to oxidation, and treatment of the 
polysaccharide in this way resulted in the oxidation of a proportion of the available 
alcoholic groups with the formation of an acidic polysaccharide with an uronic anhydride 
content of 7-5%%. Hydrolysis of the oxidised polysaccharide, followed by chromatographic 
separations of the products on charcoal—Celite and on filter sheets led to the isolation of 
two acidic oligosaccharides. 

The acidic oligosaccharide formed in largest amount was shown to be (6-D-galactose 
@-p-galactopyranosid)uronic acid (III) by the following experiments. The reducing 
power, measured by hypoiodite oxidation, showed the compound to be a disaccharide. 
Reduction of the derived methyl ester methyl glycosides with potassium borohydride, 
followed by hydrolysis, gave galactose only. Oxidation of the disaccharide with periodate 
gave only traces of formaldehyde, whereas oxidation of the acidic disaccharide alcohol 
(from reduction by borohydride) gave 0-85 mol. of formaldehyde, a result consistent only 
with the presence of a 1,5- or a 1,6-linkage. Conclusive evidence for a 1,6-linkage was 
obtained by reduction of the methyl ester methyl glycosides to the corresponding mixture 
of methyl glycosides of a neutral galactobiose, which on oxidation consumed 3-8 mol. of 
periodate with the liberation of 1-8 mol. of titratable (presumably formic) acid. 


CO,H 
° ° 
OH HO ° OH HO fe) 
me HOH HO H a H,OH 
OH HO 
(III) OH (IV) OH 


The following experiments indicated that the second acidic oligosaccharide was 
(6-p-galactose L-arabinofuranosid)uronic acid (IV). The reducing power, by hypoiodite 
oxidation, showed the compound to be a disaccharide. Reduction of the derived methyl 
ester methyl glycosides with potassium borohydride, followed by hydrolysis, gave arabinose 
and galactose. Since treatment of the disaccharide itself with potassium borohydride 


2 Aspinall, Cairncross, and Nicolson, Proc. Chem. Soc., 1959, 270. 
% Mehltretter, Adv. Carbohydrate Chem., 1953, 8, 231. 
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reduced the galactose residue, it follows that the compound was a (galactose arabinosid)- 
uronic acid. Oxidation of the disaccharide with periodate gave only traces of formaldehyde, 
whereas oxidation of the disaccharide alcohol (from reduction by borohydride) gave 0-87 
mol. of formaldehyde. It follows that the disaccharide contains a 1,5- or a 1,6-linkage. 
Since previous experiments ! provided no evidence for the presence in the polysaccharide 
of 1,5-linked p-galactose residues, necessarily present in the furanose form, it is reasonably 
certain that the aldobiouronic acid must contain a 1,6-linkage. 

The isolation of the aldobiouronic acid, (6-D-galactose @-D-galactopyranosid)uronic 
acid (III), on hydrolysis of the oxidised e-galactan provides additional proof to that 
already put forward! that the p-galactopyranose end groups in the polysaccharide are 
joined to adjacent p-galactose residues by 1,6-linkages. The formation of the second 
aldobiouronic acid, (6-D-galactose L-arabinofuranosid)uronic acid (IV), shows that the 
3-0-8-L-arabinopyranosyl-L-arabinofuranose side-chains (I) are attached to position 6 of 
p-galactose residues. 

On the basis of this evidence, two alternative partial structures (V and VI) may be 
advanced to indicate the attachment of arabinose to galactose residues in the poly- 
saccharide; these structures include only those galactose residues directly involved in 
linking arabinose residues to the main chains of the polysaccharide and are additional to 
the major part of the galactan framework as represented by (II) with which they may be 
combined so that the polysaccharide as a whole contains arabinose and galactose residues 
in the approximate proportions of 1:6. In structure (V), arabinose residues are joined 
directly, as side-chains, to position 6 of 1,3-linked galactose residues in the main chains of 
the polysaccharide, whereas in structure (VI), arabinose residues terminate side-chains 
containing one or more 1,6-linked galactose residues. Evidence in favour of the partial 
structure (V) as the most important mode of attachment of arabinose to galactose residues 
has been obtained by the application to the polysaccharide of the elegant degradative 
method recently described by F. Smith and his collaborators. Reduction of the periodate- 
oxidised e-galactan with potassium borohydride, followed by controlled hydrolysis with 
cold n-sulphuric acid, gave a degraded polysaccharide together with products of low 
molecular weight. Hydrolysis of the degraded polysaccharide gave galactose and 
appreciable amounts of arabinose. The isolation of such a degraded polysaccharide in 
which arabinose residues are still linked to galactose would point to the partial structure 
(VII) as a fragment of the molecule. A polysaccharide containing arabinose residues 
linked to galactose as in partial structure (VI) would be degraded to a galactan devoid of 
arabinose residues as indicated by (VIII) which shows only the galactose residue to which 
the arabinose-containing side-chain was formerly attached. In this case the non-terminal 
arabinose residues in the polysaccharide, which would not be attacked by periodate, would 
give rise to L-arabinofuranosylglycerol (IX) as a degradation product. Chromatographic 
examination of the products of low molecular weight from the degradation showed that 
very small amounts of a non-reducing substance tentatively identified as an arabinosyl- 
glycerol. Although no quantitative estimation of arabinose-containing degradation 
products was made, the results indicate that the greater proportion of the arabinose residues 
in the polysaccharide, which were unattacked by periodate, was still linked to the galactan 
framework in the degraded polysaccharide. It is probable, therefore, that the majority 
of the 3-O-8-L-arabinopyranosyl-L-arabinofuranose units are attached directly as side- 
chains to position 6 of galactose residues in the 1,3-linked main chain as in (V), although 
it is possible that a small proportion of these groups may be attached to galactose in other 
ways (e.g., VI). Our earlier observation! that degradation of the periodate-oxidised 
e-galactan with phenylhydrazine by Barry’s method 5 led to a degraded polysaccharide 
containing both arabinose and galactose residues is in agreement with the present results. 
_ * Goldstein, Hay, Lewis, and Smith, Amer. Chem. Soc. Meeting, Boston, April 1959, Abs. Papers, 
* Barry and Mitchell, J., 1954, 4020. 
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After this work had been completed, Professor J. K. N. Jones, F.R.S. (personal 
communication), informed us that he had reached similar conclusions concerning the mode 
of attachment of arabinose to galactose residues in e-galactan. His conclusions were based 
on an examination of the degraded galactan (VII) formed by Smith’s degradative procedure 
and of a degraded 1,3-linked galactan, devoid of arabinose residues, formed after a second 
degradation. We are grateful to Professor Jones for supplying us with this information 
in advance of its publication. 


EXPERIMENTAL 


Paper chromatography was carried out on Whatman Nos. 1 and 3MM papers with the 
following solvent systems (v/v): (A) ethyl acetate—acetic acid—water (3: 1:3, upper layer); 
(B) ethyl acetate—pyridine—water (10: 4:3); (C) ethyl acetate—acetic acid—formic acid—water 
(18:3:1:4). Filter-sheet separations on 3MM paper were effected on paper which had been 
previously extracted with 8-hydroxyquinoline in acetone. Reducing sugars were detected by 
spraying chromatograms with saturated aqueous aniline oxalate, and non-reducing poly- 
hydroxy-compounds with ammoniacal silver nitrate. 

Catalytic Oxidation of e-Galactan and Hydrolysis of the Oxidised Polysaccharide.-—A number 
of preliminary experiments indicated that oxidation of polysaccharides was slow when carried 
out under the general conditions described below, and that even after long periods oxidation 
of the available primary alcoholic groups was incomplete. Under similar conditions oxidation 
of simple sugar derivatives, e.g., methyl «-p-mannopyranoside, was complete after 12—2¢4 hr.! 

Solutions of e-galactan (5 g.) in water (150 ml.) and of sodium hydrogen carbonate (0-5 g.) 
in water (100 ml.) were each shaken with platinum catalyst (Adams platinic oxide after 
reduction with hydrogen; 10 mg.) to remove possible poisons, the platinum was removed at 
the centrifuge and the solutions were combined. Platinum catalyst (1 g.) was added to the 
solution and oxygen was bubbled through the stirred mixture held at 70° for 14 days, water 
being added when necessary to compensate for evaporation losses. Platinum was removed 
from the cooled solution by centrifugation, the solution was concentrated, and the oxidised 
polysaccharide was precipitated by the addition of ethanol (3 vol.). The polysaccharide was 
dissolved in water, the solution was passed through a column of Amberlite resin IR-120(H*) 
to remove sodium ions, and the acidic polysaccharide (3-2 g.) was precipitated by the addition 
of ethanol [Found: uronic anhydride (Kaye and Kent’s method *), 7-5%]. Hydrolysis of a 
sample of the acidic polysaccharide gave two acidic oligosaccharides (Rgajactose 0°5 and 0-25 in 
solvent A) which were separated from neutral sugars (arabinose and galactose) by absorption 
on Amberlite resin IR-45(OH"). 

The acidic polysaccharide (3 g.) was hydrolysed by n-sulphuric acid (50 ml.) at 100° for 4 hr. 
Sulphuric acid was removed from the hydrolysate by shaking it with methyldi-n-octylamine 
(5% v/v in chloroform; 4 extractions), and the aqueous solution was poured on to charcoal- 
Celite (1:1; 15 g.). Elution with water gave arabinose and galactose, and elution with water 
containing 20% of ethanol gave a complex mixture of sugars (330 mg.). Since chromatography 
showed several oligosaccharides, both neutral and acidic, the mixture was rehydrolysed with 
n-sulphuric acid (30 ml.) at 100° for 2 hr. The hydrolysate was treated as before to remove 


* Kaye and Kent, /., 1953, 79. 
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sulphuric acid, and the resulting syrup was fractionated on filter sheets with solvent A, to give 
tose and two acidic oligosaccharides. ‘ 

Examination of Acidic Oligosaccharides.—Fraction 1. The syrup (95 mg.) had Rynisctose 
0-25 in solvent A and reducing equivalent (by hypoiodite oxidation ”), 341 [calc. for (hexose 
hexosid)uronic acid, 358]. Conversion into the methyl ester methyl glycosides, reduction with 
potassium borohydride, and hydrolysis gave galactose only (chromatography). Oxidation 
of the sugar with sodium metaperiodate in the presence of sodium hydrogen carbonate gave 
0-04 mol. of formaldehyde (estimation by the method of O’Dea and Gibbons 8). Reduction 
of the sugar with potassium borohydride, followed by oxidation with periodate, gave 0-87 mol. 
of formaldehyde. The sugar (55 mg.) was converted into the methyl ester methyl glycoside 
by boiling with methanolic hydrogen chloride (50 ml.) for 6 hr. The ester glycosides were 
treated with potassium borohydride (40 mg.) in water (10 ml.) for 24 hr., and the mixture of 
methyl glycosides of the neutral disaccharide (27 mg.) was isolated after chromatography on 
filter sheets in solvent B. The methyl glycosides (5 mg.) were oxidised with sodium meta- 
periodate (0-015m; 10 ml.) at 35°. The uptake of periodate, measured spectrophotometrically ® 
and constant after 10 hr., corresponded to 3-8 moles per mole of methyl galactobioside. The 
methyl glycosides (20 mg.) were dissolved in 0-56M-potassium chloride (50 ml.), 0-2m-sodium 
metaperiodate solution (20 ml.) was added, and the mixture was left in the dark. Aliquot 
parts (10 ml.) were withdrawn at intervals, excess of periodate was destroyed by ethylene 
glycol (1 ml.), and the liberated acid was titrated with 0-015N-sodium hydroxide. The 
titratable acid (presumably formic acid) released was constant after 10 hr., and corresponded 
to 1:8 moles per mole of methyl galactobioside. 

Fraction 2. The syrup (45 mg.) had Rgajactose 9°5 in solvent A and reducing equivalent (by 
hypoiodite oxidation) 314 [calc. for (hexose pentosid)uronic acid, 328]. Conversion into the 
methyl ester methyl glycosides, reduction with potassium borohydride, and hydrolysis gave 
arabinose and galactose (chromatography). Similar treatment of the disaccharide alcohol 
(from reduction by potassium borohydride) gave only arabinose. Oxidation of the sugar with 
periodate gave 0-06 mol. of formaldehyde. Reduction of the sugar with potassium boro- 
hydride followed by oxidation with periodate gave 0-87 mol. of formaldehyde. 

Preparation and Mild Hydrolysis of Reduced Periodate-oxidised ¢-Galactan.—e-Galactan 
(7 mg.) was oxidised with 0-2mM-sodium metaperiodate (480 ml.) for 144 hr.1_ The solution was 
treated with lead acetate to remove iodate and periodate, and then with dilute sulphuric acid 
to precipitate the excess of lead. The clarified solution was neutralised with methyldi-n-octyl- 
amine (5% v/v in chloroform). Potassium borohydride (4 g.) was added to the solution of the 
periodate-oxidised polysaccharide and, after 3 days, excess of borohydride was destroyed by 
treatment with Amberlite resin IR-120(H*), the solution was concentrated, and the reduced 
periodate-oxidised polysaccharide (3-5 g.) was precipitated by the addition of acetone (3 vol.). 

Reduced periodate-oxidised polysaccharide (3-5 g.) was dissolved in N-sulphuric acid at 
room temperature in 30 min.; the solution was then neutralised with barium carbonate and 
afforded degraded polysaccharide (0-92 g., precipitated with 3 vol. of acetone) and non-reducing 
syrup (1-0 g.). Hydrolysis of the degraded polysaccharide gave arabinose and galactose in the 
approximate proportion of 1 : 5 (as judged from relative intensities of spots on chromatograms). 
The syrup (1-0 g.) was absorbed on a column of charcoal-Celite; elution with water afforded 
fraction (i) (0-9 g.), and elution with water containing 15% of ethanol afforded fraction (ii) (ca. 
20 mg.). Chromatography of fraction (i) in solvent C showed glycerol as the major component 
with traces (only detected on heavy spotting of chromatograms) of a non-reducing substance 
(Rarabinose 1-4) and of arabinose. Chromatography of fraction (ii) showed a main component 
with Rerabinose 1°4 in solvent C which gave arabinose and glycerol on hydrolysis. 

In a control experiment, treatment of e-galactan with n-sulphuric acid at room temperature 
for 30 min. afforded no detectable reducing sugars. 


The authors thank Professor E. L. Hirst, C.B.E., F.R.S., for his interest and advice, the 
Department of Scientific and Industrial Research for the award of a Maintenance Allowance 
(to A.N.), and the Rockefeller Foundation and Imperial Chemical Industries Limited for 
grants. P 

DEPARTMENT OF CHEMISTRY, UNIVERSITY OF EDINBURGH. [Received, December 28th, 1959.) 


* Chanda, Hirst, Jones, and Percival, J., 1950, 1289. 
* O’Dea and Gibbons, Biochem. J., 1953, 55, 580. 
* Aspinall and Ferrier, Chem. and Ind., 1957, 1216. 





Holt and Pagdin: 


506. The Preparation of Diaryl Sulphones. 
By G. Hott and B. Pacpin. 


An improved procedure has been developed for the preparation of diary] 
sulphones by the Friedel-Crafts reaction. A number of new sulphones has 
been prepared. The mechanism of the reaction is discussed. 


WHEN an aromatic sulphonyl chloride (Ar-SO,Cl) is added to a stirred methylene or 
ethylene dichloride suspension of aluminium chloride, one molecular proportion of the 
latter (formulated as AICI,) dissolves. Decantation of the clear solution of the aluminium 
chloride-sulphonyl] chloride complex from undissolved aluminium chloride into a solution 
of a benzene derivative (Ar’H) in methylene or ethylene dichloride affords hydrogen 
chloride and an oxonium complex of diaryl sulphone and aluminium chloride from which 
the sulphone is liberated by the addition of water: 
Ar-SO,CI,AICI; + Ar’H —t HCI + ArAr’SO,,AICls 

Reaction proceeds at room temperature or below, and in homogeneous solution. The 
success of the method, which is analogous to that reviewed by Baddeley ' for the prepar- 
ation of aromatic ketones using acyl halides and aluminium halides, depends on the high 
solubility of the sulphonyl chloride—aluminium chloride complex and the low solubility 
of the aluminium chloride in methylene or ethylene dichloride. This ensures that the 
sulphonylating agent is obtained in its most reactive form and free from excess of alumin- 
ium chloride. An excess of this reagent is undesirable since it may isomerise the benzene 
derivative * before its reaction with the sulphonyl chloride. 


TABLE 1. 
Sulphonyl Benzene Orientation of, . 
chloride derivative substituents Yield (%) M. p. Ref. 
C,H,°SO,Cl C,H, — 90 128° a 
- C,H,Me 2-, 4- 5-5 81 b 
74 126 a 
“ C,H,Et 4- 81 92—93 a 
% 1,3-C,H,Me, 2,4- 98 87-5 c 
oe 1,4-C,H,Me, 2,5- 92 111—112 
~ 1,2,4-C,H,Me, 2,4,5- 76 136—137 
pa 1,3,5-C,H,Me, 2,4,6- 70 30—81 d 
4 1,4-C,H, Et, 2,5- 53 87—88 
7 1,2,4-C,H,Et, 2,4,5- 32 84—85 
a 1,4-C,H,Pr®, 2,5- 61 58—59 
a C,H,Cl 4- 80 95 a 
p-C,H,Me’SO,Cl C,H, 4- 81 126 a 
in C,H,Me 4,4’- 72 157—158 a 
i 1,3-C,H,Me, 2,4,4’- 70 51—52 e 
va 1,4-C,H,Me, 2,5,4’- 80 108—110 e 
be 1,3,5-C,H,Me, 2,4,6,4’- 72 119—120 f 
p-C,H,Et-SO,Cl C,H, 4- 67 92—93 a 
2,4-C,H,Me,SO,Cl C,H, 2,4- 43 87-5 c 
2,5-C,H,Me,"SO,Cl C,H, 2,5- 79 111—112 
3,5-CgH,Me,-SO,Cl C,H, 3,5- 58 97—98 
2,4,5-C,H,Me,°SO,Cl C,H, 2,4,5- 34 136—137 
2,4,6-C,H,Me,SO,Cl C,H, ate sail 
” 1,3,5-C,H,Me, 2,4,6,2’,4’,6’- 75 204 g 
v C,H,-OMe 2,4,6,4’- 136 
+ isomer 168 
4-C,H,(OMe)-SO,Cl 1,3,5-C,H,Me, 2,4,6,4’- 60 136 
3,4,5-C,H,Me,’SO,Cl C,H, 3,4,5- 67 161—162 


a Buehler and Masters, J]. Org. Chem., 1939, 4, 262. 6, Ullmann and Lehner, Ber., 1905, 38, 734. 
c, Steinkopf and Hiibner, J. prakt. Chem., 1934, 141, 193. d, Truce, Ray, Norman, and Eickmeyer, 
J. Amer. Chem. Soc., 1958, 80, 3625. e, Burton and Praill, J., 1955, 887. f, Bourne, Stacey, Tatlow, 
and Tedder, J., 1951, 718. g, Maclean and Adams, ]. Amer. Chem. Soc., 1933, 55, 4683. 


1 Baddeley, Quart. Rev., 1954, 8, 355. Sh 
2 Baddeley, Holt, and Voss, J., 1952, 100. 
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The sulphones obtained by this procedure are listed in Table 1. In general the yields 
are better than those previously recorded. ; 

The position of the alkyl groups in 2,5-diethyl- and 2,5-di-n-propyl-diphenyl sulphone 
was established by oxidation with nitric acid. Both compounds provided 2,5-dicarboxy- 
diphenyl sulphone, which with diazomethane afforded a diester identical with that 
obtained by a similar procedure from 2,5-dimethyldiphenyl sulphone. 2,4,6-Trimethyldi- 
phenyl sulphone, obtained by oxidation of the known 2,4,6-trimethyldiphenyl sulphide,® 
proved to be identical with the product of interaction of benzenesulphonyl chloride and 
mesitylene. The m. p. of this product (80—81°) accords with that obtained by Truce and 
his co-workers, and substantiates the error in Meyer’s m. p.5 of 116°. 2,4,5-Trimethyldi- 
phenyl sulphone (m. p. 136—137°) was prepared by the action both of benzenesulphonyl 
chloride on 1,2,4-trimethylbenzene and of 2,4,5-trimethylbenzenesulphonyl chloride on 
benzene. The m. p. (160°) claimed by Meyer ® for 2,4,5-trimethyldiphenyl sulphone is, 
therefore, in error. 

By comparison with the formation of the acyl chloride-aluminium chloride complex, 
that of the sulphonyl chloride—aluminium chloride complex is only feebly exothermic. 
This suggests that the bonding of aluminium to oxygen is relatively weak in the sulphonyl 
chloride-aluminium chloride complex. The almost complete recovery of sulphonyl 
chlorides when the addition complexes with aluminium chloride are treated with water 
indicates that the cation shown in (III) can be present only in traces and that addition 
compounds of this type are to be represented by (I): 


+ + 
ArSO,Cl + AICI; === ArgOwAICle == ArSO,"AICI- == Ar'SO, 4- AICI- 
ca dd (ID (IIT) 


On the other hand, the observation that 2,4,6-trimethylbenzenesulphonyl chloride is not 
sterically hindered in its reactions with mesitylene and with anisole suggests that the 
cation and not the oxonium complex is the effective electrophilic reagent. These findings 
are consistent with the observations by Jensen and H. C. Brown ® that benzenesulphonyl- 
ation of chlorobenzene proceeds by free ions (III), that of toluene by the addition com- 
pound (I) or the ion pair (II), and that of benzene by both paths simultaneously. 

In view of its ready reaction with mesitylene and anisole, the failure of mesitylene- 
sulphonyl chloride to react with benzene cannot be attributed to steric effects. The 
results listed in Table 2 demonstrate that methyl groups ortho and para to the SO,Cl 
group have a marked retarding influence on the reaction rate. This effect has also been 


TABLE 2. Action of alkylbenzenesulphonyl chlorides on benzene. 


Sulphone isolated (%) Sulphone isolated (%) 
Sulphonyl chloride after 72 hr. Sulphonyl chloride after 72 hr. 
2,4,6-CoHyMeg- .......0000 0 2,5-CoHMeg- ...........000. 79 
2,4,5-C,H,Me,- ............ 34 GE cnc scccccscscssese 81 (after 60 hr.) 
2,4-CoHyMeg- ........0000005 43 Gi icatrecssalalecebens 90 (after 24 hr.) 
3,4,5-CgHMeg- .........465 67 


observed in the acylation reaction and has been attributed 7 to a reduction in the electro- 
philic character of the reagent consequent on the inductive effect of o- and p-alkyl groups. 
Conversely, increasing alkylation of the hydrocarbon facilitates attack by a given 
electrophile, and the rate of reaction of benzenesulphonyl chloride with alkylbenzenes is 
in the expected order mesitylene > m-xylene > benzene. 


5 Bourgeois, Ber., 1895, 28, 2322. 
‘ Truce, Ray, Norman, and Eickmeyer, J. Amer. Chem. Soc., 1958, 80, 3625. 
5 H. Meyer, Annalen, 1923, 438, 327. 
* Jensen and Brown, J. Amer. Chem. Soc., 1958, 80, 4042. 
7 Baddeley and Voss, J., 1954, 418. 
4M 
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Fractional crystallisation of the crude product obtained by the interaction of benzene- 
sulphonyl chloride and toluene in ethylene dichloride solution afforded 4-methyldipheny| 
sulphone (74%) and the 2-isomer (ca. 5%). Attempts to bring about a more efficient 
separation of the isomers by chromatography were unsuccessful. Recent infrared spectro- 
scopic studies ® have indicated that in the benzenesulphonylation of toluene in benzene- 
sulphonyl chloride solution the isomer distribution is 0- 29-4, m- 8-7, p- 629%. Even 
when allowance is made for the relatively inefficient separation of isomers by fractional 
crystallisation, it appears that the use of ethylene dichloride as solvent affords a mixture in 
which the ortho : para-ratio is lower than that found with benzenesulphonyl chloride as 
solvent. The interaction of mesitylenesulphonyl chloride, aluminium chloride, and 
anisole provided mesityl 4-methoxyphenyl sulphone together with a small amount of 
isomeric product, possibly the 2-isomer. 

The reaction between equimolecular proportions of -diethylbenzene and benzene- 
sulphonyl chloride—aluminium chloride complex provided mixtures from which crystalline 
2,5-diethyldiphenyl sulphone could be isolated in only 25% yield based on the sulphonyl 
chloride. This yield was increased to 53% by the use of two molecular proportions of 
p-diethylbenzene. In the latter case, investigation of the one molecular proportion of 
hydrocarbon unconsumed showed that it contained both di- and tri-ethylbenzene. Further, 
apart from unconsumed hydrocarbon, the crude product consisted of a mixture of 
sulphones. It therefore appears that p-diethylbenzene‘had isomerised and disproportionated 
before reacting with the sulphonylating complex. The results obtained when benzene- 
sulphonyl chloride-aluminium chloride complex reacts with #-di-n-propylbenzene and 
with 1,2,4-triethylbenzene may be explained along similar lines. The accepted order of 
mobility of alkyl groups Me < Et < Pr® no doubt serves to explain why such complic- 
ations did not arise in the sulphonylation of methylibenzenes. 


EXPERIMENTAL 


Preparation of Sulphones.—The following general procedure was employed. To freshly 
powdered aluminium chloride (1-25 moles), in ethylene dichloride (500 ml.), was added the 
sulphonyl chloride (1-0 mole). The mixture was kept at room temperature for 30 min. and 
the clear solution was decanted from undissolved aluminium chloride into a solution of the 
aromatic hydrocarbon (1-1 moles) in ethylene dichloride (500 ml.). After the selected time, 
usually overnight, the solution was poured into ice and dilute hydrochloric acid and the mixture 
was steam-distilled until oily drops no longer passed over. The residual sulphone rapidly 
crystallised, and was separated. When this procedure failed to provide crystalline sulphone, 
the mixture was decomposed by ice and dilute hydrochloric acid, and the ethylene dichloride 
layer was separated and dried after being washed successively with water, dilute sodium 
hydroxide solution, and water again. The oily sulphone obtained on removal of the solvent, 
the last traces under reduced pressure, rapidly solidified. The diphenyl sulphones prepared 
by this general procedure are listed in Table 1. The following new diphenyl sulphones were 
prepared: 3,5-dimethyl- (Found: C, 68-2; H, 5-7; S, 12-5. C,gH,,0,S requires C, 68-3; H, 
5-7; S, 13-0%), 2,4,5-trimethyl- (Found: C, 69-2; H, 6-2; S, 12-4. C,,H,,0,S requires C, 69-2; 
H, 6-2; S, 123%), 3,4,5-trimethyl- (Found: C, 69-3; H, 6-6; S, 12-5%), 2,5-diethyl- (Found: 
C, 69-8; H, 6-4; S, 11-5. C,,H,,0,S requires C, 70-1; H, 6-6; S, 11-7%), 2,5-di-n-propyl- 
(Found: C, 71:3; H, 7-3; S, 10-5. C,,H,,0,S requires C, 71:5; H, 7:4; S, 10-6%), 2,4,5- 
triethyl- (Found: C, 71-5; H, 7-3; S, 10-7. CygH,,O,S requires C, 71:5; H, 7-4; S, 10-6%), 
4’-methoxy-2,4,6-trimethyl- (Found: C, 66-3; H, 6-0; S, 10-8. C,,H,,0,S requires C, 66-3; H, 
6-2; S, 11-0%). 

Interaction of Benzenesulphonyl Chloride, Aluminium Chloride, and Aromatic Hydrocarbon in 
Ethylene Dichloride.—p-Diethylbenzene. After a reaction time of 4 hr. at room temperature the 
oily organic product of reaction contained only a trace of benzenesulphonyl chloride and of 
p-diethylbenzene. The whole of the crude sulphone distilled in the range 175—180°/0-3 mm. 


8 Jensen and H. C. Brown, J. Amer. Chem. Soc., 1958, 80, 4046. 
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The distillate, which failed to solidify, was extracted with light petroleum (b. p. 60—80°). On 
storage at 0°, the extracts deposited 2,5-diethyldiphenyl sulphone (25%; m. p. 84—86°). 
The remainder of the crude sulphone did not crystallise. When the above experiment was 
repeated with excess of p-diethylbenzene (1-0 mol.), free hydrocarbon (0-9 mol.) was recovered. 
The latter was distilled through a short column and gave fractions (i) b. p. 64—70°/14 mm., 
and (ii) b. p. 70—100°/14 mm. Fraction (i) (diethylbenzenes) yielded an oily sulphonamide 
which could not be separated into pure components. Fraction (ii) was brominated by Norris 
and Ingram’s procedure.* The crude bromo-derivatives, after repeated crystallisation from 
ethanol, afforded a product which did not depress the m. p. of 2,4,6-tribromo-1,3,5-triethyl- 
benzene (m. p. 102—103°). Extraction with light petroleum (b. p. 60—80°) of the crude 
sulphone from the reaction provided crystalline 2,5-diethyldiphenyl sulphone (53%) and an 
uncrystallisable oil (34%). 

p-Di-n-propylbenzene. The reaction of the benzenesulphony! chloride—aluminium chloride 
complex (1-0 mol.) and p-di-n-propylbenzene (1-0 mol.) gave a crude sulphone from which 2,5- 
di-n-propyldiphenyl sulphone (25%; m. p. 58—60°) was obtained by extraction with light 
petroleum (b. p. 60—80°). Doubling the molecular ratio of the hydrocarbon increased the yield 
of pure sulphone to 53% based on sulphony! chloride. 

Toluene. The crude sulphone (94%; m. p. 86—106°), obtained from benzenesulphonyl 
chloride and toluene, on fractional crystallisation from benzene-light petroleum (b. p. 60— 
80°), afforded 4-methyldiphenyl sulphone (74%; m. p. 125—126°) and the 2-isomer (5-5% ; 
m. p. 80—81°). The latter did not depress the m. p. of authentic 2-methyldiphenyl sulphone 
which was obtained by oxidation of the corresponding sulphide. This sulphide (65%; b. p. 
150—152°/8-0 mm.) was obtained from thiophenol and diazotised o-toluidine by Ziegler’s 
method.” 

Interaction of 2,4,6-Trimethylbenzenesulphonyl Chloride, Aluminium Chloride, and Anisole in 
Ethylene Dichloride.—The crude product on crystallisation from ethanol provided both plates 
and needles. The former (72%) did not depress the m. p. of 4’-methoxy-2,4,6-trimethyldi- 
phenyl sulphone (m. p. 136°). The needles (ca. 5%), m. p. 167—169° (Found: C, 65-9; H, 6-2; 
S, 10-8. C,,H,,0,S requires C, 66-3; H, 6-2; S, 11-0%), were an isomeric sulphone. 

Oxidation of Alkylated Diphenyl Sulphones.—2,5-Dimethyldiphenyl sulphone (1 g.), con- 
centrated nitric acid (10 ml.), and water (15 ml.) were heated in a sealed tube at 160° for 6 hr., 
affording 2,5-dicarboxydiphenyl sulphone (70%), m. p. 263—264°. By the action of diazo- 
methane the acid was converted into its dimethyl ester, m. p. 108—109° (Found: C, 57-0; H, 
4-6; S, 9-4. C,gH,,O,S requires C, 57-5; H, 4-2; S, 96%). This ester was identical with that 
given by 2,5-diethyl- and 2,5-di-n-propyl-dipheny]l sulphone under similar conditions. 

3,5-Dimethyl- and 3,4,5-trimethyl-benzenesulphonic acids were obtained by fusion of the 
2,5- and 2,4,6-isomers respectively with aluminium chloride at 180°. Details are to be provided 
in a later paper. 


The authors thank Dr. G. Baddeley for his interest and advice. Microanalyses were carried 
out by Mr. V. Manohin. 
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® Norris and Ingram, J. Amer. Chem. Soc., 1938, 60, 1422. 
10 Ziegler, Ber., 1890, 23, 2472. 
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507. A Novel Isomerization of a Homophthalic Acid Derivative. 
By W. R. ALtison and G. T. NEWBOLD. 


3-Benzyloxy-2-ethoxycarbonyl-5-methoxypheny] acetic acid is converted 
by anhydrous acidic reagents into ethyl 3-benzyloxy-2-carboxy-5-methoxy- 
phenylacetate. Hot alkali caused the reverse rearrangement. A possible 
mechanism is discussed. 


(—)-3,4-DinyDRO-8-HYDROXY-6-METHOXY-3-METHYLISOCOUMARIN (I) occurs naturally in 
bitter carrots.1 The methyl ether (II) of the racemic form has been synthesized,? and it 
was planned to use a similar route to the hydroxy-compound (I). An intermediate 
required was the acid (VII) whose preparation and properties are now reported. 


Ro QO R'O RO 
° CO,£t CO,H 
a se Me wes CH,*CO,R mol} CH,-CO,Et 
@) R=H (III) R= Et, R’ = R” =H (X) R= CH,Ph 
(II) R= Me (IV) R = Et, R’ =H, R” = Me (XI) R=H 


(V) R= R’=H,R” =Me 
(VI) R= Me, R’ =H, R” = Me 


Q-CHPh (VII) R=H, R’ = CHy'Ph, R” = Me QH 
CO,Me (VIII) R = Me, R’ = CH,’Ph, R” = Me R CO,Me 
Meo, JCH,-CO:R GA) Rm Et, Rm CHiyth, R= Me Rok. JcH,-CO,Me 
(XV) R= Me (XII) R = CO,H, R’ = H 
(XVI) R=H (XIII R= R’=H 
(XVII) R= Et (XIV) R=H, R’= Me 


Ethyl 2-ethoxycarbonyl-3,5-dihydroxyphenylacetate * (III) and diazomethane gave 
the 5-methyl ether (IV) which was hydrolysed to 2-ethoxycarbonyl-3-hydroxy-5-methoxy- 
phenylacetic acid (V). In all the compounds having ester groups in the 2-position this ester 
function was stable to alkali under quite vigorous conditions because of steric hindrance, 
Methyl 2-ethoxycarbonyl-3-hydroxy-5-methoxyphenylacetate (VI) was benzylated and 
hydrolysed to the benzyl acid (VII) which was characterized as its methyl ester (VIII) 
from which it was regenerated by alkaline hydrolysis. 

Since the original synthetical route required the acid chloride the acid (VII) was treated 
with phosphorus trichloride in chloroform, but an isomeric acid, m. p. 116—117°, was 
formed in 75% yield; the same acid was also produced by using thionyl chloride. Neither 
(VII) nor the acid, m. p. 116—117°, gave a ferric colour and the latter compound was 
methylated to an ester isomeric with methyl 3-benzyloxy-2-ethoxycarbonyl-5-methoxy- 
phenylacetate (VIII). The acid, m. p. 116—117°, although unaffected by cold dilute 
alkali was converted by hot aqueous alkali into 3-benzyloxy-2-ethoxycarbonyl-5-methoxy- 
phenylacetic acid (VII). Methylation of this acid or that of m. p. 116—117° gave the 
same ester (IX), each sample of which on alkaline hydrolysis gave the benzyl acid (VII). 
We consider that the conversion of (VII) into the acid of m. p. 116—117°, and vice versa, 
involves an interchange of carboxylic acid and ester functions and therefore that the acid, 
m. p. 116—117°, has structure (X). 

Hydrogenolysis of the benzyl acid (VII) afforded 2-ethoxycarbonyl-3-hydroxy-5-meth- 
oxyphenylacetic acid (V) while the acid (X) gave ethyl 2-carboxy-3-hydroxy-5-methoxy- 
phenylacetate (XI) which was isomerized to (V) by the usual alkaline treatment. The 
ester acid (XI) on brief treatment with diazoethane afforded ethyl 2-ethoxycarbonyl-3- 
hydroxy-5-methoxyphenylacetate (IV), whilst the ester acid (V) was largely unaffected 
by phosphorus trichloride in chloroform. 


' Sondheimer, J. Amer. Chem. Soc., 1957, 79, 5036. 
2 Logan and Newbold, Chem. and Ind., 1957, 1485. 
* Nogami, J. Pharm. Soc. Japan, 1941, 61, 56. 
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The methyl ester formed by treatment of the acid (X) with diazomethane is (XVII), 
synthesis of which has been achieved. Methyl acetonedicarboxylate was converted into 
the diester acid (XII) which was decarboxylated. After the reaction sequence (XIII) —» 
(XIV) —» (XV) —» (XVI) (cf. ethyl ester series) the final product was esterified with 
diazoethane to give (XVII), furnishing proof of the structure of the isomerization 
product (X). 

More vigorous treatment of 3-benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic acid 
(VII) with phosphorus trichloride in chloroform gave a chlorine-free product, regarded as 
the anhydride of (X), since its infrared spectrum [v 1796 and 1727 (infl.) cm.+ in chloro- 
form, v 1789 and 1730 (infl.) cm. in Nujol] is comparable with that of benzoic anhydride 
(1789 and 1727 cm.*) rather than with that phenylacetic anhydride ¢ (1808 and 1745 cm."). 
The band separations of 69 cm.+ in chloroform and 59 cm. in Nujol compare with the 
usual value of ca. 60 cm. for anhydrides. The anhydride also showed bands at 1750 cm.+ 
in chloroform and 1751 cm.+ in Nujol which we attribute to the phenylacetic ester carbonyl 
group. Ethyl 3-benzyloxy-2-carboxy-5-methoxyphenylacetate (X) and phosphorus 
trichloride in chloroform gave the same anhydride, further supporting the structure 
assigned to it. 

We presumed that the rearrangement (VII) —» (X) was catalysed by hydrogen 
chloride liberated by reaction of some of the original acid with phosphorus trichloride and 
have shown that dry hydrogen chloride in chloroform will effect the change (VII) —» (X) 
in 20% yield. We consider that the first step is the protonation of both ethoxycarbonyl 
and carboxyl group. The protonated ester group forms the acylium ion,® the ethanol 
liberated entering immediately into a normal bimolecular acid-catalysed (A,o2) esterific- 
ation with the phenylacetic oxonium ion. The resulting transition state * then transfers 
the elements of water to give the protonated form of (X). The driving force in this 
isomerization must be primarily steric, the smaller bulk of the hydroxyl group being 
more acceptable than the larger ethoxyl group to the strongly hindered benzoic function; 
thus the reverse reaction is prevented. Such transfer of groups is facilitated by the 
proximity of the two carboxy] functions. 

This mechanism explains why the ester acid (V) was not isomerized to (XI). In the 
former the steric hindrance of the benzoate group is much less than in (VII), diminishing 
the possibility of formation of acylium ion; also owing to the lessened steric hindrance in 
the ester acid (V) there will be less tendency to exchange the smaller hydroxyl group for 
the larger ethoxy] group. 

The ester acid (X) was isomerized to (VII) in high yield by aqueous, aqueous ethanolic, 
and aqueous methanolic alkali. Use of the last reagent proved that the ethoxyl-ion 
transfer was intramolecular. We consider the reaction to follow the mechanism: 


° ° 
Fe) u w 
Mine = “oO BzQ COE 
“ott —> Qloee ae 
MeO LA MeO ra MeO Ke) 
ci, “0 cil; “O CHyCo 


In the postulated cyclic intermediate the polarization of the carbonyl group, giving a 
positive charge on the carbon atom, will attract the ethoxyl group, which, examination 
of models suggests, could take up a favourable conformation for reaction as shown. We 
believe that the driving force, preventing reversal of the reaction, is electronic and depends 
on the effect of the electron-donating properties of the benzyloxy-group [or the anion from 
the phenolic hydroxy group in (XI)] on the 2-position. Steric hindrance due to the 
benzyloxy-group may be lessened in alkali and be greater in the acidic medium wherein 
the benzyloxy-group may be protonated. 


* Bellamy, ‘‘ The Infra-red Spectra of Complex Molecules,”” Methuen, London, 1958, pp. 127—128. 
* Newman (ed.), “‘ Steric Effects in Organic Chemistry,” Chapman and Hall, London, 1956, p. 218. 
* Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” Bell, London, 1953, p. 770. 
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EXPERIMENTAL 

Ultraviolet spectra were determined in ethanol, and infrared spectra in Nujol mull unless 
otherwise stated. All identities were confirmed by comparison of infrared spectra. 

Ethyl 2-Ethoxycarbonyl-3-hydroxy-5-methoxyphenylacetate——Ethyl 2-ethoxycarbonyl-3,5-di- 
hydroxyphenylacetate * (4-0 g.) in methanol (10 c.c.) was methylated at 0° with ethereal diazo- 
methane [from nitrosomethylurea (5-0 g.)"]. Ethyl 2-ethoxycarbonyl-3-hydroxy-5-methoxy- 
phenylacetate (3-1 g.) was obtained from light petroleum (b. p. 40—60°) as felted needles, m. p, 
62—64° (Found: C, 59-5; H, 6-6. C,,H,,0O, requires C, 59-6; H, 64%); Amax, 220 (e = 
29,500), 262 (c = 13,900), and 302 my (ec = 6600); v,,x 1733 (phenylacetate C=O) and 1653 
cm. (H-bonded benzoate C=O); vmx in chloroform 1736 (phenylacetate C=O) and 1661 cm 
(H-bonded benzoate C=O). 

2-Ethoxycarbonyl-3-hydroxy-5-methoxyphenylacetic Acid.—Ethyl 2-ethoxycarbony]-3-hydr- 
oxy-5-methoxyphenylacetate (200 mg.) was refluxed for 1 hr. with aqueous sodium hydroxide 
(10 c.c.; 2N). The isolated product was crystallized from aqueous methanol, giving 2-ethoxy- 
carbonyl-3-hydroxy-5-methoxyphenylacetic acid (120 mg.) as needles, m. p. 186—188° (Found: 
C, 57-1; H, 5-8. C,,H,,O, requires C, 56-7; H, 5-5%); Amax 216 (¢ = 29,500), 260 (ec = 13,450), 
and 303 my (c = 6300); vmax, 1700 (phenylacetic acid dimer C=O) and 1667 cm.! (H-bonded 
benzoate C=O), Vmax, in chloroform 1718 (phenylacetic acid monomer C=O) and 1661 cm."! (H- 
bonded benzoate C=O). The acid in ethanol gave a red-brown colour with aqueous ferric 
chloride. The methyl ester, prepared by brief treatment with diazomethane, crystallized from 
light petroleum (b. p. 40—60°) as fine needles, m. p. 68—69° (Found: C, 57-9; H, 6-25. 
Cy3H,,0, requires C, 58-2; H, 60%); Amax, 220 (« = 16,400), 263 (¢ = 14,000), and 302 mp 
(ce = 6900); vnax. 1739 (phenylacetate C=O) and 1653 cm. (H-bonded benzoate C=O); vay in 
chloroform 1739 (phenylacetate C=O) and 1658 cm." (H-bonded benzoate C=O). The methyl 
ester in ethanol gave a red-brown colour with aqueous ferric chloride. 

The acetyl derivative of the acid, prepared by the pyridine—acetic anhydride method, 
separated from benzene-light petroleum (b. p. 60—80°) as needles, m. p. 148—150° (Found: C, 
56-7; H, 5-2. C,H,,O, requires C, 56-8; H, 5-4%); Amax, 213 (ce = 21,000) and 252 my (ec = 
10,400); Vmax, 1757 (acetate C=O), 1718 (benzoate C=O), and 1695 cm. (phenylacetic acid 
C=O); Vmax. in chloroform 1767 (acetate C=O) and 1721 cm. (benzoate C=O). 

3-Benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic Acid.—Methy] 2-ethoxycarbonyl-3-hydr- 
oxy-5-methoxyphenylacetate (2-8 g.), sodium iodide (2-0 g.), anhydrous potassium carbonate 
(2-0 g.), benzyl chloride (2-5 c.c.), and ethyl methyl ketone (50 c.c.) were refluxed for 72 hr. The 
solvent was evaporated under reduced pressure, and the residue treated with water (150 c.c.) 
and extracted with ether (2 x 75 c.c.). The combined ethereal extracts gave the crude 
benzyl compound (3-5 g.) as a pale yellow gum which was refluxed for 1 hr. with potassium 
hydroxide (8-0 g.) in water (8 c.c.) and ethanol (72 c.c.). The solution was diluted with water 
(100 c.c.), the ethanol removed under reduced pressure, and the aqueous solution extracted 
with chloroform (50 c.c.) and acidified (Congo Red) with hydrochloric acid (d 1-15). The result- 
ing emulsion was extracted with chloroform (3 x 50 c.c.) and the combined chloroform washings 
were extracted with saturated aqueous sodium hydrogen carbonate (3 x 50 c.c.). The 
combined alkaline extract was acidified (Congo Red) with hydrochloric acid (d 1-15), and the 
precipitated solid washed with water, dried, and crystallized from acetone-light petroleum 
(b. p. 60—80°), giving 3-benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic acid (1-9 g.) as needles, 
m. p. 144—146° (Found: C, 66-5; H, 5-7%; Equiv., 340. C,,H,.O, requires C, 66-3; H, 
5°85%; Equiv., 344); Amex, 208 (ce = 46,700) and 284 my (ec = 3400); vnax 1724 (benzoate C=O) 
and 1681 cm. (phenylacetic acid dimer C=O); vp, in chloroform 1724 cm. (benzoate C=O). 
The methyl ester, prepared by use of diazomethane, separated from light petroleum (b. p. 40— 
60°) as felted needles, m. p. 39-5—41° (Found: C, 66-75; H, 5-8. C,,H..O, requires C, 67-0; 
H, 6-2%), Amax, 210 (¢ = 34,800), 250 (e = 6900), and 286 my (ec = 3500); vray 1748 (phenyl- 
acetate C=O) and 1715 cm.} (benzoate C=O); vx in chloroform 1736 cm.-! (phenylacetate 
C=O). The ester was hydrolysed under reflux with 5% aqueous methanolic potassium hydroxide 
for 1 hr. to give 3-benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic acid, m. p. and mixed 
m. p. 145—147°. 3-Benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic acid (140 mg.) was 
refluxed with aqueous potassium hydroxide (10 c.c.; 30%) for 24 hr. Starting material 
(110 mg.) was obtained and separated from acetone-light petroleum (b. p. 60—80°) as needles, 
m. p. and mixed m. p. 145—147°. 

7 Org. Synth., Coll. Vol. I, Wiley, New York, 1943, p. 165. 
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2-Ethoxycarbonyl-3-hydroxy-5-methoxyphenylacetic Acid from Hydrogenolysis of the 3-Benzyl- 
oxy-derivative——A solution of 3-benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic acid 
(190 mg.) in dry redistilled ethyl acetate (50 c.c.) was shaken for 6 hr. with hydrogen 
at atmospheric pressure in the presence of palladised charcoal (200 mg.; 24% PdCl, on char- 
coal) and magnesium oxide (100 mg.). The solids were treated with hydrochloric acid (10 c.c. ; 
2n), and the mixture was extracted with chloroform (3 x 50 c.c.). The combined chloroform 
extract was washed with water and saturated aqueous sodium hydrogen carbonate (3 x 20c.c.), 
and the combined alkaline extract acidified (Congo Red) with 2N-hydrochloric acid. Next 
morning the solid was washed with water, dried, and crystallized from aqueous methanol, giving 
2-ethoxycarbonyl-3-hydroxy-5-methoxyphenylacetic acid (90 mg.) as needles, m. p. and mixed 
m. p. 186—188°. 

Ethyl 3-Benzyloxy-2-carboxy-5-methoxyphenylacetate—(a) 3-Benzyloxy-2-ethoxycarbonyl-5- 
methoxyphenylacetic acid (1-2 g.) and a mixture of phosphorus trichloride (850 mg.) and dry 
chloroform (230 c.c.) were shaken until the acid dissolved (30 min.), and then the solution was 
kept at room temperature for 24 hr. (CaCl, tube). The chloroform was removed at room 
temperature. Benzene (100 c.c.) was added to the residue, and the solution evaporated to 
yield a pale yellow gum which gave, from benzene-light petroleum (b. p. 60—80°), ethyl 3-benzyl- 
oxy-2-carboxy-5-methoxyphenylacetate (920 mg.) as needles, m. p. 116—117-5° (Found: C, 66-4; 
H, 605%; Equiv., 341. C,,H,,O, requires C, 66-3; H, 585%; Equiv., 344); Amax 210 (« = 
33,900), 258 (c = 6000), and 286 mu (e = 3300); vm. 1736 (phenylacetate C=O) and 1684 cm.*! 
(benzoic acid dimer C=O); vmax in chloroform 1736 cm. (phenylacetate C=O). 

(b) A solution of 3-benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic acid (200 mg.) in 
thionyl chloride (2 c.c.) was refluxed for 10 min. Excess of thionyl chloride was removed under 
reduced pressure at 40°. Benzene (10 c.c.) was added to the residue and similarly evaporated, 
and the residual gum was crystallized from benzene-light petroleum (b. p. 60—80°), giving ethyl 
3-benzyloxy-2-carboxy-5-methoxyphenylacetate (110 mg.) as needles, m. p. and mixed m. p. 
116—117° (Found: C, 66-4; H, 6-0%). 

(c) 3-Benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic acid (500 mg.) in a saturated 
solution of dry hydrogen chloride in dry chloroform (150 c.c.) was kept for 4 hr. at 40°. The 
chloroform was evaporated under reduced pressure at room temperature. Evaporation with 
benzene (50 c.c.) gave a gum which was separated by fractional crystallization from benzene— 
light petroleum (b. p. 60—80°) into 3-benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic acid 
(220 mg.), needles, m. p. and mixed m, p. 144—146°, and ethyl 3-benzyloxy-2-carboxy-5- 
methoxyphenylacetate (110 mg.), needles, m. p. and mixed m. p. 116—117°. 

Ethyl 3-benzyloxy-2-carboxy-5-methoxyphenylacetate (20 mg.) was shaken at 20° with 
aqueous sodium hydroxide (20 c.c.; 0-01N), and the resulting solution was kept at 20° for 1 hr., 
and then acidified (Congo Red) with dilute hydrochloric acid. Crystallization of the precipitate 
from benzene-light petroleum (b. p. 60—80°) gave the starting material as needles, m. p. and 
mixed m. p. 115—117°. 

Ethyl 3-Benzyloxy-2-carboxy-5-methoxyphenylacetate Anhydride.—A solution of 3-benzyloxy- 
2-ethoxycarbonyl-5-methoxyphenylacetic acid (400 mg.) in dry chloroform (12 c.c.) containing 
phosphorus trichloride (300 mg.) was refluxed for 20 min. The solution was decanted from 
phosphorous acid, and the chloroform evaporated under reduced pressure at 25° to give a yellow 
gum which crystallized from benzene-light petroleum (b. p. 60—80°) giving the anhydride 
(220 mg.) as yellow plates, m. p. 170—173° [Found: C, 67-4; H, 56%; M (Rast), 610. 
C,3H;,0,, requires C, 68-1; H, 5-7%; M, 610]. After two days the m. p. had fallen to 155— 
162°. Light absorption: Amax 210 (¢ = 48,000), 267 (« = 18,700), and 304 my (e = 5100). 
The anhydride was insoluble in cold aqueous sodium hydrogen carbonate and cold dilute 
aqueous sodium hydroxide; when it was heated under reflux with 5% aqueous methanolic 
potassium hydroxide for 1 hr., there was formed in good yield, 3-benzoyloxy-2-ethoxycarbonyl- 
5-methoxyphenylacetic acid, needles, m. p. and mixed m. p. 146—148°, from acetone-light 
petroleum (b. p. 60—80°). 

Action of Alkali on Ethyl 3-Benzyloxy-2-carboxy-5-methoxyphenylacetate: Formation of 3- 
Benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic Acid.—(a) Ethyl 3-benzyloxy-2-carboxy-5- 
methoxyphenylacetate (200 mg.) was refluxed for 1 hr. with aqueous sodium hydroxide (20 c.c. ; 
5%). Isolation and crystallization from acetone-light petroleum (b. p. 60—80°) gave 3-benzyl- 
oxy-2-ethoxycarbonyl-5-methoxyphenylacetic acid (140 mg.) as needles, m. p. and mixed m. p. 
147—149°. 
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(6) Ethyl 3-benzyloxy-2-carboxy-5-methoxyphenylacetate (250 mg.) was refluxed for 1 hr, 
with potassium hydroxide (1 g.), water (1 c.c.), and methanol (19 c.c.). Isolation with ether 
followed by crystallization from acetone-light petroleum (b. p. 60—80°) gave 3-benzoyloxy-2- 
ethoxycarbonyl-5-methoxyphenylacetic acid (145 mg.) as needles, m. p. and mixed m. p. 
145—147°. 

Ethyl 3-Benzyloxy-5-methoxy-2-methoxycarbonylphenylacetate.—Ethy] 3-benzyloxy-2-carboxy- 
5-methoxyphenylacetate (100 mg.) with ethereal diazomethane afforded ethyl 3-benzyloxy-5- 
methoxy-2-methoxycarbonylphenylacetate (75 mg.) as felted needles, m. p. 74—75° from light 
petroleum (b. p. 40—60°) (Found: C, 66-8; H, 6-3. C,9H,,O, requires C, 67-0; H, 6-2%); 
Amax. 210 (c = 35,500), 250 (c = 6500), and 286 my (¢ = 3400); vmax 1736 (phenylacetate C=0) 
and 1712 (benzoate C=O); vmax in chloroform 1733 cm." (phenylacetate C=O). 

3-Benzyloxy-5-methoxy-2-methoxycarbonylphenylacetic Acid.—A solution of ethyl 3-benzyl- 
oxy-2-methoxycarbonyl-5-methoxyphenylacetate (50 mg.) was refluxed with 5% aqueous 
methanolic potassium hydroxide (20 c.c.) for l hr. Isolation and crystallization from acetone- 
light petroleum (b. p. 60—80°) gave 3-benzyloxy-5-methoxy-2-methoxycarbonylphenylacetic acid 
(280 mg.) as clusters of needles, m. p. 147—149° (Found: C, 65:2; H, 5:3. C,,H,,0, requires 
C, 65-45; H, 5-5%); Amax, 212 (¢ = 35,700), 248 (¢ = 6400), and 285 my (c = 3400); vay 
1727 cm."! (benzoate C=O); vmx, in chloroform 1724 cm. (benzoate C=O). 

Action of Diazoethane on Ethyl 3-Benzyloxy-2-carboxy-5-methoxyphenylacetate and its Isomer. 
—(a) Ethyl 3-benzyloxy-2-carboxy-5-methoxyphenylacetate on treatment with diazoethane 
gave a gum, which did not solidify; v,,, for the liquid 1733 cm.! (C=O). 

(b) Similar treatment of 3-benzyloxy-2-ethoxycarbonyl-5-methoxyphenylacetic acid gave 
a gum whose infrared spectrum was identical with that of preparation (a). Hydrolysis 
of either sample by the 5% aqueous methanolic potash method gave 3-benzyloxy-2-ethoxy- 
carbonyl-5-methoxyphenylacetic acid as needles, m. p. and mixed m. p. 145—147°. 

Ethyl 2-Carboxy-3-hydroxy-5-methoxyphenylacetate—Ethyl 3-benzyloxy-2-carboxy-5-meth- 
oxyphenylacetate (250 mg.) was hydrogenolysed, the same conditions being used as given for 
its isomer above. Crystallization from benzene-light petroleum (b. p. 60—80°) gave ethyl 
2-carboxy-3-hydroxy-5-methoxyphenylacetate (140 mg.) aS needles, m. p. 119—120° (Found: C, 
57-1; H, 5:8. C,,.H,,O, requires C, 56:7; H, 5°5%); Amax, 214 (c = 25,400), 260 (c = 11,300), 
and 302 mp (¢ = 5700); vmx, 1736 (phenylacetate C=O); vmx, in chloroform 1736 (phenyl- 
acetate C=O) and 1656 cm.~! (H-bonded benzoate C=O). A solution of the compound in ethanol 
gave a red-brown colour with aqueous ferric chloride. 

Conversion of Ethyl 2-Carboxy-3-hydroxy-5-methoxyphenylacetate into Ethyl 2-Ethoxycarbonyl- 
3-hydroxy-5-methoxyphenylacetate.—Brief treatment of ethyl 2-carboxy-3-hydroxy-5-methoxy- 
phenylacetate (50 mg.) with diazoethane and crystallization from light petroleum (b. p. 40— 
60°) gave ethyl 2-ethoxycarbonyl-3-hydroxy-5-methoxyphenylacetate (30 mg.) as felted needles, 
m. p. 62—64° undepressed on admixture with a sample prepared by the action of diazomethane 
on ethyl 2-ethoxycarbonyl-3-hydroxy-5-methoxyphenylacetate. Hydrolysis of the diester by 
the 5% aqueous methanolic potash method gave 2-ethoxycarbonyl-3-hydroxy-5-methoxy- 
phenylacetic acid, m. p. and mixed m. p. 185—187°. 2-Ethoxycarbonyl-3-hydroxy-5-methoxy- 
phenylacetic acid was unchanged by treatment with phosphorus trichloride in chloroform, which 
converted its benzyl ether into ethyl 3-benzyloxy-2-carboxy-5-methoxyphenylacetate. 

Isomerization of Ethyl 2-Carboxy-3-hydroxy-5-methoxyphenylacetate.—The ester (50 mg.) was 
refluxed with 5% aqueous methanolic potassium hydroxide (5 c.c.) for 2 hr. Isolation and 
crystallization from aqueous methanol gave 2-ethoxycarbonyl-3-hydroxy-5-methoxyphenyl- 
acetic acid as needles, m. p. 185—187° alone or mixed with an authentic specimen. 

Methyl 4-Carboxy-3,5-dihydroxy-2-methoxycarbonylphenylacetate.—By use of the method 
given for the ethyl ester * methyl acetonedicarboxylate (50 g.) afforded methyl 4-carboxy-3,5-di- 
hydroxy-2-methoxycarbonylphenylacetate (12-75 g.) which separated from benzene (charcoal) as 
plates, m. p. 152—154° (Found: C, 51-0; H, 4-5. C,,H,,0, requires C, 50-7; H, 4:3%); Amax. 
224 (c = 21,800), 238 (ec = 17,100), and 320 my (c = 5500); vu, 1742 (phenylacetate C=O) and 
1692 cm. (H-bonded benzoate C=O); vmx in chloroform 1742 (phenylacetate C=O), 1697 
(H-bonded benzoate C=O), and 1656 cm.“ (H-bonded benzoic acid C=O). An ethanolic solution 
of the compound gave a red-brown colour with aqueous ferric chloride. 

Decarboxylation.—Methyl 4-carboxy-3,5-dihydroxy-2-methoxycarbonylphenylacetate (4 g.) 
was decarboxylated by the method * described for the diethylesteranalogue. The product, methyl 
3,5-dihydroxy-2-methoxycarbonylphenylacetate (900 mg.), separated from benzene-light petroleum 
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(b. p. 60—80°) as needles, m. p. 148—150° (Found: C, 54:95; H, 5-3. C,,H,,O, requires C, 
55-0; H, 5°0%); Amax. 216 (¢ = 20,300), 265 (ec = 10,900), and 304 my (c = 6100); vax 1706 
(phenylacetate C=O, lowered by intermolecular H-bonding) and 1653 cm." (H-bonded benzoate 
C=O); Ymax. in chloroform 1736 (phenylacetate C=O) and 1667 cm.“ (H-bonded benzoate C=O). 
An ethanolic solution of the compound gave a red-brown colour with aqueous ferric chloride. 

Methyl 3-Hydroxy-5-methoxy-2-methoxycarbonylphenylacetate—Brief treatment of methyl 
3,5-dihydroxy-2-methoxycarbonylphenylacetate with diazomethane as described for the corre- 
sponding diethyl ester gave methyl 3-hydroxy-5-methoxy-2-methoxycarbonylphenylacetate in good 
yield which separated from light petroleum (b. p. 40—60°) as felted needles, m. p. 75—77° 
(Found: C, 57-05; H, 5-9. C,,H,,O, requires C, 56-7; H, 5-55%); Amax. 220 (ec = 14,600), 263 
(ec = 12,700), and 301 my (¢ = 6000); v.,x 1739 (phenylacetate C=O) and 1661 cm." (H-bonded 
benzoate C=O); Vmax, in chloroform 1739 (phenylacetate C=O) and 1667 cm. (H-bonded 
benzoate C=O). An ethanolic solution of the compound gave a red-brown colour with aqueous 
ferric chloride. 

Ethyl 3-Benzyloxy-5-methoxy-2-methoxycarbonylphenylacetate.—When the method given above 
for the diethyl ester was used, methyl 3-hydroxy-5-methoxycarbonylphenylacetate was benzyl- 
ated, and the product was hydrolysed to 3-benzyloxy-5-methoxy-2-methoxycarbonylphenylacetic 
acid in 55% yield, forming needles, m. p. 147—149°, from acetone-light petroleum (b. p. 60— 
80°), undepressed on admixture with the preparation derived from the 2-ethoxycarbony] series. 
3-Benzyloxy-5-methoxy-2-methoxycarbonylphenylacetic acid (100 mg.) on treatment in 
methanol (2 c.c.) for 1 hr. with excess of ethereal diazoethane yielded ethyl 3-benzyloxy-5- 
methoxy-2-methoxycarbonylphenylacetate (70 mg.) as felted needles, m. p. 71—73°, from light 
petroleum (b. p. 40—60°). A mixture of this preparation with that, m. p. 74—75°, obtained by 
brief action of diazomethane on ethyl 3-benzyloxy-5-methoxy-2-methoxycarbonylphenyl- 
acetate, had m. p. 71—74°. 
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508. An X-Ray Study of the p-n-Alkoxybenzoic Acids. Part I. 
By R. F. Bryan. 


Cell constants and space groups have been found, from single-crystal 
X-ray photographs, for the members of the homologous series of p-n-alkoxy- 
benzoic acids, from p-methoxy- to p-n-decyloxy-benzoic acid inclusive. 
Powder photographs have been used to establish the relationship of certain 
higher homologues to the lower members of the series. 


THE homologous series of p-n-alkoxybenzoic acids has been studied by Brynmor Jones 
and his associates }* who examined the phase transitions produced in these compounds 
during heating. 


Experimental.—The samples used were single crystals obtained after recrystallization from 
alcohol or from aqueous alcohol which, except for p-n-hexyloxybenzoic acid and the acids 
beyond p-n-decyloxybenzoic acid, yielded sizeable, well-formed, colourless crystals. -n- 
Hexyloxybenzoic acid crystallized as fibrous aggregates, and the acids with more than ten 
carbon atoms in the side chain were precipitated from solvents as fine crystalline powders. 

Single-crystal X-ray photographs, of precession, rotation, and Weissenberg types, were 
taken by means of Cu-K, radiation (A = 1-542 A), to determine the unit-cell parameters and 
space-groups of the acids upto, and including, p-n-decyloxybenzoic acid. These data, together 
with other relevant information, are given in the Table. 

? Bradfield and Jones, J., 1929, 2660. 


* Jones, J., 1935, 1874. 
* Bennett and Jones, J., 1939, 420. 
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p-n-Alkoxybenzoic acids, p-n-[CH,],"O-C,H,CO,H. (All angles accurate to +-1°.) 





Crystal Unit-cell dimensions d (g. cm.~) 

n system Formula M (a, b, c in A) obs. calc. Z Space-group 

1 Monoclinic C,H,O, 152-1 a = 16-87 + 0-07 1-364 1-360 4 P2,/a (C*%,, No. 14) 
b= 1099+ 0-05 B = 95-8° 
c= 400 + 0-03 

2 Monoclinic C,H,O, 166-2 a = 27-24 + 0-08 1-323 1-324 8 C2/c (C%y, No. 15) 
b= 403+ 0-03 B = 127-3° or Cc (C,‘, No. 9) 
c = 19-03 + 0-06 

3 Monoclinic C,).H,,0, 180-2 a = 15-28 + 0-06 1-272 1-271 4 P2,/c (C5, No. 14) 
b= 750+0-04 B = 94-8° 
c= 819+ 9-04 

4 Triclinic C,,H,,0O, 1942 a= 686+ 0-04 a= 81:5° 1:195 1:205 2 Pl Cr" No. 1) or 
b= 760+ 0-04 B = 98-7° PI (C;}, No. 2) 
c = 10-52 + 0-04 y» = 81-5° 

5 Monoclinic C,,H,,O, 208-2 a = 15-95 + 0-06 1:18 1-193 4 P2,/m(C*,, No. 11) 
b= 738+ 0-04 B = 102-5° or P2, (C,*, No. 4) 
c = 10-02 + 0-06 

6 Triclinic C,;H,,0, 2223 a=33:0 +10 «a= 93° 1-124 1-151 12 Pl (C,!, No. 1) or 
b=145 +005 B = 90° (?) PI (C, No. 2) 
c= 8-0 + 0-5 Y= 90° 

7 Triclinic CHO, 2363 a= 4:73+004 a= 82-2° 1-183 1:193 2 Pl (C,, No. 1) or 
b= 796+4+0-06 B= 93-9° PI (Cj, No. 2) 
c = 1788+ 0-09 y= 102-3° 

8 Triclinic C,,H,,0, 2503 a= 481+ 004 a= 81-2° 1-160 1-169 2 Pl (C,}, No. 1) or 
b= 806+007 B= 95° PI (C1, No. 2) 
c = 1895+ 0:09 y = 103-1° 

9 Triclinic C,H,,0O, 2644 a= 4714004 a= 823° 1:15 1-163 2 Pl (C,}, No. 1) or 
b= 801+005 B= 92-7° PI (C;}, No. 2) 
c = 20-45+0-10 y= 101-8° 

10 Triclinic C,,H,,O, 2784 a= 4824005 a= 81:1° 1:12 1-131 2 Pl (C,!, No. 1) or 
b= 808 +0:06 B= 94-3° PT (Ci, No. 2) 
c = 21-624 0:10 y= 102-8° 

DIscuSSION 


A general survey of the photographic data for the series shows that p-n-propoxy- and 
p-n-pentyloxy-benzoic acids give similar diffraction patterns, although the space-group 
symmetries are different. No other such similarities are observed amongst the lower 
members, but the acids from #-n-heptyloxybenzoic acid onwards are evidently closely 
related in structure and packing. From comparison of powder photographs of some of 
the higher acids with those from #-n-heptyloxy- and -n-octyloxy-benzoic acids, it seems 
that this relationship extends up to at least p-n-octadecyloxybenzoic acid, the highest 
homologue available. 

The acids appear to adopt a variety of crystal structures, each individual structure 
being determined by the relative weights of the aromatic and aliphatic parts of the 
molecule. Where, as in the two lowest members of the series (whose structures have been 
determined and will be described later), the molecules are planar but for the one or two 
carbon atoms of the chain, they crystallize with a short spacing (ca. 4 A) characteristic of 
many structures containing completely planar aromatic molecules. As the alkyl chain 
increases in size, the unit cells become more complex, and in the case of -n-hexyloxy- 
benzoic acid the peculiar nature of the cell seems to indicate that a critical balance obtains 
between the influence of the aromatic and aliphatic parts of the molecule in determining 
the molecular packing. The X-ray photographs show a high degree of pseudo-mono- 
clinicity in the structure of this compound, and alone amongst the lower members of the 
series this acid gives crystals of poor quality. Also significant in this connection is the 
discontinuity in the calculated (and observed) densities between the first six acids and 
p-n-heptyloxybenzoic acid. Whilst these densities fall regularly to reach a minimum at 
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p-n-hexyloxybenzoic acid of 1-15 g. cm.**, the density of p-n-heptyloxybenzoic acid, 
calculated from the unit-cell parameters, is 1-19 g.cm.*. This indicates that ‘at this point 
the acids achieve a more closely packed structure, and emphasizes the unsatisfactory 
molecular packing in f-n-hexyloxybenzoic acid. 

By contrast, the next four members of the series, and presumably also the higher 
homologues, fall into a closely related series, as previously described. The similarity of 
their cell constants to those of long-chain normal fatty acids * shows that the aliphatic 
chain has become the dominating structural feature. In this context, it is noteworthy 
that Brynmor Jones * also observed that a smectic phase, “ . which develops as 
the alkyl chain . . . . becomes relatively more important in the structure,” first appears 
with p-n-heptyloxybenzoic acid. 

It is hoped later to describe the structures of p-methoxy- and p-ethoxy-benzoic acids 
and also those of some of the triclinic higher acids. 


The crystals used were kindly supplied by Professor Brynmor Jones and Dr. D. Gray, of 
the University, Hull. I am grateful to Dr. J. C. Speakman, of the University of Glasgow, for 
having suggested this problem, and for his interest in its solution. Part of the work was 
carried out in the Organic Chemistry Laboratory of the Swiss Federal Institute of Technology, 
Zurich. 


CHEMISTRY DEPARTMENT, THE UNIVERSITY OF GLasGow, W.2. 
[Present address: DEPARTMENT OF BrioLoGy, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
CAMBRIDGE, Mass., U.S.A.] (Received, July 9th, 1959.) 


4 von Sydow, Arkiv Kemi, 1956, 9, 231. 





509. Nuclear Magnetic Resonance and Infrared Spectroscopic 
Evidence for the Structure of Some Metal—Olefin Complezes. 


By D. B. Powe Lt and N. SHEPPARD. 


A band near 1500 cm." in the infrared spectra of ethylene—platinum 
co-ordination complexes has been assigned to a C:C stretching frequency 
or alternatively to a bending mode of the CH, group by different authors. 
This ambiguity has been resolved in favour of the first assignment by a 
demonstration that this band persists in the infrared spectrum of K[Pt(cis- 
CH,*CH:CH-CH,)Cl,] where the C°CH, group is not present. 

Hydrogen nuclear magnetic resonance spectra of several complexes of 
olefins with platinum and silver show chemical shifts of the ethylenic CH 
bonds which are little different from the general range for ethylenic CH in 
simple molecules. It is concluded that the co-ordinated hydrocarbon 
groups have electronic properties much closer to those of the parent olefins 


Seems, 
than to structures of the type X-CH,°CH, with single C-C and C-X bonds. 


IN a recent analysis of the infrared spectrum of ethylene co-ordinated to platinum in a 
series of complexes we concluded that many of the vibration frequencies of the free ethylene 
molecule are only slightly changed in the co-ordination compounds.! This implies that, 
apart from a change in the symmetry, the ethylene molecule is not greatly perturbed on 
formation of the co-ordination linkage. On the other hand, Babushkin, Griboy, and 
Helman * have concluded from similar spectroscopic evidence that a 3-membered ring is 
formed from the two carbon and the platinum atoms and that all three bonds in this ring 
are essentially single bonds. The most important difference in the two assignments of 
the infrared bands is that we have, following Chatt and Duncanson,’ assigned a band at 
1 Powell and Sheppard, Spectrochim. Acta, 1958, 18, 69. 


? Babushkin, Gribov, and Helman, Doklady Acad. Sci. U.R.S.S., 1958, 128, 461. 
* Chatt and Duncanson, J., 1953, 2939. 








2520 Powell and Sheppard: 


about 1500 cm. to a perturbed C:C stretching frequency, whereas Babushkin ¢¢ al, 
consider this to be a CH, scissors (deformation) vibration. 

If the latter assignment is correct, the band near 1500 cm. should be absent for any 
complex formed from an olefin which does not contain a C:CH, group. In fact, Jonassen 
and Kirsch * had previously recorded frequencies near 1505 and 1520 cm.-, respectively, 
for complexes containing cis- and trans-but-2-ene. We have confirmed this result 
by studying the spectrum of another complex of cis-but-2-ene, viz., K([Pt(cis- 
CH,°CH:CH-CH,)Cl,], and also find the C:C band at 1505 cm." with the expected intensity. 

We have also studied the high-resolution nuclear magnetic resonance spectrum of some 
olefin co-ordination compounds to see whether the chemical shifts observed for the hydrogen 
resonance are consistent or not with slightly perturbed olefinic structures. The 
compounds actually studied by nuclear magnetic resonance were Zeise’s salt 
K[Pt(C,H,)Cl,],H,O,* the cis-but-2-ene platinum complex mentioned above, and the 
complexes formed in aqueous solution between cis-but-2-ene and cyclohexene with silver 
nitrate. The Raman spectra of the silver nitrate olefinic complexes have been discussed 
by Taufen, Murray, and Cleveland.® 

The hydrogen chemical shifts were obtained in deuterium oxide solution and were 
meas“ired relative to the sharp resonance of the residual hydrogen atoms in the solvent. 
They are therefore expressed on the water scale, where o = 10°(H — H,)/H,, H is the 
magnetic field at which the specified hydrogen atoms give resonance at 40 Mc., and H, is 
the corresponding field for resonance of the water hydrogen atoms. 

A Varian Associates V 4300-B spectrometer and 12 in. electromagnet were used with 
sample spinning. The experimental chemical shift results are listed below and some of the 
spectra obtained are shown in the Figure. The assignment of the different resonances of 
the butene and cyclohexene complexes follows from their relative intensities. 


Chemical shifts, o, of the hydrogen atoms tn some metal-olefin complexes. 


Compound o 
Pt-ethylene complex (Zeise’s salt) 
I ac chic si sbctths sects iciiccesscctisedecisic + 0-05 ft 
Pt-cis-but-2-ene complex 
Ge BOD Soins cccisececevedecsiciccvcvonscoss —0-7 (broad) 
eg SUID ccc casicurbevewverseseseseveccaveevs +3-1 (poorly resolved doublet) 
Ag-cis-but-2-ene complex 
ee I sastenecanetic ccs cdhsvenicescbuceacebes —1-3 (quartet) 
IIE) p tiraraviedcdccantincpenesescosiaséos +3-0 (2 close doublets) 
Ag-cyclohexene complex 
Rn NINE, no cedenerscdrysessetasncwtassenatadest — 1-6 (narrow) 
Rp vicsossciseisisminianineqooenomnneden +2-6 } (broad triplet) 
DUPE ‘ascsxcsssnctscscivarseageaasseosors +3-0 (broad triplet) 


* cis-But-2-ene itself dissolved in deuterium oxide showed this resonance at ¢ = 3-35. 

t The satellites, separated by 17 c./s., on either side of the main resonance of the ethylene complex 
(see Figure) are caused by spin-spin splitting due to the platinum-195 nucleus of spin 4 and natural 
abundance 34%. The H—*Pt coupling constant is hence 34 c./s. 

¢ This is probably the resonance of the methylene group adjacent to C=C (see later discussion). 


As olefinic CH bonds commonly occur at chemical shift values on this scale between 
—1 and +0-5,° it can be seen that the hydrogen atoms originally attached to the C:C 


* In the course of this work we were informed by Dr. J. A. S. Smith, of Leeds University, that he 
had also examined the high resolution nuclear magnetic resonance spectrum of solutions of Zeise’s salt. 

+ Note added in proof.—This same point has been made by Adams and Chatt (Chem. and Ind., 1960, 
am = studied the infrared spectra of [Pt(4-methylpent-2-ene),Cl,] with the olefin in the cis- and the 
vans-form. 

* Jonassen and Kirsch, J. Amer. Chem. Soc., 1957, 79, 1279. 

5 Taufen, Murray, and Cleveland, J. Amer. Chem. Soc., 1941, 68, 3502. 


* Pople, Schneider, and Bernstein, ‘‘ High Resolution Nuclear Magnetic Resonance Spectroscopy,” 
McGraw-Hill, London, 1959, Chap. XI. a" as 
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double bonds still give resonance close to the typical olefinic range when incorporated in 
the complexes. 

For comparison, the chemical shifts of CH, groups in cyclopropane and ethylene 
sulphide have the markedly different values of +4:4 and +2-4 on the same scale.* 
Furthermore the methyl and methylene resonances of the co-ordination complexes occur 
at values similar to those found for such groups in olefinic hydrocarbons (s = 2-5—3-5 
for CH, and CH, adjacent to C:C; « = 3-5—4-0 for ring CH,).® 


| (@) 


The high-resolution nuclear magnetic resonance (6) 
spectra of several olefin co-ordination 
complexes in deuterium oxide. The sharp 

peak at o = 0 represents residual H in 


deuterium oxide in each case. 
(a) K{Pt(C,H,)Cl,). 
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(b) K{Pt(cis-CH,-CH:CH-CH,)CI,). | 

(c) AgNO,-cis-CH,-CH:CH-CH, complex. -. 

(d) AgNO,-cyclohexene complex. (@) 
~~ -/ +/ +2 +J 


The CH and CH; resonances of co-ordinated cis-but-2-ene show structure due to spin- 
spin interaction between the two types of hydrogen nucleus. Although in principle these 
spectra can be rather complex, the most pronounced splitting pattern is expected to be a 
quartet for the CH group and a doublet for the CH;. The platinum compound gave 
rather broad hydrogen resonances consistent with the expected intensity contours. The 
hydrogen resonances of the silver complex gave more detailed fine structure of the expected 
type, with a principal coupling constant of 4-5 c./s. 

These results, obtained by using high resolution nuclear magnetic resonance spectro- 
scopy, are quite consistent with the evidence from the infrared spectra, namely, that the 
nature of the C-C bond in these complexes is that of a perturbed double bond, rather 
than of a single bond, although the observed H-™ Pt coupling constant for ethylene does 
indicate that the olefinic molecule is firmly bound to platinum. 

The simple olefins studied here all give resonances in the range +-0-1 to —1-7._ However 
it should be mentioned that a few nuclear magnetic resonance spectra of the more complex 
ligands cyclopentene,’ cyclopentadiene,’? and cyclo-octatetraene,*® co-ordinated to other 
metals, give resonances in the range 0-0 to +1-0 when recalculated on this same scale. 
These latter compounds all have additional CO ligands to the metal atom. 


The nuclear magnetic resonance spectrometer was made available to the Cambridge 
University Chemical Laboratory through a grant from the Wellcome Foundation. We thank 
Imperial Chemical Industries Limited and the Hydrocarbon Research Group of the Institute 
of Petroleum for financial help. We thank Mr. E. Liddell for aid in obtaining the nuclear 
resonance spectra. 


@ 


Str Joun Cass CoLLece, JEwry STREET, Lonpon, E.C.3 (D. B. P.). 
UNIVERSITY CHEMICAL LABORATORY, 
LENSFIELD Roap, CAMBRIDGE (N. S.). [Received, November 2nd, 1959.} 


* Actually measured relative to t-butyl alcohol (o = +3-54) as an internal standard, 


? Green and Wilkinson, J., 1958, 4314. 
® Manuel and Stone, Proc. Chem. Soc., 1959, 90. 
® Rausch and Schrauzer, Chem. and Ind., 1959, 957, 
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510. Amine Compounds of the Transition Metals. Part VI The 
Reaction of Titanium(tv) Chloride with Some Aliphatic Amines. 


By R. T. Cowpe.t and G. W. A. FowLes. 


The reactions of titanium(r1v) chloride with several primary and secondary 
aliphatic amines have been examined. The titanium-chlorine bonds are 
solvolysed in every case, but whereas two chlorine atoms are replaced in 
reactions with the primary amines only one is replaced with secondary 
amines. The following compounds have been isolated: TiCl,(NHR), where 
R = Me, Et, and Pr®, and TiCl,(NR,) where R = Me and Et. 


Mucu evidence is available 2* to show that the solvolytic reactions of covalent metal 
halides proceed by the initial co-ordination of a molecule of solvent (ammonia or amine), 
followed by the base-catalysed elimination of hydrogen halide. Thus in the reactions of 
ammonia with titanium(rv) chloride, bromide, and iodide, simple adducts can be isolated 
by passing diluted ammonia vapour through a solution of the halide, although with excess 
of ammonia (gaseous or liquid) ammonolysis takes place and up to three halogen atoms 
can be replaced by amide residues. As this replacement progresses, so the remaining 
titanium—halogen bonds become increasingly resistant to ammonolysis because of an 
increase in their ionic character, and even on reaction with liquid ammonia at room 
temperature only three of the titanium-chlorine bonds in titanium(Iv) chloride can be 
ammonolysed. 

We have now examined in some detail the reaction of titanium(Iv) chloride with three 
primary aliphatic amines (methyl-, ethyl-, and n-propyl-amine) and two secondary 
aliphatic amines (dimethyl- and diethyl-amine). The primary amines are poorer ionising 
solvents than ammonia, but stronger than the secondary amines, so that we might expect 
decreasing solvolysis along the series NH;, NH,R, NHR,; it is also possible that with a 
series of primary or secondary amines the extent of solvolysis might decrease as the alkyl 
group becomes larger. We have in fact found that solvolysis is greater with primary than 
with secondary amines, but that it is not dependent on the size of the alkyl group over the 
limited range that we have studied. 

All three primary aliphatic amines force the solvolysis of two of the four titanium- 
chlorine bonds, and orange aminobasic titanium(tv) chlorides, TiCl,(NHR),, are formed; 
these can be separated from the amine hydrochloride, which is formed at the same time, 
because they are insoluble in the parent amine. It is noteworthy that the methylamine 
compound has four mols. of methylamine fairly strongly associated with it, whereas the 
ethylamine and the n-propylamine compound do not hold any significant amounts of 
amine. The titanium atom is normally considered to have a covalency maximum of six,‘ 
but this would have to be increased to eight if the four mols. of methylamine were co- 
ordinated to the titanium atom. Such a high co-ordination is possible electronically, 
and may be reasonable sterically with the fairly small methylamine molecule, but it must 
be emphasised that in solid compounds the co-ordination number does not follow from the 
stoicheiometry alone, and that some amine might be held in the solid lattice. Although 
two mols. of methylamine are lost in vacuo at 40°, the other two remain firmly attached 
up to 60—70°, and it is probable that in TiCl,(NHMe),,2NH,Me the methylamine is 
co-ordinated directly to the titanium atom, giving it an octahedral configuration (d*sp*). 
It is probable that although ethylamine is a stronger base than methylamine,’ its greater 
steric requirements prevent co-ordination to the aminobasic titanium(Iv) chloride to any 
great extent. 

' Part V, Drake and Fowles, J., 1960, 1498. 
* Fowles and Pollard, J., 1953, 2588; Fowles and Nicholls, J., 1959, 990. 
. Fowles and Pleass, /., 1957, 1674. 


Sidgwick, ‘‘ Chemical Elements and Their Compounds,’’ Oxford, 1950. 
Hall and Sprinkle, J. Amer. Chem. Soc., 1932, 54, 3469. 
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Under more forcing conditions methylamine effected almost complete replacement of 
the third chlorine atom, but with ethylamine there was only about 60% replacement, 
which is consistent with the poorer ionising properties of the higher amine. The 
final methylamine product contained only two nitrogen atoms for each titanium atom, 
so it appears that, although the third titanium-chlorine bond is solvolysed, the 
product TiCl(NHMe), loses methylamine at 40° im vacuo and forms the compound 
TiCl(7NMe)(NHMe). 

The only previous work on the titanium(Iv) chloride-methylamine system was done 
by Antler and Laubengayer,® who mixed the reactants in the vapour phase and obtained 
an orange-red product with an overall composition reasonably close to TiCl,,4NH,Me. 
Although these workers were unable to effect any separation, it is highly likely that their 
product was also a mixture of aminolytic products. 

Trost 7 examined the reaction of titanium(Iv) chloride with ethylamine, but he did his 
experiments with diethyl ether solutions, and isolated a product with composition 
TiCly.¢,(NH Et)497- He also obtained a “ tetra-aminate ” from the titanium(rv) chloride- 
triethylamine reaction,’ and considered this product to be a simple adduct, because the 
obvious alternatives are so much less attractive; [Ti(NEt,),)Cl, necessitates a tetra- 
positive titanium ion, and the solvolytic mixture, TiCl,(NEt,). + 2NEt,Cl, requires the 
breaking of strong nitrogen—carbon bonds and the insolubility of both components of the 
mixture. The objections to the formulation of the ethylamine product as an aminolytic 
mixture such as TiCl,(NHEt),2NH,Et + NH,Et,HCl do not apply, however, and Trost’s 
thermal decomposition studies support this suggestion. Thus, at 140° im vacuo, the 
product lost 0-7 mol. of ethylamine and 1-3 mol. of ethylamine hydrochloride; this is in 
agreement with the sublimation of the ethylamine hydrochloride from the mixture, and 
the simultaneous liberation of ethylamine and hydrogen chloride, the latter arising from 
an internal degradation. Decompositions similar to this have been observed with the 
ammonobasic tungsten(Iv) chlorides.® 

From the analogous reaction of titanium(Iv) bromide with n-butylamine in ether, 
Prasad and Tripathi? claim to have obtained a “ tetra-aminate,’’ and consider it to 
contain a tetrapositive titanium ion to which are co-ordinated four molecules of n-butyl- 
amine. It is much more likely that this substance is an aminolytic mixture such as 
TiBr,(NHBu*),2NH,Bu® + NH,Bu",HBr, because n-butylamine hydrobromide is insoluble 
in diethyl ether, and by analogy with other aminobasic titanium(Iv) halides we should also 
expect TiBr,(NHBu®*),2NH,Bu® to be insoluble. 

As we might expect from their poorer ionising properties, the secondary amines produce 
less solvolysis, and with both dimethyl- and diethyl-amine only one chlorine atom is 
replaced by an amine residue. Thus the heterogeneous brown product formed in the 
titanium(Iv) chloride-dimethylamine reaction, which has the overall composition 
TiCl,,4NHMe,, has been shown to be the mixture TiCl,(NMe,),2NHMe, + NHMe,,HCI, by 
extracting the aminobasic titanium(Iv) chloride with benzene. It was found, however, 
that the benzene-soluble product had the composition Ti: Cl: N = 1-0: 3-0: 2-3, showing 
that on prolonged evacuation both before and after the benzene-extraction the product 
slowly lost its co-ordinated amine. The two mols. of co-ordinated amine were completely 
lost on heating im vacuo. Diethylamine is held less readily to TiCl,(NEt,), which is 
presumably a reflection of the larger steric volume associated with the ethyl groups both in 
the ligand and in the diethylamino-groups. 

Prasad and Tripathi have obtained “ tetra-aminates ”’ from the reaction of titanium(rv) 
with both dimethylamine and diethylamine in diethyl ether, and they again assign an ionic 
structure to the products. These compounds are likely to be aminolytic mixtures. A 


* Antler and Laubengayer, J. Amer. Chem. Soc., 1955, 77, 5250. 
7 Trost, Canad. J. Chem., 1952, 30, 842. 

® Trost, Canad. J. Chem., 1952, 30, 835. 

* Fowles and Osborne, J., 1959, 2275. 

© Prasad and Tripathi, ]. Indian Chem. Soc., 1957, 34, 749. 
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similar explanation is probable for the heterogeneous material (overall analysis gave 
Ti: Cl: N = 1-00: 3-90: 2-75) obtained by Antler and Laubengayer from the gas-phase 
reaction of titanium(Iv) chloride with dimethylamine. 

More recently, it has been reported # that when titanium(tv) chloride is refluxed with 
the lithium salt, Li-NMe,, in light petroleum, complete replacement of the chlorine atoms 
can be achieved; this shows that, although only one chlorine atom is replaced in liquid 
dimethylamine, yet complete replacement takes place when the more strongly nucleophilic 
negative ion is used. 

When titanium(1v) chloride and liquid dimethylamine have reacted for some months, 
the product contains an appreciable amount of tervalent titanium. It is known ® that 
titanium(r11) chloride dissolves in dimethylamine to give a green solution from which the 
compound TiCl,,3NHMe, can be obtained, and it seems from our analysis that the same 
compound may be slowly formed in the titanium(iv) chloride—dimethylamine reaction. 


EXPERIMENTAL 


Materials.—Titanium(tv) chloride was purified by refluxing with finely divided copper to 
remove traces of iron(111) chloride and vanadium(tv) chloride, and then distilled in vacuo (Found: 
Ti, 25-2; Cl, 74:7. Calc. for TiCl,: Ti, 25-25; Cl, 74-75%). The pure anhydrous amines were 
obtained from the commercially available materials as described previously.* 1% 

Analysis.—The products were dissolved in ~2N-sulphuric acid, and aliquot parts taken for 
analysis; products obtained by extraction with benzene adhered firmly to the walls of the 
reaction vessel in a thin film, and were dissolved in situ so that only ratios are quoted in their 
analysis. Titanium, nitrogen, and chlorine were estimated as previously described. 

Magnetic-susceptibility Measurements.—These were made at room temperature on a Gouy- 
type balance at a field strength of 8000 gauss. 

Reactions.—These were studied under completely anhydrous conditions in the usual type 
of all-glass closed vacuum system. The usual two procedures (weighed bulb and ampoule) 
were adopted. All products appeared to be mixtures of aminolytic products, and they were 
extracted either with the pure amine or with various organic solvents, so that the aminobasic 
titanium(rtv) chlorides could be separated from the appropriate amine hydrochloride. 

Reaction between Titanium(tv) Chloride and Methylamine.—Dense white fumes were produced 
in the reaction, and a red solid and a pale-green solution were formed. This red solid gradually 
became orange, and after 24 hr. it had formed crystals of up to 3 mm. in length. On removal 
of excess of methylamine the solid remaining had the overall composition TiCl,,8NH,Me (Found: 
TiCl, : NH,Me = 1-00: 8-01). The orange crystals were filtered off in vacuo, and washed with 


TABLE 1. Insoluble product of the TiCl,-NH,Me reaction. 


Run Analysis (% Ratios No. of Evacn. 

No. Ti Cl N Ti: C1: N washes Temp. (hr.) Colour 
1 16-3 23-0 27:1 1-00 : 1-91 : 5-70 5 20° 1-5 Orange 
2 17:1 23-8 27-1 =1-00: 1-90: 5-30 4 20 4 Orange 
3 19-4 27-8 23-1 = =1-00: 1-93 : 4-07 8 40 12 Red 
4 19-8 34-3 20-9 1-00: 2-30: 3-60 5 60 10 Red 
5 27-0 36-1 17-3 =: 1-00: 1-81: 2-19 10 75 10 Maroon 
6 26-6 38-3 15-8 =—1-00: 1-95 : 2-03 10 95 10 Maroon 
7 28-6 38-8 12:7 = 1-00: 1-83: 1-52 6 150 3 Maroon 
8 39-6 36-5 8-3 1-00: 1-25: 0-72 6 200 6 Dark brown 
9 44-8 = —_ -_ —- — 6 400 10 Black * 


* This crystalline product was insoluble in concentrated sulphuric, nitric, and hydrochloric acid, 
and in sodium hydroxide solution. The titanium content was determined as TiO, by heating the 
sample in air for 6 hr. at 800°. 


pure anhydrous methylamine. This substance, which was diamagnetic, was analysed after 
it had been heated in vacuo, with the results shown in Table 1. ‘The soluble portion contained 
very little titanium, a typical analysis of the residue remaining after removal of excess of amine 
giving Ti: Cl: N = 1-0: 31-8: 34-0. 

11 Bradley and Thomas, Proc. Chem. Soc., 1959, 225. 


12 Cowdell and Fowles, unpublished work. 
13 Carnell and Fowles, J., 1959, 4113. 
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Further experiments were made in an attempt to effect a greater replacement of the chlorine 
atoms. The compound TiCl,(NHMe),,2NH,Me was repeatedly washed with fresh methylamine 
with evacuation between washes, and after some 7 treatments, with evacuation for a total of 
18 hr. at 40°, the product had the composition Ti: Cl: N = 1-00: 1-12: 2-10. In other 
experiments, the compound was sealed in an ampoule with methylamine, and after continuous 
shaking for 6 hr. the ampoule was opened and the insoluble residue filtered off and washed with 
methylamine; the final product had the composition Ti: Cl: N = 1-00: 1-01: 2-19. 

Reaction between Titanium(1v) Chloride and Ethylamine.—This reaction closely resembled 
the preceding one, except that the overall composition of the mixture was now about 
TiCl,,5NH,Et; the exact amount of amine varied with the time of pumping. Analysis of the 
insoluble diamagnetic orange product gave the results shown in Table 2. 


TABLE 2. Insoluble product of the TiCl,NH,Et reaction. 


Run Analysis (%) Ratios No. of Evacn. 

No. Ti Cl N Ti: Cl: N washes Temp. (hr.) Colour 
1 21-4 27-8 17-6 1-00: 1-80: 2-80 6 20° 12 Red 
2 22-9 30-5 14-7 1-00 : 1-80 : 2-19 6 40 12 Red 
3 24-0 32-7 13-4 1-00: 1-84: 1-91 6 60 5 Red 


An attempt was made to replace the third chlorine atom, by shaking portions of the product 
from run no. 3 with fresh ethylamine at 40° for 10—15 hr. in an ampoule. The insoluble 
residue in the ampoule was isolated in the usual way and analysed [Found: Ti, 25-6; Cl, 26-5; 
N, 151% (Ti: Cl: N = 1-00: 1-40: 2-01), and Ti, 24-9; Cl, 26-2; N, 15-6% (Ti:Cl:N = 
1-00: 1-42: 2-14)].. As the substance was slightly soluble in ethylamine, the experiment had 
to be stopped while there was still sufficient material for analysis, and so could not be extended. 

Reaction between Titanium(tv) Chloride and n-Propylamine.—The compositions of the 
diamagnetic solids obtained by the filtration of the contents of the ampoules are given in 
Table 3. 


TABLE 3. Insoluble product of the TiCl,-NH,Pr* reaction. 


Run Analysis (7) Ratios No. of Evacn. 

No. Ti Cl N Ti: Cl: N washes Temp. (hr.) Colour 
1 10-8 14-9 17-6 1-00: 1-87: 5-60 5 20° 2-5 Yellow-orange 
2 18-6 24-7 13-5 =1-00: 1-80: 2-49 5 40 12 Orange-pink 
3 19-0 27-0 13-2 1-00: 1-92: 2-38 4 60 5 Deep orange 
4 21-1 27-9 124 1-00: 1-78: 2-01 4 100 5 Orange-brown 


Reaction between Titanium(tv) Chloride and Dimethylamine.—The initial product was a 
clear red-brown liquid from which a heterogeneous brown solid was obtained on removal of 
excess of amine (Found: TiCl,: NHMe, = 1-00: 3-94). When this compound was heated 
in vacuo, dimethylamine was steadily lost until by 200° two mols. of amine had been lost (Found, 
for the residue: TiCl,: NHMe, = 1-00: 1-98). The small amount of white sublimate formed 
is considered as part of the residue, so far as the overall composition is concerned. Above 200° 
a general decomposition set in with the formation of a black residue and a substantial white 
sublimate. 

Part of the product dissolved in benzene to a yellowish-green solution, from which a brown 
residue was obtained by evaporation. Analytical figures for this residue are given in Table 4. 


TABLE 4. Benzene-soluble product of the TiCl,-NHMe, reaction. 
E Time for which the mixture 


Ratios was pumped at 20° before 
Run No. Ti: Cl: N benzene-extraction (hr.) 
1 1-00 : 3-15 : 2-39 4 
2 1-00 : 2-94 : 2-35 7 
3 , 1:00: 3-01: 2-24 12 


After reaction for several months the solution (main reaction) became lime-green, although 
the removal of excess of amine left an orange solid with composition Ti, 15-2; Cl, 39-3; N, 14-3%, 
corresponding to Ti:Cl: N = 1-00: 3-50:3-21. This solid was somewhat paramagnetic 
(xm = 54-6 x 10°) and dissolved in sulphuric acid to give a mauve solution. 
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TABLE 5. Products of the TiCl,-NHEt, reaction. 


Ratios (Ti : Cl: N) Conditions of pumping 
Benzene-soluble the reaction mixture 

Run No. Mixture product Temp. Time (hr.) 
1 1-00 : 3-86 : 2-85 — 40° 2 
2 1-00 : 3-90 : 2-69 — 20 5 
3 1-00 : 3-92 : 2-43 — 20 12 
4 — 1-00 : 3-05 : 1-87 20 13 
5 — 1-00 : 3-02 : 1-82 20 15 
6 _- 1-00 : 2-96 : 1-64 20 19 


Reaction between Titanium(tv) Chloride and Diethylamine.—After a vigorous initial reaction 
with the formation of white fumes, an orange solid and a red-brown solution were formed. 
After excess of diethylamine had been removed in vacuo a diamagnetic red-brown solid was 
obtained by extraction of the residue with benzene. The nitrogen content both of this benzene- 
soluble portion and of the whole reaction mixture depended on the length of time for which the 
products were kept in vacuo (cf. Table 5). 


We greatly appreciate the provision of a maintenance grant (to R.T.C.) by the US, 
Department of Army, through its European Office. 
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511. The Ethynyl—Hydrogen Bond. Part I. Association in 
Ether Solution. 


By J. C. D. Brann, G. Eciinton, and J. F. Morman. 


Hydrogen-bonded complexes of ethynyl compounds with ether have 
been studied spectrometrically. Association displaces the v(CH) and 8(CH) 
fundamentals of the ethynyl group substantially to lower and higher 
frequency, respectively. Spectrometric association constants are deter- 
mined for benzoylacetylene [K y(29°) = 2-0] and phenylacetylene [K y(29°) = 
1-1] in diethyl ether. The heat and entropy of association for phenyl- 
acetylene-ether are evaluated from the spectrometric equilibrium constant 
and existing thermodynamic measurements.* 


THE ethynyl group by virtue of its acidity is expected to form relatively strong hydrogen 
bonds. This property, first inferred from solubility and thermal measurements,)? was 
confirmed by early infrared observations of the shift of v(CH) absorption in solvents of 
increasing basicity. Much more recently the relative frequency displacement, Av/v, for 
the v(CH) band of phenylacetylene in basic solvents has been correlated successfully with 
(i) its solubility * and (ii) the frequency displacements of hydrogen chloride in the same 
media.* As the existing spectral data ** were obtained under low resolutions it seemed 
worth while to compare the spectra of a series of ethynyl compounds in basic and non-basic 
solvents at the resolving power obtainable with a grating spectrometer. Association is 
expected to change the frequency and shape of the two hydrogenic fundamentals, v(CH) 
and 8(CH), of the ethynyl group. Such changes, for ether solutions, are described in this 
paper, and physical evidence is obtained in favour of a hydrogen bond. Studies in other 
basic solvents will be reported later. The purely spectral evidence is supported by evidence 
from gas-liquid chromatography, cited in the Experimental section. 


Copley and Holley, J. Amer. Chem. Soc., 1939, 61, 1599. 
Hildebrand and Scott, ‘‘ Solubility of Non-Electrolytes,” Reinhold, New York, 1950, Chap. XV. 
Murahashi, Ryntani, and Hatada, Bull. Chem. Soc. Japan, 1959, 32, 1001. 

Cook, J. Amer. Chem. Soc., 1958, 80, 49. 

Stanford and Gordy, J. Amer. Chem. Soc., 1941, 68, 1094. 

Shigorin, Shemyakin, and Kolosov, Isvest. Akad. Nauk S.S.S.R., Otdel. Khim. Nauk, 1958, 1133. 
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EXPERIMENTAL 


Materials —The compounds 13—15, 4 and 11, and 12 (see Tables 1—3) were kindly supplied 
by Mr. A. Baker, Dr. M. C. Whiting, and Mr. P. A. I. Finan respectively. Compounds I, 2, 8, 
and 10 were prepared by Dr. M. Krishnamurti by the respective procedures in the literature,?"” 
while nos. 3, 5, 6, 7, and 9 were purified commercial materials. Physical constants were in 
accord with those given in the literature. 

Solvents n-Hexane (spectroscopic grade), ether (sodium-dried), and carbon disulphide 
( AnalaR ”’) were used without further purification. 

Infrared Measurements.—Spectra were recorded with a Unicam S.P. 100 double-beam 
spectrophotometer. In the 3300 and 650 cm." regions the instrument was operated as a prism- 
grating spectrophotometer in which the sodium chloride prism was ganged with a 3000 or 1500 
line/in. grating respectively. Below 700 cm." the instrument was also operated as a potassium 
bromide prism monochromator. Theoretical slit widths were about 4 cm." in each instance. 
[The observed half-width of an NH; vapour line at 3290 cm.*! was 4-0 cm."}, whilst that of the 
CO, line at 667 cm. (KBr monochromator) was 4-2 cm.1.] Solutions were studied in 0-05—5 
mm. cells at 29° + 2°. When the solute contained an oxygen function, concentrations were 
chosen so that self-association was negligible. 

The frequency calibration was checked before or after measurements, the precision averaging 
+1lcm.+. Peak intensities are given as apparent extinction coefficients ¢, (1. mole! cm.~}), 


rounded to the nearest 5 units. Band areas B (1. mole cm.~*) = (1/cl) | 1n (I,/Z) .dv were found 
by graphical integration. 

Gas-Liquid Chromatography.—Gas-liquid chromatography and solubility ** give similar 
evidence for hydrogen bonding. The retention time of an ethynyl compound is much increased 
when hydrogen bonds can be formed with the stationary phase. For example, on Apiezon L 
(non-basic) at 94° oct-l-ene, oct-l-yne, n-octane, and oct-4-yne are eluted in that order, 
whereas on “‘ Carbowax 600,” which contains -[CH,*CH,°O],* chains, the order of elution at 20° 
was n-octane, oct-l-ene, oct-4-yne, and oct-l-yne. The reversal of position for oct-4-yne and 
oct-l-yne is evidently connected with the ability of the latter to form hydrogen bonds. The 
data below, kindly supplied by Dr. M. M. Wirth of British Hydrocarbon Chemicals, Grange- 
mouth, are retention volumes, relative to n-pentane, of three ethynyl compounds on different 
stationary phases. Stronger retention on the oxygen-containing phases ‘‘ Carbitol ’’ (diethyl- 
ene glycol monoethyl ether) and tritolyl phosphate is clearly seen: moreover, the implication 
that 2-methylbut-l-en-3-yne (5, Table 1) forms stronger bonds than but-1-yne is also in line 
with evidence from the infrared studies. 


n-Hexadecane “ Carbitol ” Tritolyl phosphate 
B. p. (non-basic) (basic) (basic) 
20° + 2° 0° 20° + 2° 

ID ics cbsccsbevessSetasietece 8-6° 0-424 2-43 1-24 
NINE  Sesnwdssdscccapceccocesin 10-3 0-173 >20 6-6 
2-Methylbut-l-en-3-yne ......... 35 0-56 10-5 3-68 
DEE incnsduapenhesneriqssececs 36-1 1-0 1-0 1-0 

Results 


3300 cm. Region.—Spectra were recorded in the liquid (or solid) state and in dilute solution 
in ether and n-hexane, the last being accepted as the reference spectrum of the unassociated 
compound. The liquid spectra gave evidence of self-association in all examples studied (Table 
2): thus the v(CH) absérption of ethyl propiolate (12) shifts and broadens considerably as 
compared with the hexane spectrum, and this is supported by the observed shift in v(CO). 
For oct-1-yne (1) the small shift and appreciable broadening probably mark a weak interaction 
of the ethynyl group with the triple bond of another molecule. A feature of the spectra of 
benzoylacetylene (11) and p-nitrophenylacetylene (10), which were taken in the solid state, is 
that the bands are narrower, for a greater shift, than those of substances reported in the liquid 


? Pomeranz, Fookson, Mears, Rothberg, and Howard, J. Res. Nat. Bur. Stand., 1954, 52, 51 
* Eglinton and Galbraith, J., 1959, 889. 

* Manchot, Withers, and Oltrogge, Annalen, 1912, $87, 283. 

° Cristol and Norris, J. Amer. Chem. Soc., 1954, 76, 3005. 
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state. This may indicate that there is a correlation between band width and the mutual 


orientation of associating molecules, for orientation is expected to be more restricted in the 
crystal lattice than in the liquid phase. 


TABLE 1. 3300 cm. region v(CH). 


Ether solution Fraction 

n-Hexane solution Free Associated associated 

No. Compound vy (e.) Any? vy (€e) vy (e.) <Avy* 10°Av/y? in ether 
1 CH, (CH,}_-CiCH 3319 (180) 6-5 3317 (50) 3267 (35) 36 1-5, 0-3 
2 HC3iC-(CH,],.°C]CH 3319 (200)* 65 3317 (65) ¢ 3267 (45)* 1-5, 0-3 
8 CH, CCH 3315 (230) 7-5 3313 (<80) 3257 (60) 1-6, sn 
4 Al-C,H,°C:CH 3319 (130) 6-5 3317 (70) 3260 (55) e 1:7, ~—e 
5 CH,-CHMe-C:CH 3313 (125) 18 3314 (50) 3253 (65) 2 1-8, 0-6 
6 BrCH,C:CH 3316 (175) 11 3315 (45) 3250 (60) 1-9, 0-6 
7 ClCH,-C:CH 3318 (115) 85 3317 (46) 3250 (65) se 2-1, 0-6 
8 p-MeO-C,H,yC:CH 3323 (175) 9-5 3322 (65) 3252 (65) e 2-1 ~ 

9 Ph-C:CH 3323 (125) 22 3320 (55) 3250 (75) e 2-1 0-6 (0-5, ¢) 
10 p-NO,C,HyC:CH 3319 d 9 3316 (40) 3232 (85) 56 2-55 ats 

11 Ph-CO-C:CH 3306 (250) 9 3304 (30) 3219 (70) 70 25, 0-7 (0-6, 

12 EtO,C- CiCH 3310 (160) 7:5 3309 (25) 3220 (75) 69 2-6, 
* ¢,/2. ° Av = Vhexane — Vether- © From eqn. (2). ¢ Sparingly soluble. * Width pa 


40—50 cm.) cannot be given accurately owing to fusion with “ free” (CH) peak. / Includes some 
absorption from bonded -OH. 


TABLE 2. Spectral changes in liquid and solid state. 


v(CH) in hexane wot in liquid state 
No. Compound cm. Avy, * Ay * Association 
1 CH,°[CH,],°C:CH 3319 6-5 ‘3316 28 Weak self-association 
13 EtO-C:CH 3339 12 3315 : 43 sC-H---O< 
14* Tp-O-CH,°C:CH 3319 6 3293 60 3C-H---O< 
ll Ph:CO-C3CH 3306 9 3233 ¢ .. 26 3CH ---OC< 
12 EtO,C-CiCH 3310 7-5 3277 70 ICH ---OIC< 
10 = p-NO,°C,H,-C:CH 3319 9 3253 ¢ ~20 :CH --- O,N- 
z ce 3311 30 Self-association 
15 Et,N-CHMe:’C:CH 3316 6 3299w ~160 CH: ++ N= 
v(C2O) in hexane v(C:O) in liquid state 
ll Ph:CO-C:CH 1668 6 1643 ¢ 22 >C:0 --+ H-C: 
12 EtO,C-C:CH 1729 9 1719 ~25 >C:0 +--+ H-C3 


* Solid state spectrum (Nujol); the main »(CH) band is accompanied by a weak but broad “ tail” 
on the low-frequency side. w= Weak. * Tp = Tetrahydropyranyl. 


Table 1 summarises measurements near 3300 cm. in n-hexane and in ether. The general 
spectral characteristics in this region are the same for all compounds studied: (i) the hydrogen 
bond complex in ether gives a broad band displaced 50—90 cm." to lower frequency from the 
“ free’ ethynyl absorption, (ii) association is incomplete, so that ether solutions show both 
“free ’’ and “ associated ’’ v(CH) peaks, and (iii) the ‘‘ free ’’ v(CH) band has a slightly lower 
frequency and appreciably greater half-width in ether than in n-hexane. The “ free ’’ v(CH) 
bands were symmetrical for n-hexane solutions, except for weak absorption (presumed to be 
a combination tone intensified by Fermi resonance) present on the low-frequency wing in all 
examples studied. Fermi resonance was strong in the spectra of the aryl-acetylenes (see below). 
Fig. 1 shows the shape of the v(CH) band of phenylacetylene (9) and benzoylacetylene (11) in 
n-hexane and in ether. Previous workers ** have not remarked the presence of the “ free” 
v(CH) peak in ether and similar solvents, though it is visible under the resolution of a sodium 
chloride monochromator. 

To confirm the nature of the complex, phenylacetylene absorption was recorded for ether 
solutions at concentrations ranging from 0-5 to 0-01M, the number of molecules in the path 
being kept constant; no change in intensity was observed and so the complex must involve 
one molecule of phenylacetylene only. Similar results were obtained with benzoylacetylene 
(11). Although it was not possible to establish the molecularity of the complex with respect 
to ether, yet it is natural to assume that bonding leads to binary (1:1) association. At all 
events, 2: 1 complexes [e.g., (Ph°C,H),,OEt,] are not produced. 
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The final column of Table 1 gives for some molecules an estimate of the degree of association 
in ether, obtained from the ratio of areas of the free v(CH) absorption in n-hexane and ether. 
Although the areas in ether are uncertain to the extent that the “ free” and association v(CH) 
peaks are fused (Fig. 14 shows an example), the relative values have significance. Thus there 
is a fairly good correlation between the displacements, 10*Av/v, and the proportion of hydrogen- 
bonded complex, and the arrangement in ascending order of “‘ acidity ” is broadly that expected 
from the electronic properties of the group attached to-CiCH. Consequently, a rough parallel 
can be seen between the apparent acidity of ethynyl compounds as deduced from the infrared 
measurements and their reactivity in chemical processes initiated by removal of the ethynyl 
proton (e.g., ethynylation of benzophenone ™ and oxidative coupling; * Grignard exchange, 
however, appears not to fall in this class 1*). The ‘ free” v(CH) frequency tends to fall with 
increasing apparent acidity of the ethynyl group: an exact parallelism is not observed, perhaps 
because Fermi resonance influences the precise value of v(CH). With phenylacetylene, for 
instance, the components of Fermi resonance appear with different emphasis in hexane solution 
(Fig. 1B), the vapour state, and carbon tetrachloride or carbon disulphide solutions (Fig. 2). 
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(A) Ph’CO-C3CH, (1) 0-05 in n-hexane (0-5 mm.); (2) 0-1m in ether (0-5 Ph°C:CH as (a) vapour, (b) 0-1m- 
mm.). (B) Ph°C:CH, (1) 0-1m in n-hexane (0-5 mm.); (2) 0-1m in ether soln. in CCl, (0-5 mm.), and 
(0-5 mm.). (c) 0-5m-soln.in CS, (0-1mm.). 


640 cm. Region.—Fig. 3 shows the effect of hydrogen bonding on the bending fundamentals 
of five selected compounds. The complex is marked by a very broad band displaced somewhat 
to higher frequency from the “‘ free” 3(CH) peak. Oct-l-yne shows a net increase in integrated 
absorption from n-hexane (B = 0-74 x 10*) to ether (B = 1-1 x 10*) and hence, the degree of 
association in ether being taken as 30% (Table 1), the complex absorbs with 2 or 3 times the 
intensity of the free molecule in this region. In other examples, overlapping absorption 
precluded a satisfactory evaluation of areas. Spectra in carbon disulphide and n-hexane were 
essentially the same in the two cases studied. 

When several bands were present in the 600—700 cm." region the assignment of the (CH) 
fundamental was made as follows. (i) It is well known that the overtone 23(CH) is com- 
paratively strong; in the liquid state this overtone is marked by a characteristically broad band 
whose identification enabled the fundamental to be picked out. (ii) 8(CH) character could be 
taken as absent for a band having the same intensity in ether as in an inactive solvent. Phenyl- 
acetylene, for instance, absorbs in carbon disulphide at 690, 648, and 611 cm.“ (Table 3). In 
the overtone region broad bands were observed at 1284 and 1220 cm.-, indicating that the 
648 and 611 cm. peaks were connected with the C-H deformation: this was supported by the 
fact that their intensity (¢,) fell to less than one-half in ether, whereas the intensity at 690 cm.“ 
was unchanged (Table 3). In this example interaction with other group vibrations appears to 
split the 8(CH) fundamental (doubly degenerate in an axially symmetric molecule) into two 
components. Ethyl propiolate (12) also yields a double band (687 and 650 cm.) though in 

1 Chodkiewicz, Ann. Chim. (France), 1957, 819. 
™ Wotiz, Hollingsworth, and Dessy, J. Org. Chem., 1955, 20, 1546. 
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TABLE 3. 550—800 cm. region. 
CS, solution ¢ Ether solution® Association band Other (F : 
No. Compound cm. (e€,.) An * cm.~? (Ea) assignments * int 
1 CH, [CH,];C:CH 629 (180) 17 629 (85) ca. 670 
724 (10) 12 726 (10) p(CH,) 
5 BrCH,-C:CH 622 (60) 619 (65) v(C-Br) 
; wl 655 (130) 33 652 (60) ca. 700 as 
afi ns nity tea} (95) 33 653 (40) 650750 cor 
712 (~200) 10 711 (~160) v(C-Cl) the 
9 PhC:CH 6ll (115) 17 611 (40) ine 
648 (120) 15 646 (60) 3 650—750 int 
690 (160) 5 692 (160) . 
756 (>350) 5 758 (>350) e(CH) arom. Su 
ll Ph-CO-C:3CH 626 (50) 4 626 (35) In | 
646 (160) 11 645 (15) 680—800 wh: 
(max. ca. 725) 
677 (weak) 678 (weak) squ 
701 (>350) 703 (>350) w(CH) arom. 
792 (weak) 4 795 (weak) and 
12 EtO,C-C:CH 600 (weak) 15 600 (weak) 
650 (85) 16 650 (20) 
687 (60) 20 690 (25) $ 700—800 Sin 
753 = (180) 7 756 (160) 
«> 0-5 and 0-05 mm. cells, respectively. 6(CH) fundamentals are given in heavy type. abo 
* »y = stretching, § = deformation, p = rocking, w = wagging. 1 
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other instances the degeneracy is unresolved (for propargyl chloride, partly resolved) presumably 
because the molecules lack a vibration of the right frequency to interact with the C-H 
deformation. 

2100 cm."! Region.—At the relatively low resolving power available (sodium chloride prism, 
1500 lines/in. grating blazed for 900 cm.~') no significant differences were evident when the 
v(CC) fundamentals were examined for n-hexane and then for ether solutions. The compounds 
(in hexane) had v(CiC) at (1) 2117, (2) 2117, (3)2110, (4) 2095, (5) 2103, (6) 2126, (7) 2131, (8) 
2109, (9) 2110, (10) 2113, (11) 2097, and (12) 2120 cm.. Apparent extinction coefficients 
averaged 10—20 1. mole cm.}, except for compounds (11) and (12), which absorbed strongly 
(ca. 150 units) owing to conjugation of the triple bond with the carbonyl grouping. 


DISCUSSION 


We assume that in a system containing an ethynyl compound (A) and diethyl ether 
(B) there are three species A, AB, and B in mutual equilibrium, and that their solutions 
in an inert solvent S form an ideal mixture. In spectrophotometry, A + B + S is always 
dilute with respect to A (in practice, the stoicheiometric mole-fraction x, is <0-01), thus 
%3 +%3—1. Under these conditions the equilibrium constant in terms of mole-fractions 
can be written 

Ky — Myzp/MsXp ° ° ° ° ° ° ° ° (1) 


in which m,, and my, are the actual molarities of AB and A, and xg is the stoicheiometric 
mole-fraction of B. A and AB give partly superposed absorption in the infrared region 
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(Fig. 1), and moreover AB is formed incompletely even in pure ether so that its absorption 
intensity is not known. However, from considerations of Beer’s law 4° we have 


xp/(A — Ay) = xp/(Aaz — Aa) + 1/Ky(Aan— 4a) - + - (2) 


as the equation connecting the true integrated absorption intensity A of a mixture 
containing both A and AB with the ether mole-fraction xg. Here A, and A,, represent 
the absorption intensity of A and AB, the former being measurable in solution in the pure 
inert solvent S. Equation (2) can be used to determine Ky and A,» from the slope and 
intercept formed by plotting the left-hand side against the corresponding value of xg. 
Such a plot is given in Fig. 4 for the 3100—3400 cm.-! absorption bands of benzoylacetylene 
in mixtures of ether and carbon tetrachloride. The points show scatter but no trend 
which might invalidate the assumption of thermodynamic ideality. The method of least 
squares gives 
Ky(29°) = 2-0 + 0-2 fin Sane 

and 

Axg = 1:7 X 1041. mole? cm.? . ie See ne 


Since A, = 0-72 x 10°, it follows that the benzoylacetylene-ether complex absorbs with 
about 2-4 times the intensity of the free molecule. The degree of association map/(m, + 


#® Brand and Sneddon, Trans. Faraday Soc., 1957, 58, 894. 
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m,x) Of a dilute solution of the acetylene in pure ether is 0-67 + 0-03. This result gives 
assurance that the rough estimates of association in Table 1, col. 8, are not seriously wrong. 

The values in (3) and (4) may be in error for either of two reasons. (i) A, and A,g: are 
supposed to be unchanged in ether, carbon tetrachloride, and their mixtures. (This 
assumption is always implied in the spectrometric method.) (ii) Apparent integrated 
absorption intensities B have actually been used in Fig. 3 in place of the true integrated 
intensities A appearing in eqn. (2). The error is negligible for AB, owing to the width of 
its absorption band, but significant for A, where Ramsay’s slit corrections ™ suggest that 
B, may be in deficit by 5%. As the slit corrections cannot be applied to superposed 
absorption of A and AB, they have been omitted throughout. 


TABLE 4. Equilibrium constants and thermodynamic parameters.* 


CHCl, +- 

Ph:CO-C:CH Ph°C:CH CDCI, + dioxan CHCl, + CHCl, + 

System + Et,0 + Et,O Et,0 (1: 1 complex) Me,CO Me,CO 

Sp Sp Sp Th'® Sp"? Th® 

WO s seri ccccscctevcedoess 29 29 22 50 28 25 

Sige. vececinesioesverceqscees 2-0 1-l 76 1-11 18 0:8 
AH (cal. mole“)......... — 1400 — 2000 — 2500 — 2700 
AS (cal. mole deg.-) —45 —6-0 —71 —9-5 


* Sp, spectrometric, Th, thermodynamic measurements. 


Similar results for phenylacetylene + ether in carbon tetrachloride gave K,y(29°) = 
1-1 + 0-3 (Table 4). This system is of interest because the molar heat of mixing, A,,H, 
has been measured ! and thus the heat, AH, of the chemical reaction A + B = AB can 
be calculated. For the binary mixture A + B, when B is not necessarily in great excess 
over A, Ky can be written 


Ky = maz(l — m5)/(%3 — Mas —%3— Mn) - - - + (8) 
where max is the actual number of moles of AB per mole of the stoicheiometric mixture 
A+B. Ad is then given by AH = A,H/may. In the tabulation below, A,,H (at 3°) is 
taken from Copley and Holley’s diagram,! and the spectrometric Ky (and its implied 
temperature coefficient) is used to calculate m4, and hence AH. The mean value obtained 


is AH = —1400 + 300, where the uncertainty encompasses that in Ky as well as in the 
spread of values resulting from the individual 4,,H. 


Heat of reaction: phenylacetylene +- ether. 


BB cccsevcsscccocccccces 0-720 0-703 0-689 0-511 0-504 0-502 0-438 0-304 0-222 
BEE cvcsscsesccseccece 182 186 195 270 281 268 266 198 143 
BE ancescocossvesuese 1330 1310 1330 1520 1580 1500 1530 1370 1260 


As the halogenoforms are known *7.!® to form C-H---O hydrogen bonds it is of 
interest to establish how, for instance, chloroform and phenylacetylene compare in this 
respect. Some recent examples are in Table 4. AH and AS for chloroform + dioxan ® 
and chloroform + acetone are from thermodynamic measurements, supported in the 
second example by spectrometric nuclear magnetic resonance data.!7_ The heat evolved 
in formation of the Cl,C-H ---O bond (chloroform-dioxan) is somewhat greater than for 
CiC-H ---O (phenylacetylene-ether) on the basis of the information available. It is 
curious that Av/v for phenylacetylene (Table 1) is much greater than for chloroform »"* 
and even greater, in relation to AH, than the corresponding Av/v for phenol and alcohols.” 


4 Ramsay, J. Amer. Chem. Soc., 1952, '74 72. 
18 Lord, Nolin, and Stidham, J. Amer. Chem. Soc., 1955, '77, 1365. 
16 Huggins and Pimentel, J]. Chem. Phys., 1955, 28, 896. 

17 Huggins, Pimentel, and Shoolery, J. Chem. Phys., 1955, 28, 1244. 
18 McGlashan and Rastogi, Trans. Faraday Soc., 1958, 54, 496. 

1® Saroléa-Mathot, Trans. Faraday Soc., 1953, 49, 8. 

20 Nagakura, J. Amer. Chem. Soc., 1954, 76, 3071. 
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Evidently, Av/v is a comparative measure of hydrogen-bond strength only for molecules 
of the same type. It is also noteworthy that the decrease in entropy in the system phenyl- 
acetylene + ether is relatively small. Complexes of phenol ® with various oxygen bases 
have values of AS in the range —7 to —9 in the units taken in Table 4 (ideal unit mole- 
fraction). One factor may be that internal rotation about the -C?C-H---O axis (I) is 
less hindered by surrounding solvent molecules than the corresponding motion of the 
angular phenol complexes (II). 
(I) Ph-Ci3C-H::-O< JAO-H:+:O<(ID ‘ 
Ph 
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512. ‘T'hio-acids. Part III. Mechanism of the Action of Aryl- 
metallic Compounds on Diaroyl Disulphides and Aromatic Thio- 


By MouAMED ABDEL-FATTAH ELKASCHEF and KAMAL EL-D1n MOKHTAR. 


The triarylmethyl thiol-esters previously reported to be formed by the 
action of arylmagnesium halides on diaroyl disulphides are the result of a 
series of reactions. Aryl-lithium compounds with diaroyl disulphides or 
aromatic thio-acids behave, generally, as arylmagnesium halides do with 
the same compounds. 


Tue action of various Grignard reagents on dibenzoyl disulphide and di-p-anisoyl di- 
sulphide was reported ? to give, after decomposition by acid, triarylmethy] thiol-esters or, 
after decomposition by ammonium chloride, triarylmethanethiol and the thiol-acid from 
the corresponding disulphide. 

We have also shown ! that with Grignard reagents aromatic thiol-acids give triaryl- 
methanethiols and that their bromomagnesium derivatives condense with the bromo- 
magnesium salts of these thiol-acids to give the triarylmethy] thiol-esters. 

In this present paper we report further reactions of diaroyl disulphides and aromatic 
thiol-acids with other Grignard reagents and with aryl-lithiums. The usual mode of 
action of aryl-metal compounds may be represented by the following scheme: 





RA R’A 
a R'CO'SA ——B RR’C(OA)SA ——B RR’,C'SA 


(1) (COS), () ee (11) pens (111) 
R:CO*SR’ ——# RR’C(OA)'SR’ ——> RR’,C-OA 
(IV) (V) —RA (VID 


(2) (1) + (II) ——® R°CO'S*CRR’s + AgS 
’ (VII) (A= MgBr or Li.) 

Accordingly, heterolysis or dissociation into free radicals (cf. the formation of free 
radicals from thioaroyl disulphides *) of the diaroyl disulphide leading to the formation 
of a bromomagnesium or lithium salt (I) and an ester (IV) of the thiol-acid must be assumed. 
The final products of the reaction of the disulphides with the aryl-metallic compounds 
seem to depend on the facility with which the different steps proceed and on the stability 

? Part II, Elkaschef, Nosseir, and Mokhtar, J., 1959, 1438. 


* Elkaschef and Nosseir, J., 1958, 2893. 
* Schénberg and Rupp, Ber., 1933, 66, 1932. 
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of the different products and intermediates, as well as on which of the products present 
in the reaction mixture are more liable to react with the aryl-metal compounds used. 

Di-f-chlorobenzoyl disulphide with phenyl-lithium gave #-chlorothiobenzoic acid 
(I; R = C,H,Cl, A = H) together with some f-chlorobenzoic acid formed by decomposition 
of this acid; #-chlorobenzoic acid was also obtained when phenylmagnesium bromide 
was used. Similarly, p-anisic acid was isolated by acidic decomposition of the product 
of the reaction of di-p-anisoyl disulphide with #-methoxyphenyl- or #-tolyl-lithium, 
These experiments confirm the fission of such disulphides, further evidence for which, by 
the isolation of esters (IV) from similar reactions, was reported earlier.” 

According to the above scheme, an excess of Grignard reagent leads to the formation 
of both triphenylmethanol (VI; R = R’ = Ph, A = H) and triarylmethanethiol (III; A = H), 
On use of 6 mols. of phenylmagnesium bromide, only triphenylmethanol was isolated. The 
presence of triphenylmethanethiol was, however, now proved by benzoylation of the 
reaction mixture before decomposition, whereby the benzoate (VII; R = R’ = Ph) was 
isolated along with the triphenylmethanol. On the other hand, using only 3 mols. of the 
Grignard reagent restricts the reaction almost completely to one route. Thus 1 mol. of 
dibenzoyl disulphide with 3 mols. of phenylmagnesium bromide or phenyl-lithium afforded 
triphenylmethyl thiolbenzoate after decomposition by acid. Similar results were obtained 
with #-tolyl-lithium or magnesium bromide. Decomposition with ammonium chloride in 
case of the magnesium compounds and with water in case of lithium compounds gave, as 
expected, the triarylmethanols. Indeed, the easily crystallisable triphenylmethanol was 
isolated after reaction between phenylmagnesium bromide and dibenzoyl disulphide. In 
other cases, where some of the products do not crystallise easily, these could not be isolated. 
Thus, when the reaction mixture from phenylmagnesium bromide (3 mols.) and di-p- 
anisoyl disulphide (1 mol.) was treated with ammonium chloride, phenyl #-thiolanisate 
(IV) was the only product isolated.1 

We thus consider that reaction proceeds by the path (I —+» III) in preference to the 
path (IV—*» VI). Any arylmetallic compound that remains is incapable of reacting with 
the thiol-ester.1_ The residual bromomagnesium or lithium salt of the thiol-acid (I) con- 
denses with the bromomagnesium or lithium derivative of the thiol (IIT) to give the triaryl 
thiol-ester (VII). 

With aromatic thiol-acids, aryl-lithium compounds reacted in rather the same way as 
arylmagnesium halides. Phenyl-lithium (3 mols.) or phenylmagnesium bromide ? (3 mols.) 
with thiolbenzoic acid gave triphenylmethyl thiolbenzoate and triphenylmethanol (initially 
triphenylmethanethiol). However, f-methoxyphenyl- and #-tolyl-lithium (3 mols.) 
reacted with thiolbenzoic acid (1 mol.) to give dibenzoyl disulphide. This reaction might 
have proceeded through free radicals: 


(3) 2R°CO*SA —— 2R°CO*S: -+- 2A: 
(4) 2R°CO*S: —— (R°CO°S'), 
(A = MgBr or Li) 


Moreover the free radical R-CO-S: can dissociate further: 
(5) R*CO*S: ——p> R* + COS (cf. dissociation of R°CO,° *) 


This dissociation could be the reason for production of #-thiolanisic acid (decomposed to 
anisic acid) along with dibenzoy] disulphide on reaction of -methoxyphenyl-lithium with 
thiolbenzoic acid (reactions 3 and 4). The production of the thiolanisic acid may be 
represented by: 

(6) RLi + COS —— R:CO‘SLi 
This is in support of our previous speculation about the formation of dibenzoyl and di-p- 
chlorobenzoyl disulphide from the corresponding thio-acids by the action of Grignard 
reagents." 
4 Hey and Waters, Chem. Rev., 1937, 21, 185. 
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The appearance of sulphur in some reactions may be due to decomposition, of inter- 

mediate products. 
EXPERIMENTAL 
Light petroleum had b. p. 70—80° except where otherwise stated. 

p-Tolylmagnesium Bromide (3 Mols.) and Dibenzoyl Disulphide (1 Mol.).—Dibenzoyl di- 
sulphide (2°74 g.) in dry benzene was added to p-tolylmagnesium bromide (from 3-8 ml. of 
p-bromotoluene) in ether. The mixture was left overnight and then refluxed for 4 hr. After 
decomposition with dilute hydrochloric acid and ice, the ethereal layer and ethereal extract 
were united, washed with water, dried (Na,SO,), and evaporated. The residual oil solidified 
(1-1 g.) under methanol. Recrystallisation from ethanol gave aa-di-p-tolylbenzyl thiol- 
benzoate, m. p. and mixed m. p. 136°. 

Phenylmagnesium Bromide (3 Mols.) and Di-p-chlorobenzoyl Disulphide (1 Mol.).—To a 
Grignard reagent [from bromobenzene (1-6 ml.) in ether] di-p-chlorobenzoyl disulphide ? 
(1-7 g.) in dry benzene was added. After treatment as above, the oil, isolated from the ethereal 
layer, crystallised from light petroleum, to give p-chlorobenzoic acid (0-3 g.), m. p. and mixed 
m. p. 239°. The mother-liquor, on further concentration gave sulphur and resins. 

Phenylmagnesium Bromide (6 Mols.), Dibenzoyl Disulphide (1 Mol.), and Benzoyl Chloride 
(1 Mol.).—To phenylmagnesium bromide (from 12-6 ml. of bromobenzene) in ether, dibenzoyl 
disulphide (5-5 g.) in dry benzene was added. The mixture was refluxed for 2 hr. and left 
overnight, then cooled, treated with benzoyl chloride (4-6 ml.), refluxed for 4 hr., and poured 
in dilute sulphuric acid and ice. The ethereal layer and the ethereal extract were united, 
washed with water, dried (Na,SO,), and evaporated. The remaining oil solidified under light 
petroleum. The solid, recrystallised from the same solvent, afforded triphenylmethanol 
(3-8 g.), m. p. and mixed m. p.* 163°, and, on further concentration of the mother-liquor, 
triphenylmethyl thiolbenzoate (0-35 g.) was obtained (m. p. and mixed m. p.? 188°). 

Phenyl-lithium (3 Mols.) and Dibenzoyl Disulphide (1 Mol.).—To phenyl-lithium [prepared 
from lithium metal (0-83 g.), and bromobenzene (6-3 ml.) in dry ether] dibenzoyl disulphide 
(5:5 g.) in dry benzene was added. The mixture was left overnight, refluxed for 4 hr., and 
poured into dilute sulphuric acid and ice. The ethereal layer and the ethereal extract were 
united, washed with water, dried (Na,SO,), and evaporated. The remaining triphenylmethyl 
thiolbenzoate solidified under light petroleum and, recrystallised (2-8 g.) from the same solvent, 
had m. p. and mixed m. p.? 188°. The mother-liquor, on concentration and cooling, gave 
triphenylmethanol, m. p. and mixed m. p.? 163° [from light petroleum (b. p. 110—120°)). 
The ethereal layer gave a positive test for thiophenol.® 

p-Methoxyphenyl-lithium (3 Mols.) and Dibenzoyl Disulphide (1 Mol.).—Dibenzoy] disulphide 
(2:75 g.) in dry benzene was added to p-methoxyphenyl-lithium [prepared as above from 
p-bromoanisole (3-7 ml.)] in dry ether. The mixture was treated as above. The ethereal layer 
gave an oil that solidified under light petroleum. The solid (0-8 g.) was boiled with methanol 
and sulphur (0-25 g.), m. p. and mixed m. p. 120°, was separated by filtration while hot. The 
solution, on cooling, gave benzoic acid (0-53 g.), m. p. and mixed m. p. 122° (from water). 

p-Tolyl-lithium and Dibenzoyl Disulphide.—(a) Dibenzoyl disulphide (2-74 g.) and p-tolyl- 
lithium (from 3-8 ml. of p-bromotoluene) in a reaction as above gave, from the ethereal layer, 
an oil that solidified under ethanol. The solid (1-1 g.) was dissolved in methanol and filtered 
from the insoluble sulphur (0-1 g.). On cooling, the solution gave dibenzoyl] disulphide (0-98 g.), 
m. p. and mixed m. p.* 132°. In a similar reaction but with decomposition by water and ice, 
sulphur (0-7 g.) was obtained from the ethereal and thiolbenzoic acid from the aqueous layer. 

(6) Reaction as above, with 6-3 g. of p-bromotoluene and decomposition with dilute sulphuric 
acid and ice, gave from the ethereal layer an oil that solidified under ethanol containing a little ether 
on cooling. The solid (1-6 g.), recrystallised from ethanol, proved to be aa-di-p-tolylbenzyl 
thiolbenzoate, m. p. and mixed m. p. 136°. In a similar reaction decomposition with water 
afforded an unidentified oil from the ethereal layer and benzoic acid (1-6 g.; m. p. 122°) from 
the aqueous layer. 

Phenyl-lithium (3 Mols.) and Di-p-chlorobenzoyl Disulphide (1 Mol.).—Di-p-chlorobenzoyl 
disulphide (1-7 g.) and phenyl-fithium (from bromobenzene, 1-6 c.c.) on a similar treatment 
gave, from the ethereal layer, an oil that solidified under light petroleum; recrystallised from 
methanol it gave p-chlorobenzoic acid (1-1 g.), m. p. and mixed m. p. 239°. Concentration of 
the mother-liquor gave -chlorothiolbenzoic acid (0-4 g.), m. p. and mixed m. p.! 187° (from 
light petroleum). 
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Phenyl-lithium (3 Mols.) and Di-p-anisoyl Disulphide (1 Mol.).—Phenyl-lithium (from 3-] 
ml. of bromobenzene) and di-p-anisoy] disulphide (3-4 g.) gave, from the ethereal layer, an oil that 
solidified (1-1 g.) under light petroleum on long cooling. It recrystallised from light petroleum 
and had m. p. and mixed m. p. 178° with 4-methoxy-aa«-diphenylbenzyl p-thiolanisate.! 

p-Methoxyphenyl-lithium (3 Mols.) and Di-p-anisoyl Disulphide (1 Mol.).—Di-p-anisoy] 
disulphide (3-4 g.) and -methoxyphenyl-lithium (from 3-8 ml. of p-bromoanisole) in a reaction 
as above, with 4 hours’ refluxing and acid decomposition, afforded, from the ethereal layer, 
oily anisic acid that solidified (1-7 g.) on long cooling under light petroleum. Recrystallised 
from the same solvent it had m. p. and mixed m. p. 182°. 

p-Tolyl-lithium and Di-p-anisoyl Disulphide.—Di-p-anisoy] disulphide (3-34 g.) with p-tolyl- 
lithium from ~-bromotoluene (4 ml., 3 mol.; or 6-3 ml., 5 mol.) in a reaction as above afforded 
anisic acid (ca. 1-3 g.), m. p. 182° on decomposition by acid or water. 

Phenyl-lithium (3 Mols.) and Thiobenzoic Acid (1 Mol.).—(a) Ina similar reaction with decom- 
position by acid, phenyl-lithium (from 6-3 ml. of bromobenzene) and thiobenzoic acid (2-76 g.) 
gave, from the ethereal layer, an oil that solidified under light petroleum. Recrystallised from 
light petroleum (b. p. 110—120°) this gave triphenylmethanol (2-4 g.), m. p. and mixed m. p. 
163°. The mother-liquor on concentration and cooling afforded triphenylmethyl thiolbenzoate 
(0-2 g.), m. p. and mixed m. p.? 188°. (b) Decomposition with water gave triphenylmethanol 
(2-6 g.) from the ethereal and thiobenzoic acid (2-3 g.) from the aqueous layer on acidification, 

p-Methoxyphenyl-lithium (3 Mols.) and Thiobenzoic Acid (1 Mol.).—From a reaction as 
above with acid-decomposition p-methoxyphenyl-lithium (from 7-5 ml. of »-bromoanisole) 
and thiobenzoic acid (2-76 g.) an oil was isolated with ether. It solidified on cooling under 
ethanol. Recrystallisation from light petroleum gave anisic acid (2-0 g.), m. p. and mixed m. p, 
182°. Concentration of the mother-liquor and cooling gave dibenzoyl disulphide (0-2 g.), 
m. p. and mixed m. p.® 132°. 

p-Tolyl-lithium (3 Mols.) and Thiobenzoic Acid (1 Mol.).—As before p-toly!-lithium (from 
11-3 ml. of ~-bromotoluene) and thiobenzoic acid afforded an oil that solidified under light 
petroleum and recrystallised therefrom (1-1 g.). It had m. p. 132° alone or mixed with 
dibenzoyl disulphide. e 

NATIONAL RESEARCH CENTRE, CarIRO, EGyprT. 
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5 Schelton and Rider, J. Amer. Chem. Soc., 1936, 58, 1282. 
* Rheinbolt’s test for thiophenol, Ber., 1927, 60, 184. 





513. Pyrazolidines. Part II.* Acyl Derivatives of 3-Imino-5- 
oxo-1 ,2-diphenylpyrazolidines. 


By M. A. McGeg, G. T. NEwBoLtp, JAMES REDPATH, and F. S. SPRING. 


Conversion of 3-imino-5-oxo-1,2-diphenylpyrazolidine into its N-acetyl 
and 4-acetyl derivatives is described. 3-Imino-4-methyl-5-oxo-1,2-diphenyl- 
pyrazolidine on acetylation affords an N-acetyl derivative and 3-acetamido- 
5-acetoxy-4-methyl-1,2-diphenylpyrazoline. The N-monoacetyl compounds 
are acidic and can be N-methylated, providing a route to 3-methylimino-5- 
oxo-1,2-diphenylpyrazolidines. Cyclisation of 4-cyanoacetyl-3-imino-5 - 
oxo-1,2-diphenylpyrazolidine into a substituted pyrazolidinopyridine is 
described. 


ACETYLATION of 3,5-dioxo-1,2-diphenylpyrazolidine (I; R =H) by acetic anhydride- 
pyridine or by more prolonged treatment with acetic anhydride alone gives the alkali- 
soluble 4-acetyl-3,5-dioxo-1,2-diphenylpyrazolidine (I; R= Ac) rather than the 0- 
acetyl derivative (II; R= Ac). In contrast, treatment of compound (I; R = H) with 


* Part I, J., 1960, 1989. 
1 B.P. 778,128. 
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diazomethane gave 3-oxo-5-methoxy-1,2-diphenylpyrazoline (II; R= Me). 3-Imino-5- 
oxo-1,2-diphenylpyrazolidine (III; R= H)?* on acetylation could possibly give three 
monoacetates, the 4-acetyl derivative (IV), the N-acetyl derivative (V; R = H) and the 
Q-acetyl derivative (VI; R=H). Heating 3-imino-5-oxo-1,2-diphenylpyrazolidine 


PhN— NPh PhN —NPh PhN——NPh PhN — NPh 


| I 
oc, CO RO-Cy ,CO OC. {C=NH OC. C=NH 


CHR CH CHR CHAc 
(I) (11) (IIT) (IV) 


PhN — NPh a aaa NPh PhN——NPh PhN —NPh HN—NPh 
<> <> 
oc, go NHAc oC JAINAc HO-Cy C=NAc AcO-C . [C=NH oc. JOT NH 


cR CHR CR CR CHAc 
(a) (b) (c) : 
(Vv) (VI) (VII) 


(II; R=) with acetic anhydride gave two monoacetates which were conveniently 
separated by the solubility of one of them in alkali. The neutral monoacetate, which may 
also be prepared exclusively by treatment with acetyl chloride in pyridine at 0°, was 
unaffected by hot aqueous-ethanolic sodium carbonate or sodium hydroxide, whereas 
sodium carbonate hydrolysed the other to 3-imino-5-oxo-1,2-diphenylpyrazolidine (III ; 
R=H). The stability of the neutral monoacetate towards hydrolysis is characteristic 
of C-acetyl compounds, e.g., (VII) ; we have also found that the acetate (I; R = Ac) is 
stable to alkaline hydrolysis. Since the ferric reaction of the neutral monoacetate 
eliminates an O-acetyl structure we believe that it is 4-acetyl-3-imino-5-oxo-1,2-diphenyl- 
pyrazolidine (IV). The longer-wavelength maxima in the ultraviolet spectra of the latter 
and (I; R = Ac) f are similar, being respectively 265 and 264 my in ethanol and, in each 
case, 264 my in aqueous-ethanolic alkali. 4-Acetyl-3-imino-5-oxo-1,2-diphenylpyrazolidine 
(IV) has also been prepared from 3-imino-5-oxo-1,2-diphenylpyrazolidine (III; R= H) 
by another route; cyanoacetylation of the latter compound gave 4-cyanoacetyl-3-imino-5- 
oxo-1,2-diphenylpyrazolidine (III; R = CO-CH,°CN) which in hot acid gave (IV). 
4-Cyanoacetyl-3-imino-5-oxo-1,2-dipheny]pyrazolidine, which is alkali-soluble, was also 
formed as a by-product in the reaction between cyanoacetyl chloride and hydrazobenzene. 

The alkali-soluble monoacetate of (III; R= H) was next examined. Its ready 
hydrolysis suggested the presence of an O- or N-acetyl group but the red ferric chloride 
colour favoured the latter structure (V; R= H). The alkali-solubility we attribute to 
the vinylogous imide feature which allows the formation of the ion as indicated. Support 
for this process comes from the bathochromic shift in the longer-wavelength ultraviolet 
maximum from 260 my in neutral to 280 my in alkaline solution, indicating an increase in 
conjugation. Prolonged treatment of 3-acetamido-5-oxo-1,2-diphenylpyrazoline (Vj; 


PhN —NPh -H* PhN——NPh PhN— NPh 
! ——a —_ 
oc. zCNHAc O-Cy UC=NAc OC, ZC:NAc 
CH CH CH 
R = H) with diazomethane gave an alkali-insoluble methyl derivative which we formulate 
as (VIII; R =H) formed from tautomer (Va; R =H); hydrolysis of this compound 
(VIII; R=H) with sodium carbonate afforded 3-methylimino-5-oxo-1,2-diphenyl- 
pyrazolidine (IX; R = H), different from 3-imino-4-methyl-5-oxo-1,2-diphenylpyrazolidine 
(III; R = Me) 2 and giving a red ferric colour indicating that N-methylation had been 
achieved. The alkali-soluble acetate (V; R = H) was also obtained in low yield by the 
action of acetyl chloride on tHe imine (III; R = H) in an inert solvent. 
The 4 = i i 

ae ae a; R = Ac) has Amax, (in EtOH) 212 (¢ 13,000) and 264 mp (¢ 29,000), Amex, (in NaOH 


* McGee, Murdoch, Newbold, Redpath, and Spring, J., 1960, 1989. 
* Weissberger and Porter, J. Amer. Chem. Soc., 1943, 65, 2180. 
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Reaction of the imine (III; R = Me) with acetyl chloride at 0° in the presence of 
pyridine afforded the alkali-soluble 3-acetylimino-4-methyl-5-oxo-1 ,2-diphenylpyrazolidine 
(V; R= Me) which gave a red ferric colour and showed similar ultraviolet properties to 
(V; R=H). The action of acetic anhydride on the latter gave a neutral diacetate, 


PhN— NPh PhN—NPh _ PhN—NPh PhN — NPh 
<_ 
OC. ,C-NMeAc OC. 4C:NHMe OC. ,C=NMe — HO-C,_,C=NMe 
CR CR CHR CR 


(VIII) (IX) 


which was also formed by more drastic reaction of (III; R = Me) with acetyl chloride and 
pyridine, and together with (V; R = Me) by the action of acetic anhydride upon (III; 
R = Me). Since the diacetate was hydrolysed by sodium carbonate to the monoacetate 
(V; R= Me), the second acetyl group must have been attached to oxygen and the 
diacetate therefore has structure (X). 

Hydrolysis of the monoacetate (V; R = Me) with sodium hydroxide gave the parent 
pyrazolidine (III; R= Me). Methylation of the acetate (V; R= Me) with diazo- 
methane afforded compound (VIII; R= Me), hydrolysed to the methylimine (IX; 
R = Me) by sodium hydroxide. In the 4-methyl series hydrolysis of an N-acetyl group 
requires more drastic conditions than when the 4-position is unsubstituted. 


OR 
Ph — NPh = PhN—NPh PhN— NPh 
<_ 
AcO-C. C=NAc HN Su nh OC. \C=NH OC, ,C-NH; 
: | 
(X) (XI) MeO:C=CH:CN  MeO-C=CH-CN (XII) 


4-Cyanoacetyl-3-imino-5-oxo-1,2-diphenylpyrazolidine (III; R = CO-CH,°CN) was 
isomerised by hot aqueous sodium hydroxide or, better, sodium carbonate to an alkali- 
soluble compound which gave a deep red ferric colour and showed hydrogen-bonded 
hydroxyl absorption but no cyano-band in the infrared spectrum. We believe that 
cyclisation has taken place with the formation of 6-amino-2,3-dihydro-4-hydroxy-3-oxo- 
1,2-diphenylpyrazolo[3,4-b]pyridine (XI; R =H); methylation of the latter compound 
with diazomethane yielded a methyl ether which must be (XI; R = Me) since it was also 
formed by reaction of (III; R = CO-CH,°CN) with diazomethane to give 3-imino-4-(I- 
methoxy-2-cyanoviny])-5-oxo-1,2-diphenylpyrazolidine (XII), followed bv heating to 200°. 


EXPERIMENTAL 

General directions are given in Part I of this series. 

4-Cyanoacetyl-3-imino-5-0x0-1,2-diphenylpyrazolidine.—(a) The aqueous sodium hydroxide 
extract (A) from the preparation of N-cyanoacetylhydrazobenzene * was acidified (Congo Red) 
with 2n-hydrochloric acid, and the product isolated by using ether. Crystallisation from 
methylene chloride-hexane gave 4-cyanoacetyl-3-imino-5-oxo0-1,2-diphenylpyrazolidine (340 mg.) 
as plates, m. p. 210—211° (Found: C, 67-7; H, 4:5. C,gH,,0,N, requires C, 67-9; H, 4-4%), 
Amax. (in EtOH) 204 (e 34,000), 231 (e 25,000) and 270 my (e 21,400), vmx, 3534, 3257, 2288 
(C=N), 1695 (C=O) and 1653 cm. (C=O). 

(b) To a stirred solution of 3-imino-5-oxo-1,2-diphenylpyrazolidine (600 mg.) in dioxan 
(20 c.c.) and pyridine (5 c.c.) at 0°, cyanoacety] chloride (1-5 g.) in chloroform (10 c.c.) was added 
dropwise. After being kept overnight at room temperature the mixture was treated with 
water (50 c.c.) and extracted with chloroform (3 x 50 c.c.). The combined extracts were 
washed successively with 2n-hydrochloric acid (3 x 30 c.c.), alkali, and water (30 c.c.) and 
dried (Na,SO,). Removal of the chloroform gave a negligible quantity of gum. The combined 
alkaline washings were acidified (Congo Red) with 2n-hydrochloric acid, and the product 
isolated by using chloroform. Crystallisation from acetone-hexane gave 4-cyanoacetyl-3- 
imino-5-oxo-1,2-diphenylpyrazolidine (350 mg.) as plates, m. p. and mixed m. p. 208—210° 
(Found: C, 67-9; H, 46%). An ethanolic solution of the compound gave a pale brown colour 
with aqueous ferric chloride. 
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4-Acetyl-3-imino-5-ox0-1,2-diphenylpyrazolidine.—(a) 3-Imino-5-oxo-1,2-diphenylpyrazolid- 
ine (2-0 g.) was heated on the steam-bath with acetic anhydride (25 c.c.) for 2hr. The warm 
solution was treated with water (20 c.c.) and evaporated under reduced pressure. The solid 
residue was dissolved in chloroform (50 c.c.) and washed with 2N-sodium hydroxide (3 x 30 
c.c.) (extract B), then water (30 c.c.), and dried (Na,SO,). Removal of the chloroform and 
crystallisation of the residue from methylene chloride-hexane gave 4-acetyl-3-imino-5-0xo-1,2- 
diphenylpyrazolidine (500 mg.) as needles, m. p. 207—208° (Found: C, 69-8; H, 5:2. 
Cy,7H,502N; requires C, 69-6; H, 5:2%), Amax. (in EtOH) 208 (e 20,000), 233 (e 22,500), and 265 
my (¢ 20,000); Amax. (in alkali) 235 (¢ 17,000) and 264 my (ce 15,000), vmax. 3333, 3175, and 1695 
cm.*! (C=O), Vmax, (in CHCl,) 3425, 3268, and 1692 cm.? (C=O). An ethanolic solution of the 
compound gave a red colour with aqueous ferric chloride. 

(6) A stirred solution of 3-imino-5-oxo-1,2-diphenylpyrazolidine (1-0 g.) in pyridine (50 c.c.) 
and dioxan (25 c.c.) at 0° was treated with pure acetyl chloride (3-0 g.) in dry ether (25 c.c.) 
during 30 min. The mixture was kept overnight, diluted with water, and extracted with 
chloroform. The chloroform extract was washed with 2N-sodium hydroxide, then water, dried 
(Na,SO,), and evaporated. The residual solid was crystallised from methylene chloride- 
hexane, to give 4-acetyl-3-imino-5-oxo-1,2-diphenylpyrazolidine (800 mg.) as needles, m. p. and 
mixed m. p. 206—208°. No identifiable material was obtained from the alkaline washings. 

(c) A solution of 4-cyanoacetyl-3-imino-5-oxo-1,2-diphenylpyrazolidine (500 mg.) in 
ethanol (18 c.c.), water (18 c.c.), and hydrochloric acid (9 c.c.; d 1-15) was heated on the steam- 
bath for 3 hr., then evaporated to dryness under reduced pressure, and the solid residue was 
treated with 10% aqueous sodium hydrogen carbonate (30 c.c.) and extracted with. ether 
(3 x 30c.c.), The ethereal extracts were washed with water, dried (Na,SO,), and evaporated. 
Crystallisation of the residue from acetone—-hexane gave 4-acetyl-3-imino-5-oxo-1,2-diphenyl- 
pyrazolidine (30 mg.) as needles, m. p. and mixed m. p. 206—208°. 4-Acetyl-3-imino-5-oxo- 
1,2-diphenylpyrazolidine was recovered unchanged (m. p. and mixed m. p. 206—208°) after 
4hr. in boiling 1 : 1 aqueous-ethanolic M-sodium carbonate and after 1 hr. in 4: 1 80% aqueous- 
ethanolic 2-5N-sodium hydroxide. 

3-Acetylimino-5-0x0-1,2-diphenylpyrazolidine.—(a) Alkaline extract B from the reaction 
between 3-imino-5-oxo-1,2-diphenylpyrazolidine and acetic anhydride was acidified (Congo 
Red) with 2Nn-hydrochloric acid. Isolation of the product by chloroform followed by crystal- 
lisation from methylene chloride-hexane gave 3-acetylimino-5-oxo0-1,2-diphenylpyrazolidine 
(300 mg.) as needles, m. p. 204—205° (Found: C, 69-6; H, 5-1. C,,H,,O,N, requires C, 69-6; 
H, 5-2%), Amax, (in EtOH) 204 (¢ 20,000) and 260 my (¢ 18,000), Amax, (in alkali) 280 my (e 23,000), 
Vmax, 3100 and 1718 cm. (C=Q), Vmax, (in CHCl) 3333, 1733 (C=O) and 1681 cm.-! (C=O). An 
ethanolic solution of the compound gave a red colour with aqueous ferric chloride. 

(6) 3-Imino-5-oxo-1,2-diphenylpyrazolidine (1-0 g.) in dioxan (10 c.c.) was heated with 
acetyl chloride (20 c.c.) on the steam-bath for 2 hr. The cooled solution was diluted with 
water (50 c.c.) and extracted with chloroform (3 x 50 c.c.). The chloroform extracts were 
washed with 2N-sodium hydroxide (3 x 30 c.c.), then with water, and dried (Na,SO,). The 
combined alkaline washings were acidified (Congo Red) with 2n-hydrochloric acid, and the 
product was isolated by using chloroform. Crystallisation from methylene chloride—-hexane 
gave 3-acetylimino-5-oxo-1,2-diphenylpyrazolidine (50 mg.) as needles, m. p. and mixed m. p. 
202—204°. Evaporation of the chloroform solution of the neutral material and crystallisation 
of the residue from methylene chloride-hexane gave back 3-imino-5-oxo-1,2-diphenyl- 
pyrazolidine (600 mg.), m. p. and mixed m. p. 221—223°. 

3-Imino-5-0x0-1,2-diphenylpyrazolidine.—3 - Acetylimino - 5 -oxo- 1,2-diphenylpyrazolidine 
(100 mg.) in ethanol (7 c.c.) and aqueous 2m-sodium carbonate (7 c.c.) was refluxed for 2 hr. 
The cooled solution was extracted with chloroform, the chloroform extract evaporated, and the 
residue crystallised from acetone-light petroleum (b. p. 60—80°), to give 3-imino-5-oxo-1,2- 
diphenylpyrazolidine (80 mg.) as plates, m. p. and mixed m. p. 221—223°. 

3-N-A cetylmethylamino-5-0x0-1,2-diphenylpyrazoline.—A solution of 3-acetylimino-5-oxo-1,2- 
diphenylpyrazolidine (830 mg.) in methylene chloride (50 c.c.) was treated with large excess of 
ethereal diazomethane and kept at 0° for 10 days. After removal of excess of diazomethane by 
treatment with glacial acetic acid the ethereal solution was washed with 2N-aqueous sodium 
hydroxide to remove unchanged material, then with water, and dried (Na,SO,). The ether 
was removed and the residue crystallised from ethanol—-hexane, to give 3-N-acetylmethylamino-5- 
ox0-1,2-diphenylpyrazoline (55 mg.) as prisms, m. p. 227—228° (Found: C, 70-3; H, 5-3. 
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C,,H,,O,N; requires C, 70-3; H, 5-6%), Amax. (in EtOH) 205 (e 14,000), 244 (¢ 8000), and 281 my 
(e 7000), Amax. (in alkali) 224 (c 8000) and 260 my (ce 14,000), vmax 1681 cm. (C=O). 
3-Methylimino-5-0xo-1,2-diphenylpyrazolidine.—A solution of 3-N-acetylmethylamino-5-oxo- 
1,2-diphenylpyrazoline (23 mg.) in ethanolic 2m-sodium hydroxide (5 c.c.) was refluxed for 2 hr, 
The cooled solution was diluted with water (20 c.c.) and extracted with chloroform (2 x 20c.c,), 
The dried (Na,SO,) chloroform extract was evaporated and the residue crystallised from 
methylene chloride—hexane, to give 3-methylimino-5-oxo0-1,2-diphenylpyrazolidine (15-3 mg.) as 
needles, m. p. 178—179° (Found: C, 72-09; H, 5-56. C,gH,,;ON; requires C, 72-43; H, 
5°7%), Amax. (in EtOH) 210 (e 13,000) and 256 my (¢ 22,000), Amax (in alkali) 256 my (¢ 27,000), 
Amax, (in acid) 208 (ec 18,000) and 266 my (e 18,000), vray (in CHCl,) 3425 (NH) and 1667 cm.1 
(C=O). An ethanolic solution of the compound gave a red colour with aqueous ferric chloride, 

3-A cetylimino-4-methyl-5-ox0-1,2-diphenylpyrazolidine.—(a) A stirred solution of 3-imino-4- 
methy]-5-oxo-1,2-diphenylpyrazolidine (1-0 g.) in dioxan (25 c.c.) and pyridine (5 c.c.) at 0° 
was treated in 30 min. with acetyl chloride (3 c.c.) in ether (20 c.c.). After 2 hr. the mix- 
ture was diluted with chloroform, and washed with 2N-hydrochloric acid, water, and 2N-sodium 
hydroxide; the alkaline washings, on acidification, isolation through chloroform, and crystal- 
lisation from methanol, gave 3-acetylimino-4-methyl-5-ox0-1,2-diphenylpyrazolidine (250 mg.) 
as plates, m. p. 189° (Found: C, 70-1; H, 5-8. C,,H,,O,N, requires C, 70-3; H, 5-6%), Amy 
(in EtOH) 205 (ec 23,000), 242 (c 19,600), and 276 my (e 13,500), Amax, (in alkali) 272 (¢ 24,400), 
Vmax, 3333, 3106 (NH), 168) cm. (C=O). An ethanolic solution of the compound gave a red 
colour with aqueous ferric chloride. Evaporation of the chloroform solution of the neutral 
fraction gave 3-imino-4-methyl-5-oxo-1,2-diphenylpyrazolidine (500 mg.), m. p. and mixed 
m. p. 180°. 

(b) 3-Imino-4-methy]l-5-oxo-1,2-diphenylpyrazolidine (2-1 g.) was heated on the steam-bath 
for 3 hr. with acetic anhydride (20 c.c.). The cooled solution was treated with water (20 c.c.) 
and evaporated to dryness under reduced pressure. The solid residue was taken up in chloro- 
form (50 c.c.) and washed with 2n-sodium hydroxide (3 x 30 c.c.), then water, and dried 
(Na,SO,). Acidification of the combined alkaline phases and isolation by means of chloroform 
gave 3-acetylimino-4-methyl-5-oxo-1,2-diphenylpyrazolidine (850 mg.), separating from 
tetrahydrofuran—hexane as prisms, m. p. and mixed m. p. 188-—189°. 3-Acetylimino-4-methyl- 
5-oxo-1,2-diphenylpyrazolidine dissolved in aqueous sodium carbonate but was recovered 
unchanged on acidification after 2 hours’ refluxing. When a solution of the compound (250 mg.) 
in aqueous 5% sodium hydroxide (30 c.c.) was refluxed for 5 hr. the neutral fraction yielded 
3-imino-4-methyl-5-oxo-1,2-diphenylpyrazolidine (150 mg.), m. p. and mixed m. p. 180°, and 
the acid fraction unchanged acetyl compound (80 mg.), m. p. and mixed m. p. 189°. 

5-Acetoxy-3-acetylimino-4-methyl-1,2-diphenylpyrazoline—(a) The chloroformic neutral 
fraction from the action of acetic anhydride on 3-imino-4-methyl-5-oxo-1,2-diphenylpyrazolid- 
ine was evaporated to dryness and the residue crystallised from tetrahydrofuran—hexane, to 
give 3-imino-4-methyl-5-oxo-1,2-diphenylpyrazolidine (400 mg.), m. p. and mixed m. p. 179— 
180°, as the less soluble component. Concentration of the mother-liquors gave 5-acetoxy-3- 
acetylimino-4-methyl-1,2-diphenylpyrazoline (40 mg.) which separated from chloroform as 
prisms, m. p. 166—167° (Found: C, 68-2; H, 5-2. C,9H,,O,N, requires C, 68-75; H, 5-5%), 
Amax. (in EtOH) 209 (e 18,000), 246 (e 12,000), and 286 my (ce 12,000), Amax, (in alkali) 228 (e 
49,000) and 278 my (e 17,000), Amax, (in acid) 203 (c 14,000), 210 (¢ 11,000), 257 my (e 15,000), 
Vmax, 1725, 1710, and 1667 cm. (C=O). 

(b) A solution of 3-imino-4-methyl-5-oxo-1,2-diphenylpyrazolidine (1-0 g.) in chloroform 
(25 c.c.) and pyridine (5 c.c.) was treated without cooling with a solution of acetyl chloride 
(6 c.c.) in chloroform (25 c.c.). The hot solution was then refluxed for 5 min., cooled, and 
washed successively with 2n-hydrochloric acid, water, and 3N-sodium hydroxide, the last 
extract yielding no product on acidification and extraction. After being washed with water, 
the chloroform solution was dried (Na,SO,) and evaporated, and the residue crystallised from 
chloroform to give 5-acetoxy-3-acetylimino-4-methyl-1,2-diphenylpyrazoline (700 mg.) as 
prisms, m. p. and mixed m. p. 167°. 

(c) 3-Acetylimino-4-methyl-5-oxo-1,2-diphenylpyrazolidine (200 mg.) was heated with 
acetic anhydride (5 c.c.) on the steam-bath for l hr. The solution was diluted with water, and 
the product isolated through chloroform, to give 5-acetoxy-3-acetylimino-4-methyl-5-oxo-1,2- 
diphenylpyrazoline (150 mg.) as prisms, m. p. and mixed m. p. 167°, from chloroform. 
5-Acetoxy-3-acetylimino-4-methyl-1,2-diphenylpyrazoline (250 mg.) in ethanol (10 c.c.) and 
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aqueous 2m-sodium carbonate (10 c.c.) was refluxed for lhr. Acidification and isolation through 
chloroform gave 3-acetylimino-4-methyl-5-oxo-1,2-diphenylpyrazolidine (200 mg.), m. p. and 
mixed m. p. 189°. 

3-N-A cetylmethylamino-4-methyl -5-0xo-1,2-diphenylpyrazoline.—3-Acetylimino-4-methyl-5- 
oxo-1,2-diphenylpyrazolidine (500 mg.) was treated with ethereal diazomethane as described 
for the preparation of 3-N-acetylmethylamino-5-oxo-1,2-diphenylpyrazoline. Crystallisation 
of the product from acetone-light petroleum (b. p. 60—80°) gave 3-N-acetylmethylamino-4-methyl- 
5-ox0-1,2-diphenylpyrazoline (400 mg.) as prisms, m. p. 123° (Found: C, 71-4; H, 6-2. 
CygHO2N requires C, 71-0; H, 6-0%), vmax. 1667 and 1650 cm.“ (C=O). 

3-Methylimino-4-methyl-5-ox0-1,2-diphenylpyrazolidine.—A solution of the foregoing acetyl 
derivative (150 mg.) in ethanol (5 c.c.) and 5% aqueous potassium hydroxide (5 c.c.) was 
refluxed for 5 hr., cooled, acidified with 2N-hydrochloric acid, and extracted with chloroform, 
and the chloroform extract was washed with water, dried (Na,SO,), and evaporated. Crystal- 
lisation of the residue from methanol gave 3-methylimino-4-methyl-5-ox0-1,2-diphenylpyrazolidine 
(100 mg.) as prisms, m. p. 208° (Found: C, 73-4; H, 6-2. C,,H,,ON, requires C, 73-5; H, 58%), 
Vmax. 3210, 3000 (both OH or NH) and 1660 cm. (C=O). 

3-Imino-4-(1-methoxy-2-cyanovinyl)-5-0x0-1,2-diphenylpyrazolidine.—A solution of 4-cyano- 
acetyl-3-imino-5-oxo0-1,2-diphenylpyrazolidine (730 mg.) in methylene chloride (30 c.c.) was 
treated with an excess of ethereal diazomethane, kept overnight, washed with 2N-sodium 
hydroxide (2 x 50 c.c.), then water, dried (Na,SO,), and evaporated. Crystallisation of the 
residue from acetone-hexane gave 3-imino-4-(2-cyano-1l-methoxyvinyl)-5-ox0-1,2-diphenyl- 
pyrazolidine (300 mg.) as needles, m. p. 183—185°, resolidifying and remelting at 265—270° 
(Found: C, 68-5; H, 5-0. C,gH,,O,N, requires C, 68-7; H, 4:85%), Amax (in EtOH) 207 
(c 24,000), 297 my (ce 33,000), Aina, 260 my (e¢ 23,000), vax 3333 (NH), 2222 (C=N), and 1656 
cm.*? (C=O). 

Use of diazoethane led to 3-imino-4-(2-cyano-1-ethoxyvinyl)-5-0x0-1,2-diphenylpyrazolidine, 
m. p. 162—163° (Found: C, 69-2; H, 5-6. C,. 9H,,0O,N, requires C, 69-35; H, 5-2%). 

6-A mino-2,3-dihydro-4\- hydroxy -3-oxo-1,2-diphenylpyrazolo[3,4-b]pyridine.—(a) 4-Cyano- 
acetyl-3-imino-5-oxo-1,2-diphenylpyrazolidine (1-02 g.) was heated on the steam-bath with 
aqueous M-sodium carbonate (30 c.c.) for 2 hr. The cooled solution was extracted with chloro- 
form, and the extract rejected. The aqueous phase was acidified (Congo Red) with 2n-hydro- 
chloric acid and extracted with chloroform. A solid which separated at the interface was 
collected. The chloroform extract was washed with water, dried (Na,SO,), and evaporated. 
The residue was combined with the solid from the interface and crystallised from tetrahydro- 
furan-hexane, to give the pyvazolopyridine (550 mg.) as prisms, m. p. 289—290° (Found: 
C, 67-5; H, 4:7. C,gH,,0O,N, requires C, 67-9; H, 4-4%), Amax. (in EtOH) 208 (e 23,000), 230 
(c 18,000) and 284 my (¢ 28,000), Amax. (in alkali) 233 (¢ 24,600), 238 (c 24,600), and 272 (c 28,600), 
ina, 295 my (e 16,000), vnax 3425, 3155 (OH), and 1667 cm.“! (C=O). An ethanolic solution of 
the compound gave a deep red colour with aqueous ferric chloride. 

(6) A solution of 4-cyanoacetyl-3-imino-5-oxo-1,2-diphenylpyrazolidine (450 mg.) in 
aqueous N-sodium hydroxide (25 c.c.) was heated on the steam-bath for l hr. Acidification of 
the cooled solution, isolation by ether, and crystallisation from chloroform-ethanol gave the 
pyrazolopyridine (40 mg.) as plates, m. p. and mixed m. p. 288—290°. 

6-Amino-2,3-dihydro-4-methoxy -3-0x0-1,2-diphenylpyrazolo[3,4-b]pyridine.—(a) The fore- 
going compound (200 mg.) in acetone (30 c.c.) was treated with an excess of ethereal diazo- 
methane overnight. Working up as usual gave the ether (120 mg.) as needles (from chloroform- 
methanol), m. p. 272—273° (Found: C, 68-9; H, 4-8. C,jsH,,O,N, requires C, 68-7; H, 4:8%), 
Amax, (in EtOH) 206 (¢ 28,000), 230 (c 18,000), and 288 my (e 28,000), vax, 3247, 3145 (both NH) 
and 1681 cm.“ (C=O), vngz, (in CHCl,) 3333 (NH) and 1692 cm.? (C=O). 

(6) 3-Imino-4-(2-cyano- 1-methoxyvinyl) - 5-oxo-1,2-diphenylpyrazolidine (50 mg.) was 
heated at 200° for 30 min. After cooling, the solidified melt crystallised from chloroform- 
- ne to give the methoxypyrazolopyridine (20 mg.) as needles, m. p. and mixed m. p. 

1—273°. 
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514. Phosphonitrilic Derivatives. Part I. The Preparation of 
Cyclic and Linear Phosphonitrilic Chlorides. 


By L. G. Lunn, N. L. Pappock, J. E. Proctor, and H. T. SEARLE. 


The reaction between phosphorus pentachloride and ammonium chloride 
in sym.-tetrachloroethane gives rise to two series of compounds, cyclic 
(PNCI,), and linear (PNCI,),,PCl;. The latter are distinguished by their 
high polarity and consequent insolubility in non-polar media. The conditions 
required for the preparation of each series in high yield are given. In the 
cyclic series, the octameric chloride is described for the first time; improved 
values for the physical properties of the other cyclic chlorides are presented. 


THE phosphonitrilic chlorides (PNCI,), were first recognised as an homologous series by 
Stokes,! who separated the trimer to hexamer and an impure form of the heptamer from 
the products of the reaction of ammonium chloride with phosphorus pentachloride in 
sealed tubes at temperatures in the range 150—200°. The method of preparation was 
improved by Schenk and Rémer,? who used sym.-tetrachloroethane as a solvent for the 
phosphorus pentachloride. We now show that, when carried out by the latter method, 
the reaction gives a mixture of two series of phosphonitrilic chlorides, linear and cyclic, 
and describe the conditions required for obtaining each type of product in high yield. 
The ideal equation for the reaction is 


PCI, + NH,Cl—» *(PNCI,), + 4HCl 


but reaction is never quite complete, even when ammonium chloride is used in excess. If 
the reaction is carried out as described by Schenk and Rémer, the product is a pasty mass 
of oil and crystals; most of it, typically 75—80%, is a mixture of polymers soluble in light 
petroleum. The insoluble portion is a brown viscous oil having the composition 
(PNCI,),,,PCl;, where ” usually exceeds ten. 

The yield of petrol-insoluble polymers can be reduced almost to zero * by adding the 
phosphorus pentachloride to a refluxing suspension of ammonium chloride during 7—8 hr. 
The yield of the trimer is greatly increased, mainly at the expense of the petrol-insoluble 
compounds. Conversely, if an excess of phosphorus pentachloride is used, the yield of 
petrol-insoluble compounds is increased, mainly at the expense of the higher cyclic 
polymers; as the excess is increased, the proportion of petrol-insoluble material increases.‘ 
This is equivalent to stopping the reaction before completion; if it is stopped when half 
the theoretical hydrogen chloride has been evolved, the product is almost wholly insoluble 
in petrol. 

The petrol extract from the product of a normal reaction is an oily crystalline mass 
consisting exclusively of polymers (PNCI,),. Individual polymers from the trimer to the 
octamer have been obtained from it by a combination of fractional extraction, fractional 
distillation im vacuo, and fractional crystallisation. The residue after removal of the 
octamer is a light yellow oil of average composition (PNCI,),.-:3, which is not further 
separable by distillation. Fluorination of this mixture (to be described later) shows it 
to contain polymers up to at least (PNCI,),,.. Physical properties of the polymers, differ- 
ing in some cases from those described by Stokes, are given in Table 1. 

We have found the ultraviolet spectra to be different from those reported in the 
literature. Numerical values of the logarithm of the molar extinction coefficient, 


1 Stokes, Amer. Chem. ]., 1897, 19, 782. 

2 Schenk and Rémer, Ber., 1924, 57, 1343. 

3 Paddock, Proctor, and Searle, B.P. Appin. 13222/58. 
* See also X. Bilger, Fr. P. 1,157,097 
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TABLE 1. Some physical properties of the phosphonitrilic chlorides. : 


Space P-N NMR 
group or stretching chemical 
doo crystal Unit cell dimensions (A) frequency * shift ® 
Polymer M.p.* (g.¢.c.") system a b c Z (cm.") (p.p.m.) 
(PNCI,); 112-8° 199% Pnam 14-15 6-20 13-07 1218 —20 
(PNCI,),° 122-8 2-185 Pyj/n 10-82 — 5-95 1310 +7 
(PNCI,),4 41:3 2-02 P,2,2; 19-37 15-42 6-23 1355 +17 
(PNCI,),4 92:3 1-96 Triclinic 10-6 10-7 11-4 1325 +16 
a = 935° B= 90° y= 117° 
(PNCI,), 8—I12 1-890 —- — _- _- -- 1310 +18 
(PNCI,), 57—58 1-99 C,/¢ or 24-7 6-2 20-4 4 1305 +18 
Cc p = 111° 


* This frequency corresponds to the E’ and E, modes in the trimer and tetramer respectively.® 
For the pentamer, hexamer, and an impure form of the heptamer, similar results have been obtained 
by Krause. Detailed assignments will be given in another paper. ° Relative to 85% phosphoric 
acid; a positive shift indicates greater shielding than in phosphoric acid. The shifts are estimated to 
be accurate to within +1p.p.m. °¢ This form is obtained by crystallisation from solvents near room 
temperature and the crystallographic data are those of Ketelaar and de Vries: * Jaeger and Beintema % 
found a = 10-79, c = 5-93 A. At temperatures above 60° it is transformed irreversibly into a second 
form (space group P,,/n, a = 10-82 x 4/2, c = 5-95 A), which may also be obtained by recrystallising 
from the melt. ¢ A triclinic form of the pentamer and a second triclinic form of the hexamer have 
been obtained, but not the orthorhombic form described by Stokes! and Tassin.! * The m. p.s deter- 
mined by Stokes 1” were, in order, 114°, 123-5°, 40-5—41°, 91°, and <—18°. The differences are small 
except for the heptamer. / These values were also obtained by Stokes.* % Jaeger and Beintema, 
Proc. Acad. Sci. Amsterdam, 1932, 35, 756. * Stokes, Amer. Chem. J., 1895, 17, 275. * Tassin, Z. 
Krist., 1899, 31, 304. 


calculated on a monomeric PNCI, basis, are given in Table 2. In each case the peak of the 
absorption band lies at an unattainably short wavelength. Nevertheless, it can be seen 
from the Table that the spectra are closely similar, and show no regular progression with 
increase of molecular weight. The absorption cannot therefore be due to a x —» x * 
transition in the ring. The spectrum of the trimer is nearly the same, whether cyclo- 
hexane or methanol is used as a solvent, and is not greatly changed even in sulphuric acid. 
The absorption is therefore unlikely to be due to an » —» rx* transition on the nitrogen 


atoms; it is tentatively assigned to an excitation of the unshared electrons on the chlorine 
atoms. 


TABLE 2. Ultraviolet absorption spectra of the phosphonitrilic chlorides. 


logy) ¢ (on a monomeric PNCI, basis) for wavelengths indicated (in mp) 
Compound 210 215 225 230 235 240 
(PNCI,); ¢ 1-76 . 1-06 0-50 0-00 — 
(PNCI,), ° 2- 2-05 . 1-53 1-16 0-66 0-13 
(PNCIl,), 2: 2-30 , 1-72 1-37 0-95 0-53 
2-37 1-70 1-30 0-86 0-44 
2-44 ; 1-69 1-17 0-66 0-00 
— 2: 1-72 1-30 0-94 0-61 
—- 1-74 1-21 0-72 0-23 
(PNCI,) :9-13 _- 1-72 1-28 0-88 0-36 


* In 98-7% sulphuric acid. ° This, and all other spectra, were obtained in n-hexane. 


The cyclic nature of the trimer? and of the tetramer ® has been proved directly by 
X-ray crystallography. If the higher polymers were linear they would be either highly 
polar entities, or diradicals; they do not show properties characteristic of either structure. 
Krause * has shown that the trimer to heptamer have small dipole moments. The 
dielectric constant of the mixture (PNCI,),. 43 is 3-63 at 20°, only slightly greater than 

5 Daasch, J. Amer. Chem. Soc., 1954, 76, 3403. 


* Krause, Z. Elektrochem., 1955, 59, 1004. 


* Wilson and Carroll, Chem. and Ind., 1958, 1558; Part II, following paper. 
* Ketelaar and de Vries, Rec. Trav. chim., 1939, 58, 1081. 
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that of the pentamer at 45° (3-48). The cyclic nature of all the polymers is demonstrated 
by their nuclear magnetic resonance spectra, which all exhibit a single peak, indicating 
that all the phosphorus atoms in a particular molecule are equivalent. The mixture 
(PNCI,)19-13 also shows only one resonance, because the chemical shift becomes independent 
of ring size above the pentamer (see Table 1). 

The insolubility of the mixture of composition (PNCI,),,PCl; in light petroleum shows 
that it cannot be merely a solution of phosphorus pentachloride in a mixture of cyclic 
polymers. Further proof is provided by its dielectric constant, 14:3, which is high 
compared with those of the cyclic polymers (see above) and that of phosphorus penta- 
chloride itself (2-85 in the liquid at 160°, increasing to 4-23 in the solid at 22-8°).!° Its 
nuclear magnetic resonance spectrum shows no resonance due to free phosphorus penta- 
chloride. 

Although they are closely related to the cyclic compounds in formula, the compounds 
(PNCI,),,PCl, are much more reactive; they are hydrolysed, for instance, more readily 
than the cyclic chlorides. The elements of phosphorus pentachloride are slowly eliminated 
in boiling tetrachloroethane, with formation of a rubber-like high polymer. Reaction is 
more rapid in the presence of ammonium chloride, with the evolution of hydrogen chloride. 
When its amount reaches that corresponding to the conversion of the combined phosphorus 
pentachloride into PNCI,, polymerisation takes place. The rubber-like high polymer is 
again the main product, showing that the phosphorus pentachloride is not loosely attached 
to a medium-sized cyclic polymer. At the same time, cyclic polymers are formed in 
greater yield than would be expected from the phosphorus pentachloride content; they 
consist mainly of cyclic polymers (heptamer and above) with a small amount of the 
trimeric chloride. 

The most likely interpretation is that the polymers (PNCI,),,PCl; are linear, some 
phosphorus pentachloride dissociating off the ends to give the trimeric chloride found on 
ammonolysis in tetrachloroethane solution. The composition of the remaining product 
would then depend upon a competition between cyclisation and chain extension, the 
latter predominating to an increasing extent with chain growth. The suggestion of 
linearity of the compounds (PNCI,),,PCl, is supported by the fact that direct interaction of 
phosphorus pentachloride with the cyclic polymers requires temperatures of the order 
of 300—350°, which, in the absence of the phosphorus pentachloride, lead to rupture of the 
ring bonds and polymerisation.” 

The first member of the series was prepared by Groenveld e¢ al.,!> who suggested the 
constitution PCl,*NPCl,~. The second was isolated by Bilger * from the products of the 
reaction of phosphorus pentachloride with a deficit of ammonium chloride. He charac- 
terised it as its anilide P,N,Cl,(NHPh),, and suggested the general formulation 
Cl-[PC1,N],"PCl, (see also ref. 14). The covalent and generalised ionic structures are not 
necessarily incompatible; phosphorus pentachloride itself exists in both ionic and covalent 
forms, and Rydon has demonstrated the ready interchange of groups in other derivatives 
of quinquevalent phosphorus. Both types of structure, however, contain phosphorus 
in three different environments, and should therefore exhibit three nuclear magnetic 
resonances. In fact, only two are observed, a major one at +18 p.p.m. and a minor one 
at —12 p.p.m. The first, in the same place as the phosphorus resonance in the cyclic 
polymers, must be due to the PCI, group, and may, of course, coincide with that for another 
type of environment. The other is not yet identified. Such a symmetrical structure as 
{Cl-[PC1,N],:PCl,}*Cl-, from which two resonances would be expected, seems to be ruled 


10 Lowry and Hofton, J., 1932, 207. 

1 Paddock, B.P. Appin. 28,207/57. 

12 Meyer, Lotmar, and Pankow, Helv. Chim. Acta, 1936, 19, 930. 

13 Groenveld, Visser, and Seuter, J. Inorg. Nuclear Chem., 1958, 8, 245. 

14 Paddock and Searle, ‘‘ Advances in Inorganic Chemistry and Radiochemistry,”’ Vol. 1, Academic 
Press Inc., New York, 1959, p. 347. 

16 Rydon, Chem. Soc. Special Publ. No. 8, 1957, p. 61. 
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out by their relative intensities. The ratio of peak areas should be (m — 1) : 2, whereas 
jn fact it is nearer »:1. The determination of the precise mode of termination of the 
phosphonitrilic chain clearly requires further work. 

Other linear phosphonitrilic derivatives are known; Bode and Bach * described the 
compound Ph-[PPh,N],-H,HCIO,, and Schmitz-Dumont and Kiilkens ” have obtained a 
fluoride P,N,F4,2HF,2H,O which can be formulated somewhat similarly. Phosphonitrilic 
chlorides in which the end-groups are formed from the elements of hydrogen chloride, 
rather than phosphorus pentachloride, as above, have been prepared by Becke-Goehring 
and Koch.!8 


EXPERIMENTAL 


The following abbreviations have been found convenient. CPNC is used for the mixture of 
cyclic and linear polymers obtained on reaction of phosphorus pentachloride with ammonium 
chloride. LPNC refers to the linear component, insoluble in light petroleum, SPNC to the 
unfractionated mixture of cyclic, soluble polymers. From this mixture, trimeric to octameric 
phosphonitrilic chlorides were isolated, the residual mixture of higher cyclic phosphonitrilic 
chlorides being denoted by HPNC. 

The phosphorus pentachloride was fresh commercial-grade material. The ammonium 
chloride was dried in air, ground, and sieved. Except where otherwise stated, its specific 
surface was approximately 850 cm.* g.7. The solvents used in the preparations were technical- 
grade reagents; for the infrared work they were analytical-grade chemicals further purified 
where necessary. The n-hexane used for the ultraviolet spectroscopy was purified chromato- 
graphically on silica-gel. 

Analyses of mixtures of phosphonitrilic chlorides were carried out by infrared methods. 
The infrared spectra were obtained from potassium chloride discs or solutions in carbon 
disulphide or in carbon tetrachloride, a Perkin-Elmer Model 21 spectrophotometer with sodium 
chloride optics being used. The ultraviolet spectra were obtained by using a Unicam S.P. 500 
spectrophotometer. The nuclear magnetic resonance spectra were obtained for the liquids or 
solutions in benzene in 12 mm. diameter tubes, the Varian Associates V4300B high-resolution 
nuclear magnetic resonance spectrometer being used at a frequency of 12 Mc./sec. and a field 
strength of approximately 7000 gauss. 

M. p.s of polymers from the trimer to the hexamer were taken from cooling curves and are 
corrected; other m. p.s were measured by micro-methods. Molecular weights were measured 
cryoscopically in benzene or ebulliometrically in carbon tetrachloride. Dielectric constants 
were measured in a water-jacketed glass cell, the electrodes being concentrically-mounted gold- 
plated silver tubes, with a capacity (in air) of 34-5 uyF. The cell was calibrated with nitro- 
benzene which was redistilled in vacuo after prolonged drying (P,O;) at room temperature. 
Capacities were measured at 15 kc./sec. by comparison with a variable standard capacitance. 

Preparation of Phosphonitrilic Chlorides.—Standard preparation. Phosphorus pentachloride 
(625-5 g., 3-0 moles) and ammonium chloride (176-5 g., 3-3 moles) were heated in refluxing 
sym.-tetrachloroethane (1-0 1.) for 74 hr., during which time 12-0 moles hydrogen chloride 
(100%) were evolved. (A little of this was due to attack on the solvent.) The excess of 
ammonium chloride (20-0 g.) was filtered off from the resulting pale brown solution, and the 
solvent was removed by distillation under reduced pressure; 326-5 g. (939%) of a brown 
mixture of oil and crystals (CPNC) were recovered. From this mixture, 235-5 g. of a mixture of 
cyclic polymers (SPNC) were obtained by repeated extraction with light petroleum (b. p. 40— 
60°), leaving 88-0 g. (27%) of a brown oil (LPNC) consisting of a mixture of linear polymers. 
The SPNC was a mixture of polymers (PNCI,), (Found: P, 26-5; N, 11-9; Cl, 60-9. Calc. for 
PNCI,: P, 26-7; N, 12-1; Cl, 61-2%). Infrared analysis showed it to contain 37% of trimer, 
28% of tetramer, and 35% of higher cyclic polymers. 

If the reaction is carried out as described, the molecular weight of the product insoluble in 
petrol is too great for chemical analysis to be a sensitive index of molecular composition. By 
reaction of ammonium chloride with 107 g. of another sample of LPNC prepared as above, 


18 Bode and Bach, Ber., 1942, 75, 215. 
" Schmitz-Dumont and Kiilkens, Z. anorg. Chem., 1938, 288, 189. 
% Becke-Goehring and Koch, Chem. Ber., 1959, 42, 1188, 
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0-2 mole of hydrogen chloride was evolved, indicating an average of the elements of one 
phosphorus pentachloride molecule to 17 PNCI, units, or an average molecular weight of 2180, 
agreeing within experimental error with 2400 (ebulliometric) and 2100 (cryoscopic). The main 
product was a rubber-like solid insoluble in light petroleum. 

The dielectric constant of another sample of LPNC was 14-3, implying a highly polar 
structure. The hydrolysis rates of this sample of LPNC and pure heptamer were compared by 
adding water to agitated solutions of the polymers in chloroform (1-13 g./100 ml.). After 
7 hr., 4-3% of the chlorine in the LPNC was present as chloride ion. Even after 72 hr., how- 
ever, the concentration of chloride ion from the hydrolysis of the heptamer was too small to be 
detected with silver nitrate solution. 

The LPNC exhibited two peaks in its nuclear magnetic resonance spectrum, at +18 p.p.m. 
and —12 p.p.m. respectively, showing that it contains compounds of the same type as described 
below. 

Effect of slow addition of phosphorus pentachloride. Phosphorus pentachloride (62-5 g,, 
0-3 mole) and ammonium chloride (176-5 g., 3-3 moles) were heated in refluxing sym.-tetra- 
chloroethane (1-0 1.). The refluxing solvent was returned to the reaction vessel through a bed 
of phosphorus pentachloride (563 g., 2-7 moles) which was thereby slowly extracted into the 
reaction vessel during a period of 6 hr. After a total reaction time of 7} hr., 11 moles (92%) 
of hydrogen chloride had been evolved and 21-7 g. excess of ammonium chloride remained; CPNC 
(322-3 g., 92-6%) was recovered from the solution. It contained 5% LPNC, 54% of trimer, 
11-5% of tetramer, and 29% of higher cyclic polymers. 

In another experiment, phosphorus pentachloride (563 g., 2-7 moles) was dissolved in hot 
sym.-tetrachloroethane (1-0 1.), and the solution added during 8 hr. to a mixture of phosphorus 
pentachloride (62-5 g., 0-3 mole) and ammonium chloride (176-5 g., 3-3 moles) in refluxing 
sym.-tetrachloroethane (1-0 1.). After a total reaction time of 10} hr., 11-7 moles (98%) of 
hydrogen chloride had been evolved and 20-7 g. of excess of ammonium chloride remained, 
CPNC (328-0 g., 94-2%) was recovered, and contained 2% of LPNC, 63% of trimer, 13% of 
tetramer, and 22% of higher cyclic polymers. 

Effect of an excess of phosphorus pentachloride. Aramonium chloride (321-0 g., 6-00 moles) 
and phosphorus pentachloride (1313-5 g., 6-30 moles), which had been heated in vacuo to drive 
off phosphorus oxychloride, were heated in sym.-tetrachloroethane (2-0 1.; dried over K,CO, 
and fractionated) for 8 hr. under reflux; 736-8 g. of CPNC were obtained from which the SPNC 
was separated by solution in petrol (448-3 g., 60-9%). The analysis (P, 25-4; N, 10-5; Cl, 
63-6%) of the residual LPNC (288-5 g., 39-1% yield) corresponded to (PNCI,),,;PCl,.,. Its 
nuclear magnetic resonance spectrum exhibited two peaks, at +18 p.p.m. and —12 p.p.m., of 
relative areas 10-5: 1. There was no peak at +80 p.p.m. corresponding to free phosphorus 
pentachloride.!® 

118-1 g. of this LPNC were heated with 14-0 g. of ammonium chloride in 340 ml. of sym.- 
tetrachloroethane under reflux. Polymerisation occurred after 5} hr., at which time 
0-328 mole of hydrogen chloride had been evolved, corresponding to the composition 
(PNCI1,)19.6PCl;. The rubbery product was extracted with light petroleum, giving 18-65 g. ofa 
dark oil, containing 10-5% of trimer. The remainder consisted of cyclic polymers higher than 
the heptamer. Another sample of LPNC was heated in tetrachloroethane solution, but with- 
out ammonium chloride; it polymerised after 29 hr. 

In another experiment, ammonium chloride (160-5 g., 3-0 moles), having a specific surface of 
2800 cm.? g.1, and phosphorus pentachloride (688 g., 3-3 moles) were heated in refluxing sym.- 
tetrachloroethane (1-0 1.) for 3} hr. Hydrogen chloride (11-8 moles, 98%) was evolved and 
2-0 g. of ammonium chloride remained; 444 g. of CPNC were recovered, containing 68% of 
LPNC, 23% of trimer, 6% of tetramer, and 3% of higher cyclic polymers. 

Separation of Cyclic Polymers —CPNC (7750 g.) was extracted with 16-5 1. of light petrol 
(b. p. 40—60°) to obtain 19-5 1. of a solution of cyclic polymers (5700 g.; containing 35% of 
trimer, 22% of tetramer) and insoluble LPNC (2050 g.). The petrol solution was extracted in 
batches with 98-7% sulphuric acid (2300 ml.) in a three-stage fractionation scheme. Trimer 
was dissolved preferentially by the acid and was recovered from it by diluting the acid solution 
to approximately 60% sulphuric acid and back-extracting the precipitated trimer with fresh 
petrol. Fractional crystallisation from this petrol solution then gave 1060 g. of trimer (m. p. 
112°) and 690 g. of a mixed polymer fraction. After further recrystallisation from petrol and 


1* Van Wazer, Callis, Shoolery, and Jones, J. Amer. Chem. Soc., 1956, '78, 5715. 
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from the melt the trimer had m. p. 112-8° (Found: P, 26-7; N, 12-1; Cl, 61-2%; M, 347. Calc. 
for P;N,Cl,: P, 26-7; N, 12-1; Cl, 61-2%; M, 348). 

The acid-insoluble SPNC was fractionally crystallised to give 712 g. of tetramer (m. p. 122°), 
515 g. of a mixed polymer fraction (69% of trimer, 20% of tetramer), 808 g. of a mixture of oil 
and crystals, and 1915 g. of a light yellow oil. After recrystallisation from petrol and from 
the melt the tetramer had m. p. 122-8° (Found: P, 26-8; N, 12-1; Cl, 61-2%; M, 465. Calc. 
for P,N,Cl,: M, 464). 

Several samples of the residual pale yellow oil from different acid extractions were mixed to 
form the starting material (3930 g.) for the extraction of higher cyclic polymers. It was stripped 
of petrol at 100°/0-1 mm. and distilled. A crude pentameric fraction, b. p. 130—185°/0-1 mm. 
(1650 g.), some fairly pure hexamer crystals (40 g.), and an oily residue A (2240 g.) were obtained. 
The crude pentameric fraction (1650 g.) was redistilled to give a mixed trimer and tetramer 
fraction (250 g.), b. p. <130°/0-1 mm., a main pentamer fraction (1020 g.), m. p. 34—35°, b. p. 
130—155°/0-1 mm., and an oil + crystal residue B (350 g.) containing pentamer, hexamer, and 
heptamer. Repeated crystallisation of the main pentamer fraction from petrol and from the 
melt gave 250 g. of pure pentamer, m. p. 41-3° (Found: P, 26-8; N, 12-0; Cl, 61-2%; M, 582. 
Calc. for P;N;Cli): M, 580). Its dielectric constant at 45° was 3-43. 

Residue B was crystallised from light petroleum at 0° to give 180 g. of hexamer, m. p. 91°, 
and 170g. ofresidueC. After recrystallisation from petrol the hexamer had m. p. 92-3° (Found: 
P, 26-8; N, 12-05; Cl, 61-2%; M, 697. Calc. for P,N,Cl,,: M, 696). 

Some residue A (1780 g.) was redistilled to give a crude heptamer fraction (289 g.), b. p. 
140—190°/10° mm., and 1472 g. of residue D. On cooling the crude heptamer fraction to 
—10° overnight, 48 g. of crystals were deposited which, when recrystallised from light petrol, 
yielded 27 g. of octamer, m. p. 57—58° (Found: P, 26-8; N, 12-0; Cl, 61-25%; M, 915. 
P,N,Cly, requires M, 928). 

The residual crude heptamer fraction (242 g.) was redistilled to give a mixed pentamer and 
hexamer fraction (41 g.), b. p. <160°/10° mm., a 98% pure heptamer fraction (106 g.), b. p. 
160—180°/10°* mm., and an oily residue. The heptamer fraction was mixed with residue C, 
which had been stripped of pentamer and hexamer at 190°/0-1 mm., and redistilled to give pure 
heptamer (87 g.), m. p. 8—12° (Found: P, 26-7; N, 12-0; Cl, 61-2%; M, 805. Calc. for P,N,Cl,,: 
M, 812). 

Finally, residue D was redissolved in light petroleum, separated from polymerised material, 
and recovered; it is referred to in the main text as HPNC (Found: P, 26-7; N, 12-1; Cl, 
612%; M, 1420—1450). Its dielectric constant at 20° was 3-63. 

Reaction of Phosphorus Pentachloride with Trimeric Phosphonitrilic Chloride.—The trimeric 
chloride and phosphorus pentachloride, in the proportions required for final average 
compositions (PNCI,),,PCl;, where m = 2, 4, 6, 8, 10, 15, and 20, were ground, intimately 
mixed, and heated in sealed glass tubes at 350° for 5 hr. The products were shown to be free 
from unchanged trimeric phosphonitrilic chloride. All were insoluble in low-boiling petrol and 
all absorbed at 1230—1246 cm.}, and at 1300—1305 cm."; so did all the samples of LPNC 
described in the text. Similarly, all the compounds of composition (PNCI,),,PCl,, however 
prepared, exhibit two nuclear magnetic resonance peaks, at +18 p.p.m. and —12 p.p.m. 


We thank Dr. A. C. Chapman for the infrared and Dr. A. Wilson for crystallographic results, 
Mr. D. R. Smith for the ultraviolet spectra, Dr. R. F. M. White, of University College, London, 
for the nuclear magnetic resonance spectra, Mr. S. Greenfield for the analyses, and Messrs. F. G. 
Brown, P. B. Edwards, S. B. Hartley, M. F. Mole, and F. A. Ridgway for technical assistance. 
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515. Phosphonitrilic Derivatives. Part II.* The Structure of 
Trimeric Phosphonitrilic Chloride.+ 


By A. WiLson and D. F. CARROLL. 


The structure of trimeric phosphonitrilic chloride, (PNCI,);, has been 
determined by means of two-dimensional Fourier and difference syntheses 
followed by three-dimensional least-squares refinement. The structure is 
composed of discrete molecules each of which is made up of an almost flat 
six-membered ring of alternate phosphorus and nitrogen atoms with two 
chlorine atoms attached to each phosphorus atom. The bond lengths within 
the ring are considered as all being equal in length although they vary from 
1:57 to 161A. The bond angles within the ring vary from 118-33° to 
120-93° but are not significantly different. 


Very little structural work has been done in the phosphonitrilic field of compounds. The 
crystal structure of (PNCI,), has been worked out by Ketelaar and de Vries.1_ Bode ® was 
unable to carry out an accurate structural analysis of (PNBr,), because the positions of 
nitrogen atoms could not be observed on electron-density maps. The chloride trimer, 





Fic. 1. Final hkO difference map. The 
contours are drawn at }-electron intervals, 
the dashed lines ave negative values and the 
dotted lines are contours of zero electron 
density. 
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(PNCI,)3, has been studied by Brockway and Bright ® by electron diffraction. Only models 
with a planar ring were tried. The cyclic nature of (PNCI,); has been confirmed 
by Daasch,‘ who studied the infrared and Raman spectra. 

An accurate crystal structure was required as part of a study of the binding in phospho- 
nitrilic compounds. In the present work two-dimensional refinement of the three axial 
projections has been followed by a three-dimensional diagonal least-squares refinement. 

* Part I, preceding paper. 


+ While this work was in progress, Pompa and Ripamonti published a paper (Ric. Sci., 1959, 29, 1516) 
on the same subject. 


1 Ketelaar and de Vries, Rec. Trav. chim., 1939, 58, 1081. 

2 Bode, Angew. Chem., 1949, 61, No. 11, 438. 

3 Brockway and Bright, J. Amer. Chem. Soc., 1943, 65, 1551, 
* Daasch, J. Amer. Chem. Soc., 1954, 76, 3403. 
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Crystal Data.—(PNCl,)3, M = 347-8, orthorhombic, a = 14-15 + 0-02, 6 = 12-99 + 
0-02, c= 6-19 + 0-01 A, U = 1138 A’, D,, = 1-99 + 0-03 (by flotation), Z = 4, D. = 
2-02, F (000) = 672. Cu-K, radiation, single-crystal rotation and oscillation photo- 
graphs. Space-group, Puma (D}}, No. 62) or Pna2 (C%,, No. 33). The structure analysis 
confirmed that the correct space-group is Puma. The implied symmetry of the molecule 
was assumed to be m rather than I. 


Fic. 2. Final Oki difference map. The contours are drawn at }-electron intervals, the dashed lines are 
negative values and the dotted lines are contours of zero electron density. The position of only one 
molecule is shown. 




















Fic.3. Final hOl difference map. The contours ave dvawn }-electron intervals, the dashed lines are negative 
values and the dotted lines are contours of zero electron density. 
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Determination of Structure —A study of the structure published for trimeric phospho- 
nitrilic bromide ® indicated that this, with minor changes, might serve as a starting point 
for the determination of the structure of (PNCI,)s. 

(i) AkO Projection: Structure factors calculated from co-ordinates obtained with the 
above consideration in mind agreed reasonably well with the observed values. The 
projection was refined by means of Fourier summations to an R value of 28%. A temper- 
ature factor of B = 3-1 A®, obtained from a plot of log <F.>/<F,) against <(sin @/2)*) 
was applied to all atoms; the angular brackets indicate mean values for a given sin 6 
range. The refinement was carried further by means of difference syntheses; individual 
isotropic temperature factors were applied to all atoms. 

‘ The final discrepancy factor was R = 106%. The final difference map is shown in 
ig. 1. 
(ii) Ok! Projection. The first structure factor calculation gave R = 25% and the 
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projection was refined steadily by means of difference syntheses to R = 9-0%. Resolution 
was poor in this projection, and individual temperature factors were not applied to the 
atoms. The final difference map is shown in Fig. 2. 

(iii) AOL Projection. The x and z co-ordinates obtained from the hkO and the 
Oki projections were used to calculate h0/ structure factors. The projection refined slowly 
and it was found impossible to reduce the discrepancy factor below 30%. Good agreement 
between F, and F, could be obtained by increasing the x fractional co-ordinates by 0-250 
of the unit cell edge. This change in x did not alter the magnitudes of the F, values for 
the hkO projection, and the changes in signs of certain F, values have been taken into 
account for the final hkO map. Refinement, after change of the x co-ordinates, proceeded 
smoothly and the final R value was 8-2%. Once again resolution was poor; Fig. 3 shows 
the final difference map for the h0/ projection. 

(iv) Three-dimensional refinement. The method of diagonal least squares was used for 
the refinement, and of the 847 observed structure factors 142 were given a weight of zero; 
the rest were given unit weight. It was later shown that omission of the 142 reflections 
did not make any appreciable difference to the results. This was done by including them 
in a cycle of the refinement. One refinement of the atomic co-ordinates was carried out 
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Fic. 4. The (PNCl,)3 molecule. The atoms P,, 
Cl,, Cl,, and N, lie on a mirror plane. 


with isotropic temperature factors obtained from the two-dimensional analysis. Aniso- 
tropic temperature factors were then obtained from axial zone data, and since the 
programme of the computer could only deal with seven anisotropic temperature factors 
with fixed orientations, simplifications were made. For the chlorine atoms, one vibration 
direction was taken to be along the P-Cl bond, a second perpendicular to it and parallel to 
the plane of the six-membered ring. For the phosphorus and nitrogen atoms forming 
the ring, two vibration directions were taken to be parallel to the plane of the ring, one of 
them towards the centre of the ring and the other perpendicular to it. The number of 
anisotropic temperature factors was reduced from eight to seven by assuming them to be 
the same for both phosphorus atoms. A three-dimensional refinement of the atomic 
co-ordinates and temperature factor values was carried out. At this stage the R factor 
was 14-9% and further refinement of part of the three-dimensional data showed that 
further improvements were not likely to occur. Only F values used in the refinement 
were used to calculate R. 

Results—The lettering in the tables corresponds to Fig. 4. Table 1 lists the final 
co-ordinates and temperature factors which were obtained from the least-squares refine- 
ment. The origin was taken at the centre of symmetry. The standard deviations of the 
atomic co-ordinates which are shown in Table 3 were calculated from the formula: 


o*(x) = n®|AF|?/(m — s)$(aF/éx)? 


where » = fractional shift applied to the atoms, m = number of observations, and s = 
number of parameters. Other terms have their usual meaning. For P and Cl, »=1, 
for nitrogen » = 4. 

Table 2 lists bond lengths and bond angles together with their respective standard 
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deviations calculated from formule given by Ahmed and Cruickshank.5 For angles across 
the mirror plane, the standard deviation of the half angle was calculated. A least-squares 
plane was calculated for the six-membered ring, and for this the phosphorus atoms were 
given twice the weight of the nitrogen atoms. The equation of the plane is: 


—0-421(2)x — 0-006(7)y + 0-906(9)z — 0-420(9) = 0 


The distances of the atoms from this plane are: P,, +0-027A; N,, —0-089A; P,, 
40-021 A; Ns, +0-017 A. 


TABLE 1. Atomic co-ordinates in fractions of the cell edge and the temperature 








factors applied. 
Atoms * y Zz Bx By Bz 
Gh EEE 0-595(8) 0-144(2) 0-563(7) 1-6 1-9 3-5 
hice 0-495(6) 0-143(3) 0-456(5) 2-5 3:8 6-3 
0-586(9) 0-069(7) 0-842(9) 3-4 6-0 5-6 
0-681(3) 0-054(7) 0-396(5) 2-7 53 5-5 
0-650(9) 0-250 0-604(1) 3-6 3-0 73 
0-318(7) 0-250 0-552(9) 2-3 4-8 4:7 
0-403(0) 0-250 0-097(8) 3-1 5-7 5-6 
0-442(0) 0-250 0-403(1) 1-6 1-9 3-5 
TABLE 2. Bond lengths (in A) and bond angles together with their respective 
standard deviations. 
Bond Bond length (/) e (2) Angle 6 o (0) 
Pig -ccccccesccccccccsescees 1-61 0-017 P,N,P; 120-38° 0-75° 
SUS ns decciielinnitwagginee 1-57 0-017 N,P3N, 120-93 1-10 
BIE ivestichinitcidsasesamhess 1-60 0-011 C1,P,Cl, 101-77 0-52 
a cicssunieliihinsdisiteinie 1-98 0-013 C1,P,Cl, 102-05 0-32 
| 1-97 0-013 N,P,N,’ 118-33 1-30 
CEH Pg occcccccsccvccccecescees 1-98 0-008 P,N,P,’ 118-48 1-25 
GB g ccccccssceccccscccscoses 1-97 0-008 
TABLE 3. Standard deviations (in A) of the atomic co-ordinates. 

Atom (*) (y) (2) Atom (*) (y) (2) 
Ea 0-0045 0-0048 0-0050 WE, secsnsnsyese 0-0190 — 0-0229 
A, sésdocconees 0-0163 0-0157 0-0187 Me ‘ssvescnnceda 0-0081 — 0-0092 
Ty Seeveseesees 0-0065 0-0062 0-0060 TERE. Scvacevesans 0-0089 — 0-0084 
ee 0-0059 0-0060 0-0064 Be vespennccams 0-0092 — 0-0105 


Description.—A clinographic projection of the structure is shown in Fig. 5 and from this 
it can be seen that the crystal is composed of discrete molecules held together by 
van der Waals forces. The van der Waals contacts are between chlorine atoms or between 
chlorine atoms and nitrogen atoms. Between the chlorine and nitrogen atoms situated 
on mirror planes, a normal van der Waals separation of 3-2 A is attained by displacement 
of the nitrogen atom out of the mean plane of the ring and away from the chlorine atom. 
The non-planarity of the ring is thought to be due to crystal forces, and in the gaseous 
phase the ring would probably be planar. The molecular geometry has been calculated 
and the results are given in Table 2. The bonds within the ring are to be considered as 
being of all the same length; the difference between the shortest and the longest is 0-04 A, 
but the standard deviations of the nitrogen atoms are large and hence no significance can 
be attached to the difference between bond lengths. The angies within the ring are all 
equal. The P-Cl bonds are not significantly different in length from one another. The 
Cl-P-Cl planes are perpendicular to the plane of the ring, and the Cl-P-Cl angles of 
101-77° and 102-05° are significantly less than 109-47°. 


> Ahmed and Cruickshank, Acta Cryst., 1953, 6, 385. 
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Discussion.—The most notable features of the structure are the equality and shortness 
of the P-N bonds, the close approximation to planarity of the ring, and the equality of 
the angles within it. The equality of the P-N bonds excludes the possibility of alternate 
single and double bonds. The length is very much shorter than the 1-8 A expected for a 
single bond between phosphorus and nitrogen on using Pauling’s values® of covalent 
radii and the 1-78 A found in the crystal structure of monosodium phosphoramidate,? 
This implies that the bond order is greater than unity. The average angle at the 


la 


Fic. 5. A clinographic drawing of a 
unit cell and contents. @, P atoms, 
O, Cl atoms, o, N atoms. 

















C) 


nitrogen atoms is 119-4°; since the deviation from 120° is so small, the bond cannot be 


strengthened appreciably by charge transfer in the sense P*N-. 

All these features suggest aromatic character. The ring differs, however, from that in 
benzene in that the formation of x-bonds requires the use of a d-orbital at the phosphorus 
atom. Such orbitals have different symmetries from the #-orbitals responsible for the 
m-bonds in benzene; the consequences of this difference have been explored by Craig and 
Paddock.®® 


EXPERIMENTAL 


Small crystals, whose dimensions in any direction did not exceed 0-10 mm., were obtained 
by recrystallising the compound from light petroleum (b. p. 60—80°). The compound has 
an appreciable vapour pressure at room temperature and it was necessary to seal the crystals 
inside thin-walled quartz tubes. Weissenberg photographs were taken by the multiple film 
technique. Intensities were estimated visually, a calibrated strip being used. No absorption 
corrections were made. In structure-factor calculations, James and Brindley’s scattering 
factor curves ® for phosphorus and chlorine, and McWeeny’s scattering factor curve ™ for 
nitrogen were used. 

The three-dimensional diagonal least-squares refinement was carried out at the Ferranti 
Computer Service Centre by Dr. H. J. Milledge (née Grenville-Wells) to whom we are grateful 
for useful advice concerning the refinement. 


ALBRIGHT AND WILSON (Mrc.) LTD., 
OLDBURY, BIRMINGHAM. [Received, October 7th, 1959.) 


* Pauling, ‘‘ Nature of the Chemical Bond,” 2nd edtn., Cornell University Press, New York, 1948, 
p. 164. 

? Hobbs, Corbridge, and Raistrick, Acta Cryst., 1953, 6, 621. 

® Craig and Paddock, Nature, 1958, 181, 1052. 

* Craig, J., 1959, 997. 

10 James and Brindley, Phil. Mag., 1931, 12, 81. 

1! McWeeny, Acta Cryst., 1951, 4, 513. 
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516. Some Derivatives of 4,9-Diazapyrene. 
By R. F. Rossins. 


4,9-Diazapyrenes (II; R =H, Me or Ph) have been prepared in good 
yields and their peracid oxidation has been studied. 


Despite their potential chemotherapeutic interest! and the use of flavanthrone as a 
yellow vat dye little is known of the chemistry of 4,9-diazapyrenes (II). This lack of 
interest has been largely due to the difficulty of synthesis.2 The preparation of the 
parent base ** (II1; R =H) and the 5,10-dimethyl derivative * (II; R= Me) is very 
recent. Molten aluminium chloride-sodium chloride was used to cyclise 2,2’-diformamido- 
and 2,2’-diacetamido-biphenyl to the appropriate diazapyrene. 

This reagent was used in the present work to prepare these diazapyrenes and, also, 
5,10-diphenyl-4,9-diazapyrene (II; R = Ph) from 2,2’-dibenzamidobiphenyl. Optimum 
yields (~60%) of 4,9-diazapyrene were obtained when the cyclising agent contained a 
molar excess of aluminium chloride, but the best yields (~40%) of the 5,10-dimethyl and 
5,10-diphenyl derivatives resulted only when the sodium chloride was present in excess. 

The reaction (I) —» (II) presumably involves two successive ring closures, carbonium- 
ion formation being followed by intramolecular electrophilic attack. 

The resistance of 2,2’-diformamidobiphenyl to cyclisation is understandable. Not 
only is carbonium-ion formation difficult but formation of the intermediate phenanthridine 
will be hindered by deactivation of position 6. This will arise both by steric inhibition 
of the activating power of the other ring and by the —I effect of the group -N:CH* in 
position 2 of this other ring. The easier carbonium-ion formation when R = Me or Ph 
presumably explains the milder conditions required to obtain dimethyl- and diphenyl- 
diazapyrene. The lower yields of these might be due to a greater steric deactivation of 
position 6 in the biphenyl. 


9° 


NH 


au) ? 


(IV) 

5,10-Dimethyl- and 5,10-diphenyl-4,9-diazapyrene were smoothly oxidised to the 
di-N-oxides (V; R = Me or Ph) by peracetic or perphthalic acid. Attempts to prepare 
the mono-N-oxides gave only dioxide and unchanged diazapyrene. The dioxides were 
reduced by stannous chloride or, better, iron and acetic acid, to the parent diazapyrene. 

Oxidation of 4,9-diazapyrene by peracetic acid gave no oxide but instead a high- 
melting product to which the dihydroxamic acid structure (IV) is assigned. It gives a 
characteristic claret colour with ferric chloride and a grass-green complex when kept with 
cupric acetate in ethanol.4> Its alternative formulation as a nitro-aldehyde seems 
unacceptable since it dissolves in strong alkali, does not form a 2,4-dinitrophenylhydrazone, 
and is not reduced by iron and acetic acid. The infrared absorption also supports ® a 
hydroxamic acid structure. 


? Fairfull, Peak, Short, and Watkins, J., 1952, 4700. 
* Mosby, J. Org. Chem., 1957, 22, 671. 
* Badger and Sasse, J., 1957, 4. 
* Hansen and Petrof, J., 1953, 350. 
* Lott and Shaw, J. Amer. Chem. Soc., 1949, 71, 67. 
my Bonnett, Brown, Clark, Sutherland, and Todd, /., 1959 2100; Bonnett, Clark, and Todd, J., 1959, 
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Formation of the cyclic hydroxamic acid (IV) might be supposed to take place by the 
further oxidation of an intermediate dilactam (III) or its tautomer (II; R = OH). This 
reaction bears a formal resemblance to the oxidation of carbostyril to 1-hydroxy-2- 
quinolone by perbenzoic acid. The dilactam (III), previously prepared by the cyclisation 
of 6,6’-diacetamidobiphenic acid,’ was obtained by the chromic acid oxidation of 5,10- 
dimethyl-4,9-diazapyrene. This reaction is analogous to the oxidation of 9-methyl- 
phenanthridine to phenanthridone § and illustrates the reactivity of the methyl groups 
in the diazapyrene. The dilactam (III) was insoluble in peracetic acid and was apparently 
unaffected by prolonged reaction at 70°, thus making it an unlikely intermediate in the 
formation of the hydroxamic acid (IV). 

With perphthalic acid 4,9-diazapyrene gave a product whose properties,® infrared 
absorption,” and nitrogen analysis * suggested a C-hydroxy-compound, possibly (II; 
R= OH). Its further oxidation by peracetic acid gave the hydroxamic acid (IV). 
Structure (II; R = OH) is, however, suspect, for the tautomeric dilactam (III) could 
not be isolated when the “ C-hydroxy-compound ”’ was boiled for a long time with alkali 
or pyridine, or kept in concentrated sulphuric acid. 


EXPERIMENTAL 

4,9-Diazapyrene.—2,2’-Diformamidobipheny] ? (5 g.) was added, portionwise, to a melt of 
aluminium chloride (89 g.) and sodium chloride (19 g.) at 100°. After 8 hr. at 250° the mixture 
was poured on ice, basified with sodium hydroxide, and filtered. After being washed with 
water, the product was dried and extracted with benzene. Treatment of the extract with 
charcoal, filtration, removal of the solvent, and crystallisation from methanol gave 4,9-diaza- 
pyrene (2-55 g., 60%) as yellow needles, m. p. 220—221° (Found: C, 82-5; H, 3-8; N, 13-8. 
Calc. for C,,H,N,: C, 82-3; H, 3-9; N,13-7%.) Mosby * gives m. p. 220—220-7°, Badger * m. p. 
209—210°. The foregoing compound (0-25 g.) and boiling methyl iodide (10 ml.) gave in 30 
min. a monomethiodide (0-42 g., 70%) as orange needlés (from methanol), decomp. 230—240° 
(Found: N, 8-1. C,;H,,IN, requires N, 8-1%). 

5,10-Dimethyl-4,9-diazapyrene.—2,2’-Diacetamidobiphenyl? (5 g.), alumininm chloride 
(25 g.), and sodium chloride (15 g.) after 8 hr. at 250°, with working up as in the previous 
experiment, gave 5,10-dimethyl-4,9-diazapyrene (1-8 g., 43%) as yellow needles, m. p. 261—262° 
(from methanol) (lit.,2 260—261-4°) (Found: C, 82-5; H, 5-2; N, 12-0. Calc. for C,,H,,N,: 
C, 82-7; H, 5-2; N, 12-1%). 

5,10-Diphenyl-4,9-diazapyrene.—2,2’-Dibenzamidobiphenyl ™ (2 g.), aluminium chloride 
(10 g.), and sodium chloride (6 g.) were heated for 8 hr. at 250°. The crude product obtained 
as above was triturated with ethanol and then extracted (Soxhlet) with chlorobenzene, affording 
5,10-diphenyl-4,9-diazapyrene (0-77 g., 42%), m. p. 320—321° (Found: C, 87-6; H, 4-6; N, 81. 
Calc. for C,,H,,N,: C, 87-6; H, 4:5; N, 7-9%), as needles from chlorobenzene. It gave a 
picrate, m. p. 203—205°. Fairfull e¢ al.! give m. p. 320—321°, picrate, m. p. 205—206°. 

5,10-Dimethyl-4,9-diazapyrene 4,9-Dioxide.—(a) 5,10-Dimethyl-4,9-diazapyrene (0-5 g.) in 
acetic acid (15 ml.) was treated with 30% hydrogen peroxide (5 ml.). After 2 hr. at 70° the 
mixture was neutralised with ammonia solution, and the tan-coloured powder filtered off (0-4 g.). 
Recrystallisation from pyridine gave 5,10-dimethyl-4,9-diazapyrene 4,9-dioxide (Found: C, 72-7; 
H, 4:8; N, 10-4. C,,H,,N,O, requires C, 72-7; H, 4-6; N, 10-6%) as yellow needles which 
darken at 280° and decompose at 284—286° (heating at 8° per min.). 

(b) 5,10-Dimethyl-4,9-diazapyrene (0-5 g.) in chloroform (25 ml.) was treated with ethereal 
perphthalic acid (15 ml.; 2-2 atom-equiv. of oxygen). After 48 hr. at 0—5° the solvent was 
removed in a vacuum, the residue basified with ammonia, and the product filtered off and 
washed with water and a little ethanol. Recrystallisation from pyridine gave the dioxide (0-21 
g., 37%), m. p. and mixed m. p. 284—286 (decomp. from 280°) (Found: N, 10-7%). 


* Poor carbon analyses seem characteristic of compounds of this type (cf. ref. 7). 


7 Kenner and Stubbings, J., 1921, 593. 
8 Walls, J., 1935, 1405. 

® Landquist, J., 1956, 1885. 

10 Bellamy, ‘‘ The Infra-Red Spectra of Complex Molecules,” Methuen, London, 2nd edn., 1958, p. 96. 
11 Wittig, Jesaitis, and Glos, Annalen, 1952, 577, 5. 
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The dioxide gave no colour reaction with ferric chloride or cupric acetate in ethanol, nor did 
it liberate iodine from acid potassium iodide. It (0-05 g.) was heated with acetic acid (1-5 ml.) 
and reduced iron powder (0-1 g.) on the water-bath for 45 min., then filtered and basified with 
sodium hydroxide. The product was filtered off and washed with water. Extraction of the dry 
material with benzene followed by evaporation of the extract to small volume gave, on cooling, 
yellow needles (0-02 g., 46%), m. p. 261—262°, undepressed on admixture with 5,10-dimethyl- 
4,9-diazapyrene. 

5,10-Diphenyl-4,9-diazapyrene 4,9-Dioxide——(a) 5,10-Diphenyl-4,9-diazapyrene (0-5 g.) in 
acetic acid (50 ml.) containing 30% hydrogen peroxide (4 ml.) was kept at 70° for 21 hr. 
Dilution with water and filtration gave the crude dioxide (0-43 g., 79%) which from chloro- 
benzene formed yellow needles, m. p. 320—321° (decomp.), of dioxide (Found: N, 7:2. 
CygH,.N.O0, requires N, 7:2%). 

(b) 5,10-Diphenyl-4,9-diazapyrene (0-1 g.) in chloroform (20 ml.) was treated with ethereal 
perphthalic acid (3 ml.; 2-8 g.-equiv. of oxygen). After 5 days at 0—5° and working up as 
before, crystallisation from chlorobenzene gave the dioxide (0-5 g., 46%). From pyridine it 
formed yellow needles, m. p. and mixed m. p. 320—321° (Found: C, 80-8; H, 3-9; N, 7-4. 
CygH NO, requires C, 80-4; H, 4:1; N, 7:2%). 

(c) 5,10-Diphenyl-4,9-diazapyrene (0-1 g.) with perphthalic acid (1 mol.) gave after 24 hr. 
at 0—5° the dioxide (0-04 g.) as yellow needles (from pyridine), m. p. and mixed m. p. 320—321°. 
Unchanged diazapyrene was recovered from the crystallisation residues. 

This dioxide had the same properties as its analogue and on reduction gave 5,10-diphenyl- 
4,9-diazapyrene (27%) identified by mixed m. p. The use of stannous chloride and concen- 
trated hydrochloric acid gave a less pure product. 

4,9-Dihydroxy-5,10-dioxo-4,9-diazapyrene.—4,9-Diazapyrene (0-35 g.) in glacial acetic acid 
(10 ml.) containing 30% hydrogen peroxide (2 ml.) was kept at 70° for 22 hr., then diluted with 
water, and the product was filtered off and washed with water and hot ethanol. The product 
(0-27 g.) formed, from pyridine, yellow needles, m. p. >360°, of 4,9-dihydroxy-5,10-dioxo-4,9- 
diazapyrene (Found: C, 62-7; H, 3-1; N, 10-5. C,,H,N,O, requires C, 62:7; H, 3-0; N, 10-4%), 
soluble in concentrated acid or alkali but not in dilute sodium hydrogen carbonate solution. 
It gave a claret colour with ferric chloride in ethanol and a grass-green precipitate with cupric 
acetate in ethanol. It gave no iodine with acid potassium iodide nor did it form a 2,4-dinitro- 
phenylhydrazone with Brady’s reagent. Iron and acetic acid appeared not to affect it (colour 
reactions unchanged). It had vmax (KBr disc) 3750, 3250, 2850, 1655, and 1595 cm."}. 

The ‘‘ C-Hydroxy-compound.”’—4,9-Diazapyrene (0-5 g.) in chloroform (37-5 ml.) was treated 
with perphthalic acid in ether (15-75 ml., 2 atom-equiv. of oxygen). After 30 min. at room 
temperature the solvent was removed in a vacuum, water (50 ml.) added, and the mixture 
steam-distilled. Evaporation of the water in a vacuum gave a gum which on trituration with 
methanol deposited a yellow powder (0-415 g.), m. p. 286—291°. Recrystallisation from 
pyridine gave the ‘‘ C-hydroxy-compound’”’ (Found: N, 11-8. C,,H,N,O, requires N, 11-9%) 
as yellow needles, m. p. >360° (decomp.), vmax. (KBr disc) 3700, 1485, and 1260 cm... This 
was soluble in dilute sodium hydroxide but not in sodium hydrogen carbonate solution or 
common organic solvents. It gave no colour with ferric chloride or with cupric acetate, and no 
iodine with acid potassium iodide. It was unchanged on treatment with iron and acetic acid. 
When it had been dissolved in concentrated sulphuric acid and left for several days the addition 
of water precipitated no dilactam. It was unaltered when boiled for 12 hr. with pyridine, as 
shown by the similarity of the infrared absorption curves. After it had been refluxed for 2 hr. 
with 4n-sodium hydroxide, acidification precipitated a pale yellow solid which did not give the 
blue fluorescence with concentrated sulphuric acid characteristic of the dilactam. 

The ‘‘C-hydroxy-compound ” (0-2 g.) in acetic acid (6 ml.) containing 30% hydrogen 
peroxide (1 ml.) was kept at 70° for 10 hr. The precipitated solid was filtered off and washed 
with hot aqueous ethanol. The product (0-135 g.) formed, from pyridine, yellow needles, 
m. p. >360°, shown by their infrared absorption curve to be 4,9-dihydroxy-5,10-dioxo-4,9- 
diazapyrene. 

4,9-Dihydro-5,10-dioxo-4,9-diazapyrene.—5,10-Dimethyl-4,9-diazapyrene (0-2 g.) in glacial 
acetic acid (5 ml.) containing sodium dichromate (0-9 g.) was refluxed for 1 hr. The mixture 
was poured into water, and the precipitate filtered off and washed. Sublimation (at 
300—320°/0-5—1 mm.) gave crude 4,9-dihydro-5,10-dioxo-4,9-diazapyrene (Found: C, 72-3; 
H, 3-6; N, 11-7. Calc. for C,gH,N,O,: C, 71-2; H, 3-4; N, 11-9%) as a yellow powder, m. p. 












2556 kl-Abbady, Ayoub, and Baddar: 


>360° (decomp.), Vinax, (KBr disc) 3100, 1670, 1615, 1575, 1435, 1365, 743, and 650 cm.1, It 
was insoluble in all the usual organic solvents, dilute acid, and alkali. It dissolved in alcoholic 
alkali and gave a blue fluorescent solution with concentrated sulphuric acid. 


I am indebted to Drs. Catchpole and Elliott and their associates for determination of infra- 
red spectra. 


NotTtrinGHAM & District TECHNICAL COLLEGE. (Received, December 7th, 1959.) 





517. §-Aroylpropionic Acids. Part XVI.* The Conversion of 
y-Oxo-y-2-xanthenylbutyric Acid into 2,3-Benzoxanthone. 


By A. M. Ex-Appapy, S. Ayous, and F. G. BApDDAR. 


y-Oxo-y-2-xanthenylbutyric acid has been reduced to y-2-xanthenyl- 
butyric acid and then cyclised to 1’,2’,3’,4’-tetrahydro-4’-oxo-2,3-benz- 
oxanthen. This is reduced to 1’,2’,3’,4’-tetrahydro-2,3-benzoxanthen, then 
dehydrogenated, and oxidised to 2,3-benzoxanthone. y-2-Xanthenylbutyric 
ester has been condensed with diethyl oxalate, and the oxalyl derivative 
cyclised to 1’,2’-dihydro-2,3-benzoxanthen-3’,4’-dicarboxylic anhydride. 
This on dehydrogenation, decarboxylation, and oxidation gives 2,3-benzo- 
xanthone. 


ConTRARY to a report by Burtner and Brown! the Friedel-Crafts reaction of xanthen 
with succinic anhydride in benzene gave a mixture of y-oxo-y-2-xanthenylbutyric acid (I) 
and §-benzoylpropionic acid. However, condensation in acetylene tetrachloride afforded 
the keto-acid (I) in 96% yield. The structure of this keto-acid was established by its 
oxidation to xanthone-2-carboxylic acid? (XIII).. Mild oxidation of either y-oxo-y-2- 
xanthenylbutyric acid (I) or its methyl ester by potassium permanganate in aqueous 
acetone yielded y-oxo-y-2-xanthonylbutyric acid (II; R= H) or its methyl ester 
respectively. Hydrolysis of the diketo-ester (II; R = Me) with 5% alcoholic potass- 
ium hydroxide gave the diketo-acid (II; R=), but treatment with 10% aqueous 
sodium hydroxide led to a phenolic acid. This was probably due to the rupture of the 
heterocyclic ring, to give §-(4-hydroxy-3-0-hydroxybenzoylbenzoyl)propionic acid (III). 
Its structure was based on the fact that it cyclised back to the original ester (II; R = Me) 
on attempted methylation with methyl sulphate and potassium carbonate in acetone. 
A similar result was obtained with 2,2’-dihydroxybenzophenone, which was converted into 
xanthone on attempted methylation with alkaline methyl sulphate * or on evaporation 
of its alkaline solution.” 

The structure of the acid (III) was further supported by its infrared spectrum. It 
showed a broad band at 3200—3125 and a weak sharp band at 3545 cm.* (in CHCI,), 
characteristic for the chelated and the free OH group, respectively.“ Two bands at 
1695 and 1639 cm. (in Nujol) are characteristic for the side chain and the o-hydroxy- 
carbonyl group, respectively. 

Reduction of y-oxo-y-2-xanthenylbutyric acid (I) by Clemmensen’s method, or less 
satisfactorily by the Wolff—Kishner method, gave y-2-xanthenylbutyric acid (IV; R = H). 

Conversion of the acid (V; R = H) into 2,3-benzoxanthone (XIV) was carried out by 
two routes: (A) The acid chloride of (IV; R = H) was best cyclised with anhydrous stannic 
chloride, affording a cyclic ketone, theoretically of structure (VII) or (XV). It was proved 





* Part XV, J., 1960, 2309. 


1 Burtner and Brown, U.S.P. 2,480,220/1949. 

2 Anschiitz, Stoltenhoff, and Voeller, Ber., 1925, 58, 1736. 

3 (a) Unpublished work by Baddar and El-Assal; (b) Richter, J. prakt. Chem., 1883, 28, 285. 

* Bellamy, ‘ The Infra-Red Spectra of Complex Molecules,’’ Methuen and Co., Ltd., London, 1956, 
pp- (a) 84 and (6) 114. 
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to be (VII) by Clemmensen reduction to the tetralin (X), which on dehydrogenation 
followed by oxidation gave 2,3-benzoxanthone ® (XIV). Reduction of the ketone (VII) by 
lithium aluminium hydride gave the alcohol (VIII) in a quantitative yield. (B) The 
methyl ester (IV; R = Me) was condensed with diethyl oxalate in presence of potassium 
ethoxide to give the oxalyl derivative (V), which was directly cyclised with 70% sulphuric 
acid to the anhydride * (VI). This was dehydrogenated with 40% palladised charcoal or 
merely by heat to 2,3-benzoxanthen-3’,4’-dicarboxylic anhydride (IX), and was then 
successively hydrolysed to the dicarboxylic acid (XII), decarboxylated by copper-bronze 
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in quinoline to 2,3-benzoxanthen (XI), and oxidised to the same 2,3-benzoxanthone 5 (XIV). 

The electrophilic substitution of the xanthen molecule in position 2 (see I) indicates 
that the electromeric shift initiated by the oxygen of the heterocyclic ring is stronger than 
that initiated by the methylene group. 


EXPERIMENTAL 


Infrared spectra were measured with a Perkin-Elmer Infracord 137 instrument, with a 
sodium chloride prism, for Nujol mulls unless otherwise stated. 

y-Oxo-y-2-xanthenylbutyric Acid (I).—Powdered anhydrous aluminium chloride (33-0 g., 
2-2 mol.) was added to a stirred ice-cold mixture of succinic anhydride (13-0 g., 1-2 mol.) and 
xanthen (20-0 g., 1 mol.) in acetylene tetrachloride (200 ml.), then stirring was continued for 
4hr. at room temperature. The product was worked up as usual (29-8 g., 96%), then crystal- 
lised from benzene-ethanol to give y-oxo-y-2-xanthenylbutyric acid, m. p. 210—212° (Found: 
C, 72:15; H, 5-3. Calc. for C,,H,,0,: C, 72-3; H, 5-0%) (lit... m. p. 202°). It failed to give a 
2,4-dinitrophenylhydrazone or a semicarbazone. It had two strong bands at 1695 and 
1725 cm.“ characteristic of the carbonyl and the carboxy] group,’ respectively. 

® Dilthey and Quint, J. prakt. Chem., 1934, 141, 306. 


® Baddar and Warren, /., 1939, 944. 
* Bellamy, op. cit., p. 140. 
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The methyl ester, prepared in 86% yield by refluxing the acid (2-0 g.) with methyl sulphate 
(1-8 g.) and potassium carbonate (3-0 g.) in acetone (50 ml.) for 15 hr., had m. p. 113—114° 
{from light petroleum (b. p. 70—80°)] (Found: C, 72-5; H, 5-7. C,H 0, requires C, 73-0; 
H, 5-4%). Refluxing the ester with 10% sodium hydroxide solution for 15 min. gave back the 
acid in a quantitative yield. The ester had two strong bands at 1680 (C=O) and 1755 cm. 
(CO,R).® 

Oxidation of y-Oxo-y-2-xanthenylbutyric Acid (I) to Xanthone-2-carboxylic Acid (XIII)—A 
solution of the keto-acid (2-5 g.) in 10% aqueous potassium hydroxide (200 ml.) was heated ona 
boiling-water bath, and treated portionwise with powdered potassium permanganate (6-6 g.) 
during 1 hr. The product was worked up as usual, then crystallised from ethanol to give 
xanthone-2-carboxylic acid ? (1-9 g.), m. p. and mixed m. p. 303—304° (Found: C, 70-0; H, 
3-1. Calc. for C,,H,O,: C, 70-0; H, 34%). The methyl ester, prepared as above, had m. p. 
and mixed m. p. 217—218° (from benzene) (lit.,2 m. p. 185°) (Found: C, 70-3; H, 4-0. Cale. 
for C,;H,,0,: C, 70-9; H, 40%). 

y-Oxo-y-2-xanthonylbutyric Acid (Il; R=H).—A stirred suspension of y-oxo-y-2- 
xanthenylbutyric acid (3-0 g.) in 1: 3 aqueous acetone (100 ml.) was treated portionwise with 
powdered potassium permanganate (4-2 g.) during 30 min. The product was worked up as 
usual, then crystallised from acetic acid to give y-ox0-y-2-xanthonylbutyric acid (2-9 g., 93%), 
m. p. 195—197° (Found: C, 68-7; H, 4:2. C,,H,,O; requires C, 68-9; H, 4:1%). It failed to 
give a 2,4-dinitrophenylhydrazone. 

The methyl ester was prepared by methylation of the acid as above (93% yield) and by 
oxidation of methyl y-oxo-y-2-xanthenylbutyrate (2-0 g.) with potassium permanganate (2-6 g.) 
in 3:7 aqueous acetone. The latter product was a mixture of methyl y-oxo-y-2-xanthonyl- 
butyrate (0-7 g.) (soluble in benzene) and xanthone-2-carboxylic acid (0-5 g.) (insoluble in 
benzene). The eséer, crystallised from benzene-light petroleum (b. p. 60—80°), had m. p. 124— 
125° (Found: C, 69-7; H, 4:8. C,,H,,O; requires C, 69-7; H, 455%). Its infrared spectrum 
showed two strong overlapping bands at 1690 and 1666 cm.", characteristic of the two 
carbonyl groups. Its 2,4-dinitrophenylhydrazone formed red crystals, m. p. 241—242°, from 
acetic acid (Found: N, 11-5. C,,H,,N,O, requires N;11-4%). 

Hydrolysis of Methyl y-Oxo~y-2-xanthonylbutyrate.—(i) The ester was hydrolysed with boiling 
5% alcoholic potassium hydroxide for 45 min., to give y-oxo-y-2-xanthonylbutyric acid in 
quantitative yield. (ii) Hydrolysis with boiling 10% aqueous sodium hydroxide for 45 min. 
gave (probably) 8-(4-hydroxy-3-o0-hydroxybenzoylbenzoyl)propionic acid (III), m. p. 148—149° 
(pale greenish-yellow needles from benzene) (Found: C, 65-5; H, 4:7. C,,H,,O, requires C, 
65-0; H, 45%), showing a weak sharp band at 3545 cm. (in CHCI,), a broad band at 3200— 
3125 cm. (in CHCl,), and bands at 1695 and 1639 cm.?. Attempts to methylate this 
dihydroxy-acid with methyl sulphate and potassium carbonate in acetone gave back the ester 
(II; R = Me). 

y-2-Xanthenylbutyric Acid (IV; R= H).—The keto-acid (I) (15 g.) was boiled with 
amalgamated zinc (45 g.; B.D.H. grade), hydrochloric acid (230 ml.), water (15 ml.), and 
sulphur-free xylene (100 ml.) for 30 hr., then worked up as usual. The product was extracted 
with hot benzene. The soluble fraction crystallised from benzene-light petroleum (b. p. 50— 
70°), to give y-2-xanthenylbutyric acid, m. p. 143—144° (11 g.) (Found: C, 76-1; H, 6-2. 
C,,H,,0; requires C, 76-1; H, 6-0%). The benzene-insoluble fraction (2 g.) proved to be the 
unchanged keto-acid. 

The methyl ester of the product was prepared by diazomethane in 95% yield, and had m. p. 
49—50° [from light petroleum (b. p. 30—50°)] (Found: C, 75-6; H, 6-4. C,,H,,O, requires 
C, 76-6; H, 6-4%). 

1’,2’,3’,4’-Tetrahydro-4’-ox0-2,3-benzoxanthen (VII).—A stirred suspension of y-2-xanthenyl- 
butyric acid (IV; R = H) (2-7 g., 1 mol.) in thiophen-free benzene (25 ml.) was cooled in an 
ice-bath, then treated portionwise with phosphorus pentachloride (2-3 g., 1-1 mol.), kept at 
room temperature for 30 min., cooled in ice again, and treated portionwise during 30 min. with 
a solution of anhydrous stannic chloride (5-2 g., 2-4 ml.) in thiophen-free benzene (8 ml.). Stir- 
ring was continued for 1-5 hr. at 5—10°, and the mixture then worked up as usual. The product 
was extracted with sodium carbonate and filtered off (1-5 g., 59%). It crystallised from ethanol 
to give 1’,2’,3’,4’-tetrahydro-4’-ox0-2,3-benzoxanthen, m. p. 163—164° (Found: C, 81-3; H, 5-7. 
C,,H,,0, requires C, 81:6; H, 5-6%). Its 2,4-dinitrophenylhydrazone, red crystals from dioxan, 
® Bellamy, op. cit., p. 153. 
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had m. p. >360° (Found: C, 64:2; H, 4-4; N, 13-1. C,3H,.N,O, requires C, 64-2; H, 4-2; 
N, 13-0%). 

Sth Sites dantaaeas tals iemenneetiis (VIII).—A suspension of powdered lithium 
aluminium hydride (0-4 g.) in dry ether (25 ml.) was refluxed for 15 min., then treated dropwise 
with a solution of 1’,2’,3’,4’-tetrahydro-4’-oxo-2,3-benzoxanthen (VII) (0-4 g.) in dry benzene 
(25 ml.). Refluxing was continued for further 3 hr., and the mixture then left overnight at 
room temperature. The product crystallised from benzene-light petroleum (b. p. 50—70°), 
then from aqueous methanol in pale yellow needles, m. p. 149—150° (Found: C, 80-7; H, 6-2. 
Cy,H 02 requires C, 80-9; H, 6-4%). 

1’,2’,3’,4’-Tetrahydro-2,3-benzoxanthen (X).—The cyclic ketone (VII) (0-5 g.) was reduced 
by Martin’s modification of Clemmensen’s method in boiling benzene for 30 hr. 1’,2’,3’,4’- 
Tetrahydro-2,3-benzoxanthen (0-4 g., 85%) had m. p. 125—127° (from ethanol). Purification 
was best effected by sublimation at 230—240° in carbon dioxide or at 200°/20 mm.; the material 
then had m. p. 133° (Found: C, 86-1; H, 6-8. C,,H,,O requires C, 86-4; H, 6-8%). 

1’,2’-Dihydro-2,3-benzoxanthen-3’,4’-dicarboxylic Anhydride (VI).—To a stirred ice-cold 
suspension of potassium ethoxide [from potassium (2 g., 1-15 g.-atom) and ethanol (2-5 g., 
1:15 mol.)] in dry ether (100 ml.), freshly distilled diethyl oxalate (13-0 g., 1-8 mol.) was added in 
one lot. After 30 min., methyl y-2-xanthenylbutyrate (13-0 g., 1 mol.) in dry ether (50 ml.) 
was added during a further 30 min. The mixture was left for 18 hr. at room temperature with 
frequent stirring, then poured on ice and dilute sulphuric acid, left for 2 hr., and finally extracted 
with ether. Removal of the solvent gave the oxalyl derivative (V) as a dark orange-red oil. 
The crude derivative was heated with 70% sulphuric acid (v/v) (100 ml.) on a boiling-water 
bath for 1 hr. with stirring, then poured on ice and left overnight. The product was extracted 
with 10% sodium hydrogen carbonate solution (300 ml.) and filtered off (2-8 g., 20%). Acidific- 
ation of the carbonate solution gave resinous acids. The anhydride was dissolved in hot 10% 
sodium hydroxide solution (charcoal), and the mixture was filtered, cooled, and acidified. The 
precipitated dibasic acid (2-8 g.) was refluxed with acetyl chloride (50 ml.) for 1 hr., the excess 
of reagent was removed under reduced pressure, then the residue (2-5 g.) was crystallised from 
acetic acid—acetic anhydride (3:1), to give 1’,2’-dihydro-2,3-benzoxanthen-3’ ,4’-dicarboxylic 
anhydride in orange-yellow needles, m. p. 242—243° (Found: C, 75-1; H, 4:0. C,H,,0, 
requires C, 75-0; H, 40%). 

2,3-Benzoxanthen-3’,4’-dicarboxylic Anhydride (IX).—1’,2’-Dihydro-2,3-benzoxanthen-3’,4’- 
dicarboxylic anhydride (0-5 g.) was heated with 40% palladised charcoal (0-1 g.) in a bath of 
boiling «-methylnaphthalene for 1 hr. The product (0-35 g.) was extracted with hot acetic 
anhydride, and crystallised from the same solvent to give dark yellow 2,3-benzoxanthen-3’,4’- 
dicarboxylic anhydride, m. p. 228—230° (Found: C, 75-2; H, 3-5. C,gH,9O, requires C, 75-5; 
H, 33%). 

Dehydrogenation of this anhydride was also effected by heating it above its m. p. until gas 
evolution stopped. The same product was obtained but in a less pure form. 

2,3-Benzoxanthone (XIV).—(i) A mixture of 1’,2’,3’,4’-tetrahydro-2,3-benzoxanthen (X) 
(0-1 g.) and 40% palladised charcoal (0-02 g.) was heated in a bath of boiling a«-methyl- 
naphthalene for 3 hr. Unchanged starting material that sublimed was separated, and the 
solid residue extracted with benzene to give 2,3-benzoxanthen (0-03 g.,31%). This was dissolved 
in 1: 3 aqueous acetone (20 ml.), and directly oxidised with potassium permanganate (0-05 g., 
2 mol.) at room temperature. After 30 min., the mixture was warmed at 50° for a few minutes, 
then worked up as usual. The product (0-03 g.), m. p. 198—201°, crystallised from acetic acid 
to give 2,3-benzoxanthone ® as greenish-yellow needles, m. p. and mixed m. p. 201—202°. 
It gave a red-violet colour with concentrated sulphuric acid. (ii) 2,3-Benzoxanthen-3’,4’-di- 
carboxylic acid (XII) (0-3 g.) was added portionwise to copper-bronze (0-3 g.) in boiling quinoline 
(5 ml.). The mixture was refluxed for 4 hr., then worked up as usual. The product (0-14 g.) 
was oxidised with potassium permanganate (0-2 g.) in aqueous acetone as above, then 
crystallised from acetic acid to give dark yellow 2,3-benzoxanthone,® m. p. and mixed m. p. 
195—197° (red violet colour with concentrated sulphuric acid). 


CHEMISTRY DEPARTMENT, FACULTY OF SCIENCE, UNIVERSITY COLLEGE FOR GIRLS, 
Artn-SHAMS UNIVERSITY, CAIRO, Ecypt, U.A.R. [Received, December 11th, 1959.] 
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518. The Occurrence of Dihydrokempferol in Nothofagus Species, 
By N. F. JANges and J. W. W. Morcan. 


The absolute configuration of (+-)-dihydrokempferol, a constituent of 
coigue (Nothofagus spp.), has been determined by catalytic reduction of its 
trimethyl ether in acetic acid to (+)afzelechin trimethyl ether. Similar 
reduction in ethanol or by lithium aluminium hydride or sodium borohydride 
affords trans-5,7,4’-trimethoxyflavan-3,4-diol. Engelitin and isoengelitin, 
two stereoisomeric dihydrokempferol 3-L-rhamnosides, have been isolated 
from rauli (N. procera). 


TimBeErs of the Nothofagus species are used commercially as substitutes for beech. Two 
members of this species commonly imported from Chile are coigue (N. dombeyt) and rauli 
(N. procera), and their extractives form the subject of this communication. 

Extraction of the shredded heartwood of coigue by light petroleum and then ether yielded 
only small amounts of a yellow wax (0-5%) from which ferulic acid (0-03%) was obtained 
after alkaline hydrolysis. Subsequent extraction with acetone gave ellagic acid (0-3%) 
and (+-)-dihydrokempferol (I; R = OH, R’ = H) (1-1%), readily separated by virtue of the 
solubility of the latter in hot water. Pew? isolated (+)-dihydrokempferol from coigue 
together with naringenin, by extraction with cold aqueous methanol, but we could not find 
the latter in any of our extracts. Botanical examination of the timber alone does not 
allow coigue to be described unambiguously as N. dombeyi, but the present sample has been 
identified as a member of the Nothofagus species, probably N. dombeyi or N. antarctica. 
(+)-Dihydrokempferol has been isolated from a number of other timbers, including 
katsura (Cercidiphyllum japonicum),>* European larch (Larix decidua),? Eucalyptus 
calophylla,* and doussie (Afzelia spp.).5® 

The (++)-dihydrokempferol obtained in this work was characterised by oxidation to 
kempferol (II; R = OH, R’ = H) ! and as derivatives. Acetylation of the active form 
by Brewerton’s method’ affords a (+-)-3,7,4’-triacetate, m. p. 135°, but if the (+)-di- 
hydrokempferol is first racemised by boiling acid a (-+-)-3,7,4’-triacetate, m. p. 171—172°, 
is obtained. A mixture of the active and the racemic acetate melts at an intermediate 
temperature, but the two compounds were proved to be structurally alike by their 
coincident infrared spectra. The trimethyl ether is very sensitive to alkali,® being con- 
verted by 5% alcoholic potassium hydroxide at room temperature into kempferol 5,7,4’- 
trimethyl ether in 85% yield in 3 minutes. Hergert, Coad, and Logan ® observed that 
similar brief treatment of dihydroquercetin 5,7,3’,4’-tetramethyl ether (I; R = R’ = OMe) 
gives the coumaranone (III) but that boiling it with aqueous potassium hydroxide for 15 
minutes is necessary to obtain quercetin tetramethyl ether (II; R = R’ = OMe). 

The absolute configuration of (+)-dihydrokempferol has been established by the 
method used by Clark-Lewis and Korytnyk ! for (-+-)-dihydroquercetin—its tetramethyl 
ether was reduced to (++-)-catechin tetramethyl ether of known absolute configuration. The 
absolute configuration of (+-)-catechin (IV; R = R’ = OH) has been deduced by Freuden- 
berg," and by Birch, Clark-Lewis, and Robertson # (in spite of objections by Brown and 


1 Pew, J. Amer. Chem. Soc., 1948, 70, 3031. 
* Uoda, Fukushima, and Kondo, J. Agr. Chem. Soc. Japan, 1943, 19, 467; Chem. Abs., 1948, 42, 

5088; 1951, 9136. 

Gripenberg, Acta Chem. Scand., 1952, 6, 1152. 

Hillis, Austral. J. Sci. Res., 1952, A, 5, 379. 

King and Acheson, J., 1950, 168. 

King, Clark-Lewis, and Forbes, J., 1955, 2948. 

Brewerton, New Zealand J. Sci. Technol., 1957, 38, B, 697. 

Tominaga, J. Pharm. Soc. Japan, 1953, 78, 1175; Chem. Abs., 1954, 12,741. 

Hergert, Coad, and Logan, J. Org. Chem., 1956, 21, 304. 

Clark-Lewis and Korytnyk, Chem. and Ind., 1957, 1418; J., 1958, 2367. 

Freudenberg, Sci. Proc. Royal Dublin Soc., 1956, 27, 153. 

Birch, Clark-Lewis, and Robertson, J., 1957, 3586. 
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Somerfield #3 which were later invalidated); in addition, the absolute configuration of 
(+)-catechin has been established by Hardegger, Gempeler, and Zust ® using a method 
independent of the relation between catechin and epicatechin. 
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Hydrogenation of (+)-dihydrokempferol 5,7,4’-trimethyl ether over a platinum 
catalyst in acetic acid gives a 5,7,4’-trimethoxyflavan-3-ol. A comparison of the properties 
of this compound, its acetate, and its toluene-p-sulphonate with those of the corresponding 
derivatives of (+-)-catechin, (—)-epicatechin, and (—)-epiafzelechin ® (see Table) establishes 
that it is (+)afzelechin 5,7,4’-trimethyl ether (IV; R= OMe, R’ =H). It has been 
shown that compounds of the catechin series have the ¢rans-configuration, and those of 
the epicatechin series the cis-configuration at positions 2 and 3®%* and it follows that 
the new (++)-afzelechin trimethyl ether has the trans-structure. Accordingly the (+)-di- 
hydrokempferol from which this compound was derived must have the ¢vans-configuration, 
which agrees with the generalisation of Mahesh and Seshadri!” concerning the structure 
of the naturally occurring dihydroflavonols. This assignment allows the further con- 
clusion that (+-)-dihydrokempferol has the same absolute configuration (V) as (+-)-catechin, 
and can be described as (2R,3R)-3,5,7,4’-tetrahydroxy-4-flavanone.® 

In the reduction of (+-)-dihydrokempferol trimethyl ether the absorption of hydrogen 
does not stop at the theoretical 2 mols., and the optimum yield of (+-)-afzelechin trimethyl 
ether is obtained by stopping the reaction after 3 mols. of hydrogen have been taken up. 
In ethanol, however, only 1 mol. of hydrogen reacts and the product is a 5,7,4’-tri- 
methoxyflavan-3,4-diol (VI), which can be obtained also by use of lithium aluminium 
hydride or sodium borohydride. The compound gave a red colour with acid characteristic 
of a flavan-3,4-diol but failed to give an isopropylidene derivative or a cyclic carbonate 
under conditions where other cis-flavan-3,4-diols have given these derivatives. 
Moreover the diol did not give a borate complex,”4 whence it must be concluded that it is a 
trans-3,4-diol. As the trans-disposition of the 2-aryl and the 3-hydroxyl group has already 
been demonstrated the configuration of the trimethoxyflavandiol is completely known, and 
of the two possible conformations for this compound (2eq, 3eq, 4eg, and 2ax, 3ax, 4ax) the 
former is preferred. 

The formation of the érans-3,4-diol (3eq, 4eg) by reduction with lithium aluminium 
hydride and sodium borchydride is expected, as such reductions of an unhindered carbonyl 


13 Brown and Somerfield, Proc. Chem. Soc., 1958, 236. 

™ Clark-Lewis, Proc. Chem. Soc., 1959, 388. 

* Hardegger, Gempeler, and Zust, Helv. Chim. Acta, 1957, 40, 1819. 

%* Whalley, ‘‘ The Stereochemistry of the Chromans and Related Compounds,” Symposium on 
Vegetable Tannins, Cambridge, Society of Leather Trades’ Chemists, Croydon, 1956, p. 151, 

17 Mahesh and Seshadri, Proc. Indian Acad. Sci., 1955, 41, A, 210, 

8 Cahn, Ingold, and Prelog, Experientia, 1956, 12, 81. 

%” Kulkarni and Joshi, J. Indian Chem. Soc., 1957, 34, 753, 
* King and Clark-Lewis, J., 1955, 3384. 
*! Keppler, J., 1957, 2721. 
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5,7,3’,4’-Me, ether of 5,7,4’-Me, ether of 
(+)-catechin (—)-epicatechin (—)-epiafzelechin new flavan-3-ol 
M. p. [Jug * M. p. [a] * M. p. [a)p? M. p. [a]p° 
3-OH 143—144° —13-4° 153—154° —61-5° 110° —67°° 135° —3-4° *, —3.9° 
3-OAc 95—96 +6-8 91—92 —71-2 133 — 73-8 92—93 +16 
e 7a ~162 as . 5 om 
3-OTos { aia +87-7 165 16-9 165 9 130 +63 


The above values, except those for the new flavanol and its derivatives, are from King, Clark-Lewis, 
and Forbes, J., 1955, 2948. 


* In (CHCI,),. * In CHCl;, except as stated in note e. * Two forms; see Clark-Lewis and 
Korytnyk, J., 1958, 2367. 4 [a]p. * In EtOH. 


group normally give a preponderance of the equatorial isomer.*** However, Kulkarni 
and co-workers !*-*4-25 obtained mixtures of cis- and trans-3,4-diols on reduction of dihydro- 
fisetin and dihydro-4’-methoxy-6-methylflavonol by lithium aluminium hydride, and when 
the carbonyl group is hindered as in dihydroquercetin tetrabenzyl ether such reduction 
gives only the cis-3,4-diol (3eqg, 4ax).2* The difference in the course of the catalytic 
reduction of (+)-dihydrokempferol trimethyl ether in ethanol and in acetic acid is not a 
general one. Bognar and Rakosi*® found that the reduction of dihydroflavonol by 
hydrogen over a supported palladium catalyst gives the trans-3,4-diol in both solvents, 
Keppler, however, showed that dihydrofisetin gives the corresponding cis-3,4-diol by 
reduction over a platinum catalyst in methanol, and Kulkarni and co-workers 1.73. found 
that similar reduction of 7,8,3’,4’-tetramethoxydihydroflavonol in acetic acid gives the 
cis-3,4-diol, and not the flavan-3-ol. 

Of the successive light petroleum, ether, and acetone extracts of rauli, the petroleum 
extract yielded intractable fatty material and the ether extract gallic acid and a small 
quantity of a methanol-soluble glycoside found in greater amount in the acetone extract. 
Two crystalline glycosides were found in the acetone extract, one being obtained as an 
insoluble residue (0-4%) on treating the crude extract with methanol, and the other 
(1-2%) being isolated from the evaporated methanol liquors. Both glycosides on acid- 
hydrolysis afforded dihydrokempferol and L-rhamnose in equimolar amounts, and on 
methylation followed by hydrolysis both gave dihydrokempferol 5,7,4’-trimethyl ether. 
The two glycosides, which are therefore stereoisomeric dihydrokempferol 3-L-rhamnosides, 
have been isolated previously from the bark of Engelhardtia formosana *?” and named 
engelitin and isoengelitin, and a comparison with authentic samples confirmed the identity. 

In the present work acid-hydrolysis of engelitin has given a fully active sample of 
(+)-dihydrokempferol, [«],, +48°; but hydrolysis of isoengelitin is more difficult owing 
to its low solubility, and partially racemised (—)-dihydrokempferol, {«J,, —36°, was 
obtained. At first this was taken as evidence that engelitin and isoengelitin were (+)- 
and (—)-dihydrokempferol 3-L-rhamnoside respectively. However, recently Tominaga 
obtained two other stereoisomers, neoengelitin and neoisoengelitin, by isomerisation of 
engelitin in hot aqueous pyridine and showed that neoengelitin readily gives fully active 
(—)-dihydrokempferol on hydrolysis, which suggests that this isomer is (—)-dihydro- 
kempferol 3-L-rhamnoside; * further, Tominaga considers isoengelitin to be the cis- 
isomer (—)-epidihydrokempferol 3-1-rhamnoside. The isolation of partially racemised 
(—)-dihydrokempferol on hydrolysis of isoengelitin can be accommodated by this 
structure if it is assumed that the cis-form reverts to the more stable trans-form by an 
epimerisation which occurs more rapidly at one centre than the other. 


Bognar and Rakosi, Chem. and Ind., 1956, 188; Acta Chim. Acad. Sci. Hung., 1956, 14, 369. 
Kulkarni and Joshi, Chem. and Ind., 1954, 1456. 
Kulkarni and Joshi, Chem. and Ind., 1954, 1421. 
Chandorkar and Kulkarni, Current Sci., 1957, 26, 345. 
Freudenberg and Weinges, Annalen, 1958, 618, 71. 
2? Tsukamoto and Tominaga, J]. Pharm. Soc. Japan, 1953, 78, 1172; Chem. Abs., 1954, 48, 12740; 
Tominaga, ibid., 1955, 75, 1399; Chem. Abs., 1956, 50, 9396. 
28 Tominaga, personal communication. 
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EXPERIMENTAL 


Ultraviolet absorption spectra refer to ethanol solutions, and were determined on a Unicam 
S.P. 500 spectrophotometer. 

Extraction of Heartwoods.—The comminuted wood (3-0 kg.) was extracted successively 
with light petroleum (b. p. 40—60°), ether, acetone, and ethanol, for 18 hr. under nitrogen in a 
continuous-return extractor. In each case, the solvent was removed by evaporation to give 
the extract. 

Coigue Extracts.—The combined yellow, waxy, petroleum and ether extracts (15 g.) were 
saponified by a boiling 20% solution of potassium hydroxide in ethylene glycol (50 ml.) for 1 hr. 
The acidic fraction, isolated in the usual way, yielded ferulic acid (1-0 g., 0-:03%), m. p. 167— 
169°. Recrystallisation from water (charcoal) provided a pure sample, m. p. 168—170° (lit.,?° 
168—169°) (Found: C, 62-1; H, 5-1. Calc. for CygH,)O,: C, 61-8; H, 5-2%), which did not 
lower the m. p. of a synthetic sample.*® Acetylation by acetic anhydride and pyridine at 100° 
gave ferulic acid acetate, m. p. 197° (lit.,34 196—197°). 

The acetone extract, an orange gum (62 g.), was boiled with water (ca. 2 1.), leaving an 
undissolved solid, which after having been washed with methanol, gave crude ellagic acid 
(8-9 g., 03%), which did not melt below 360° and was characterised by its blue ferric reaction, 
positive Greissmeyer reaction, and the preparation of a tetraethoxycarbonyl] derivative ** by 
boiling sodium ellagate (0-3 g.) with ethyl chloroformate (10 ml.) for 3 hr. The chloroformate 
solution was hydrolysed by stirring it with water and gave a solid, which was purified by 
recrystallisation from acetone to give the derivative, m. p. 249° (lit.,52 247°) (Found: C, 52-9; 
H, 4:1. Calc. for C,,H,.0,,: C, 52-9; H, 3-8%). 

Extraction of the water-soluble portion of the acetone extract with ethyl acetate, followed 
by evaporation, gave a residue, which was crystallised from water to yield crude (+-)-dihydro- 
kempferol (32 g., 1-1%), m. p. 233°. Several recrystallisations from water (charcoal) gave a 
pure sample, which crystallised in needles, m. p. 241—242° (Pyrex tube); lit.,4 237—241°, [a],'* 
+56° (c 2:0 in 1:1 acetone—water) (Found: C, 56-7; H, 5-2. Calc. for C,,;H,,0,,1-5H,O: 
C, 57-1; H, 4:8. Found, in a specimen dried at 120° in vacuo: C, 62°6; H, 4:6; loss, 9-3. 
Calc. for C,;H,,0,: C, 62-5; H, 4-2; loss, 89%), Amax, 290 my (log ¢ 4:16), Amin, 248 my (log 
e 3-32), infl. ca. 330 my. The dihydroflavonol had a violet-brown ferric reaction, and gave a 
rose-red colour in the sodium amalgam-ethanol, magnesium—hydrochloric acid, and zinc- 
hydrochloric acid tests. A solution in hot 4% aqueous sulphuric acid was oxidised by a current 
of air to kempferol.* 

(+)-Dihydrokempferol 3,7,4’-triacetate, prepared by Brewerton’s method,’ had m. p. 135° 
(lit., 135°), [aJ,,7* +49° (c 1-5 in CHCI,); the racemic triacetate had m. p. 171—172°. 

Methyl Ethers of Dihydrokempferol_—With excess of diazomethane, dihydrokzempferol 
afforded a 7,4’-dimethyl ether, m. p. 196° (Pyrex), 187° (soda glass) (lit.,4 187°); (-+)-dihydro- 
kempferol 5,7,4’-trimethyl ether, m. p. 149° (lit.,5* 142°), [a],!® —15-2° (c 2-4 in CHCl,), +9-6° 
(c 0-5 in EtOH), was obtained by the action of dimethyl sulphate and potassium carbonate in 
acetone. The trimethyl ether forms a 3-acetate, m. p. 126—128°, [aJ,,!® + 24° (c 2-0 in CHCI,) 
(Found: C, 64:3; H, 5-5. C. 9H, O, requires C, 64:5; H, 5-4%). 

When (-+-)-dihydrokempferol trimethyl ether was dissolved in 5% ethanolic potassium 
hydroxide at room temperature and kept for 3 min. it was converted in 85% yield into kempferol 
5,7,4’-trimethyl ether, m. p. 149—151° (lit.,5 151°) depressed to 130° by the starting compound; 
this product had max, 257, 308, 352 my (log ¢ 4-00, 3-72, 4-04). 

(+)-5,7,4’-Trimethoxyflavan-3-0l.—(+-)-Dihydrokempferol trimethyl ether (0-96 g.) in 
acetic acid (30 ml.) over reduced platinum oxide (0-25 g. of oxide) absorbed 220 c.c. (N.T.P.) of 
hydrogen (3 mols.) in 220 min. Removal of the acetic acid from the filtered solution under 
reduced pressure gave a syrup which crystallised under methanol (yield, 0-45 g., 47%) and 
recrystallised from ether—-light petroleum as needles of 5,7,4’-trimethoxyflavan-3-ol, m. p. 135°, 
[a], —3-4° (c 0-6 in EtOH), —3-0° (c 1-7 in CHCI,) (Found: C, 68-1; H, 6-7. C,,H,.O, requires 
C, 68-3; H, 64%), Amax, 207, 272 my (log ¢ 4-54, 3-37), Amin, 251 my (log ¢ 3-07), infl. 223 my. 

5,7,4’-Trimethoxyflavan-3-yl acetate, obtained by use of boiling acetic anhydride and pyridine 

* Tiemann, Ber., 1896, 9, 416. 

* Johnson in ‘‘ Organic Reactions,’ Wiley and Sons, New York, 1942, Vol. I, p. 250. 

*! Tiemann and Nagai, Ber., 1878, 11, 647. 


%2 Reichel and Schwab, Annalen, 1942, 550, 152. 
38 Goel, Narasimhachari, and Seshadri, Proc. Indian Acad. Sci., 1954, 89, A, 254. 
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(1 hr.), formed needles, m. p. 92—93°, [aJ,,!® + 16° (c 1-0 in CHCI,) (Found: C, 67-0; H, 6-1; 
CyoH.,0, requires C, 67-0; H, 6-2%). 

In pyridine at 100° the flavan-3-ol gave 5,7,4’-trimethoxyflavan-3-yl toluene-p-sulphonate 
which crystallised first from ethanol and then from light petroleum (b. p. 80—100°) as needles, 
m. p. 130°, [aJ,,* +63° (¢ 1-1 in CHCI,) (Found: C, 63-8; H, 5-7. C,;H,,0,S requires C, 63-8: 
H, 5-6%). 

5,7,4’-Trimethoxyflavan-3,4-diol—A solution of (+-)-dihydrokempferol trimethyl ether 
(1-00 g.) in ethanol (45 ml.) over reduced platinum oxide (0-1 g. of oxide) absorbed 74:5 c.c, 
(N.T.P.) of hydrogen (1-04 mols.) in 30 min. The filtered solution was evaporated to a residue, 
which after several recrystallisations from ethanol-light petroleum (b. p. 80—100°) gave needles 
of 5,7,4’-trimethoxyflavan-3,4-diol, m. p. 161—162°, [a],,!® +3-6° (c 1-2 in CHCI,), +-8-0° (c 0-6 
in EtOH) (Found: C, 65-2; H, 6-3. C,,H,.O, requires C, 65-0; H, 6-1%). 

A slurry of (+)-dihydrokempferol trimethyl ether (0-5 g.) in methanol (30 ml.) was added 
in portions to a solution of sodium borohydride (0-2 g.) in methanol (5 ml.); the solid gradually 
dissolved. After 45 min. the solution was poured into N-sodium hydroxide (100 ml.), and the 
whole was extracted with ether. The extracted solid (0-40 g., 80%) was repeatedly recrystal- 
lised from ethanol-light petroleum (b. p. 80—100°), to give needles, m. p. 161—162°, undepressed 
on admixture with the hydrogenation product. 

Finely ground (+)-dihydrokempferol trimethyl ether (1-0 g.) and ether (50 ml.) were added 
as a slurry to a boiling ethereal solution (20 ml., 4.5%) of lithium aluminium hydride. Boiling 
was continued for 7 hr., and the solution was kept overnight at room temperature. Excess of 
hydride was decomposed by methanol, then the mixture was shaken with N-sodium hydroxide 
(100 ml.), and the product collected in ether. The crude diol (0-98 g., 97%) obtained, when 
purified, was identical with the above diol. 

On heating with concentrated hydrochloric acid, a solution of the diol gave a red colour 
which was extracted by pentyl alcohol. 

The 3,4-diol (0-3 g.), when boiled with acetic anhydride (3 ml.) and pyridine (3 ml.) for 20 
min., gave 3,4-diacetoxy-5,7,4’-trimethoxyflavan, plates, m. p. 144—145° (from ethanol), [{a)," 
+ 1-6° (c 1-4 in CHCI,) (Found: C, 63-2; H, 5-8. G,H,.O, requires C, 63-4; H, 5-8%). 

Configuration of the 3,4-Diol.—Triethylamine (2 ml.) was added dropwise to a solution of the 
3,4-diol (0-2 g.) in benzene (2 ml.), dioxan (2 ml.),and ethyl chloroformate (2 ml.), the mixture was 
kept at room temperature for 2 hr., then filtered, and the filtrate allowed to evaporate. The 
portion of the residue soluble in hot light petroleum (b. p. 80—100°) recrystallised from methanol 
as needles (0-08 g.), m. p. and mixed m. p. with the starting compound 160°. 

A solution of the diol (0-1 g.) in acetone (6 ml.) containing concentrated hydrochloric acid 
(1 drop in 100 ml.) was kept at room temperature for 3 days, then treated with triethylamine 
(2 drops). Addition of water to the solution gave a product which did not crystallise. 

The pH of a solution (50 ml.) of mannitol (0-1 g.) in 50% aqueous ethanol was adjusted to 
10-6 with sodium carbonate solution. A solution (pH 10-8) of sodium borate (0-27 g.) in 50% 
aqueous ethanol (100 ml.) was then added in portions. On addition of 1-2 ml., the pH fell to 
6-5. When the 3,4-diol was used in the above procedure, the change in pH was less than 0-2. 

Rauli Extracts —The ether extract, a red gum (6-1 g.), was leached with hot chloroform, 
leaving an insoluble fraction (2-7 g.) which was crystallised from water, yielding crude engelitin, 
m. p. 160—170° (1-0 g., 0-03%). Concentration of the mother-liquor gave gallic acid, m. p. 
220—235° (decomp.) (0-7 g., 0-02%), which recrystallised from water as needles, m. p. 239—244° 
(decomp.) [lit.,34 239—240° (decomp.)] (Found: C, 49-4; H, 3-6. Calc. for C;H,O;: C, 491; 
H, 3-5%). Treatment with ethereal diazomethane gave methyl tri-O-methylgallate, m. p. and 
mixed m. p. 81-5°. 

The acetone extract, a dark red gum (123 g.), was treated with cold methanol (ca. 500 ml.), 
leaving undissolved crude isoengelitin, m. p. 285° (decomp.) (12-0 g., 0-4%). The dark red 
methanol solution was evaporated to dryness and the residue was boiled with water (21.). The 
filtered aqueous solution was extracted several times with ethyl acetate, and the combined 
extracts were evaporated to a solid, which when crystallised from water gave crude engelitin, 
m. p. 160—170° (36-1 g., 1-2%). 

Engelitin and Isoengelitin——Crude engelitin was purified by recrystallisation from water 
to give plates, m. p. 172°, [a],!® —18-3° (c 1-4 in C;H,N) (lit.,35 m. p. 176—177°, [a], —16°) 

* Perkin and Hummel, J., 1896, 69, 1292. 

8° Tominaga and Joshimura, J. Pharm. Soc. Japan, 1959, 79, 555. 
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(Found: C, 54-7; H, 5-5. Calc. for C.;H_,O0,9,1-5H,O: C, 54:7; H, 5-5. Found, in a sample 
dried at 140° in vacuo: C, 57-8; H, 5-3. Cale. for C,,H,,O,9: C, 57-8; H, 51%), Amex, 291 my 
(log ¢ 4°15), Amin, 251 my. (log ¢ 3-37), infl. ca. 325 mu. 

Isoengelitin was purified by concentrating a solution in 50% aqueous acetone until a 
precipitate was formed; it then crystallised in blades, m. p. 292° (decomp.), [aJ,,2* —280° (c 0-5 
in C;H,N) [lit.,8° m. p. 301—302° (decomp.), {aJ,"* 282°] (Found: C, 57-9; H, 5-1%), Amax. 
290 my. (log ¢ 4°17), Amin, 248 my (log ¢ 3-38), infl. ca. 335 my. 

Both engelitin and isoengelitin give violet—brown ferric reactions and positive sodium 
amalgam-ethanol and magnesium-hydrochloric acid tests. The infrared spectra (Nujol mulls) 
of engelitin and isoengelitin were identical with those of authentic samples kindly supplied by 
Dr. T. Tominaga. 

Hydrolysis of Engelitin.—The glycoside (1-0007 g.) was added to hot 6% aqueous sulphuric 
acid (25 ml.), and the solution was boiled for 20 min., then kept overnight at 0°. The colourless 
crystals formed were collected and the filtrate and washings were retained. 

’ The dried aglycone (0-6950 g., 92% calc. on the basis of one rhamnose unit per molecule) 
separated from water as needles, m. p. 241—242° (Pyrex), [a],"* +48° (c 2-4 in 1: 1 acetone-— 
water). When acetylated as described for dihydrokempferol, the compound formed (+-)-di- 
hydrokempferol triacetate, m. p. and mixed m. p. 135°, (aJ,¥* +54° (c 1-8 in CHCI,). 

The solution and washings from which the aglycone had been removed were heated on a 
steam-bath and neutralised with barium carbonate. After removal of the precipitated sulphate, 
the filtrate was concentrated to 10 ml. A portion (4 ml.) of this solution, treated with phenyl- 
hydrazine acetate under standard conditions,* precipitated an osazone in 9 min. Its crystalline 
form was identical with that of a specimen similarly prepared from .t-rhamnose, and after 
recrystallisation from ethanol it had m. p. and mixed m. p. 181°, [a], +92° (c 0-4 in C,H,N) 

lit.,37 +94°). 

Hydrolysis of Isoengelitin—The glycoside (0-1655 g.) dissolved in 6% aqueous sulphuric 
acid (25 ml.) only after being boiled for 4hr. Treatment of the hydrolysis mixture in the same 
way as that from engelitin gave the aglycone (0-0982 g., 90% based on one rhamnose unit per 
molecule), {«J,2° —21° (¢ 1-3 in 1:1 acetone—water), and, from the filtrate, L-rhamnosazone, 
m. p. and mixed m. p. 181°, [a],,2° +93° (c 0-5 in C,H;N), was obtained 9 min. after the addition 
of phenylhydrazine acetate. 

The glycoside (0-3 g.), when added to boiling 5% sulphuric acid (300 ml.), dissolved com- 
pletely in 40 min. After cooling, the solution was extracted with ether, and the extract was 
evaporated to a residue which recrystallised from water as needles, m. p. 240—241° (Pyrex), 
[a], —36° (c 1-2 in 1: 1 acetone—-water). Acetylation of this product gave partially racemic 
dihydrokempferol triacetate, m. p. 155—162°, [aJ,?7 —30° (c 1-5 in CHCI,), whose infrared 
spectrum in chloroform was identical with that of (+)-dihydrokempferol triacetate. 

Methylation of Engelitin and Isoengelitin.—Engelitin (0-5 g.) was dissolved in dry acetone 
(50 ml.), and dimethyl sulphate (0-5 ml.) and potassium carbonate (2-5 g.) were added. The 
stirred mixture was boiled under reflux for 2 hr. and the solution was then filtered and evaporated 
to dryness under reduced pressure. A solution of the pale yellow residue in 3% methanolic 
hydrogen chloride (30 ml.) was boiled for 1 hr. It was then diluted with water (150 ml.) and 
extracted with ether; the ether extract yielded a residue which recrystallised from methanol 
as prisms (0-14 g., 40%), m. p. 149°, undepressed when mixed with dihydrokempferol 5,7,4’- 
trimethyl ether. 

By the same procedure isoengelitin (0-5 g.) gave the same product (0-15 g., 40%), m. p. and 
mixed m. p. 150°. 


The authors wish to acknowledge the kindness of Dr. T. Tominaga for informing them of 
his results in advance of publication, and of Mr. B. J. Rendle of the Forest Products Research 
Laboratory for examining the timbers botanically. They are further indebted to Dr. F. E. 
King for constant help and encouragement during the work. 


British CELANESE Ltp., PUTTERIDGE Bury, 
Nr. Luton, BeEps. * (Received, January 11th, 1960.) 


Pot “A Textbook of Practical Organic Chemistry,’’ Longmans, Green and Co., London, 1948, 


*? Fischer and Zach, Ber., 1912, 45, 3771. 


2566 Everett: Some Correlations between 


519. Some Correlations between Thermodynamic Properties and 
the Structure of Liquids. 


By D. H. Everett. 


A set of standard molecular liquids is selected whose thermodynamic 
properties conform to certain simple equations and with which the properties 
of other liquids can be compared. The group is found to consist of molecules 
all of which are effectively spherical, and deviation of a liquid from standard 
behaviour is closely related to lack of spherical symmetry of its molecules. 
The method involves a modification of Trouton’s rule, similar to Hilde- 
brand’s well-known variant but much easier to apply. The criterion adopted 
is related thermodynamically to the Barclay—Butler equation between heats 
and entropies of vaporisation, and leads to a more general heat—-entropy 
relation. Equations for other thermodynamic properties of these liquids 
(heat of vaporisation, vapour pressure, and heat-capacity change on 
vaporisation) are also derived. The liquids selected do not follow the 
principle of corresponding states accurately and it is concluded that their 
intermolecular forces are not conformal. 


MANY attempts have been made to define the properties of ‘“ normal,” “ ideal,” or 
“ perfect ” liquids with which the behaviour of real liquids can be compared. Most have 
been based on a study of the entropy of vaporisation of liquids considered either empirically, 
as in the classical work of Trouton, of Hildebrand,? and, more recently, of Barclay and 
Butler,? or theoretically by using the principle of corresponding states (e.g., Pitzer, 
Guggenheim,® Longuet-Higgins *). However, as far as the author is aware, the simple 
modification of Trouton’s rule described below’ has not previously been employed as a 
basis for the comparison of liquids. Its ease of application, the precision with which it 
applies to a group of quasi-spherical hydrocarbon molecules, and the close relation between 
deviations from the rule and the asymmetry of the molecules concerned, are all factors 
contributing to its usefulness. It should have considerable value, not only for the 
qualitative discussion of the freedom of rotational motion in liquids, but also as a basis 
with which the predictions of theories of liquids may be compared. 

Entropies of Vaporisation.—The standard entropy of vaporisation of a liquid can be 
defined in various ways depending on the choice of “‘ standard state ”’ of the vapour phase. 
Three alternative definitions are summarised in Fig. 1. Previous “ rules ”’ relating to the 
entropy of vaporisation have been concerned mainly with As, 7.e., with the entropy 
difference between a liquid and vapour in equilibrium with it under specified conditions. 
We accept Hildebrand’s well-known criticism of the original Trouton rule, but correct for 
its shortcomings in a different way. We retain, provisionally, the normal boiling point 
as the appropriate temperature at which to make the comparison, but instead of con- 
sidering the process of evaporation to the saturated vapour, we consider evaporation to 
vapour (not now in equilibrium with the liquid) having a definite chosen molar volume 1. 
The entropy change in this process, which (see Fig. 1) we denote by As*, is given by 


As? = As’ + R In vt/v™* Ta ee 


where v** is the molar volume of saturated vapour at 1 atm. pressure. If we assume that 


Trouton, Phil. Mag., 1884, 18, 54. 

Hildebrand, J. Amer. Chem. Soc., 1915, 37, 970; 1918, 40, 45. 

Barclay and Butler, Trans. Faraday Soc., 1938, 34, 1445. 

Pitzer, J. Chem. Phys., 1939, 7, 583. 

Guggenheim, ibid., 1945, 18, 253. 

Longuet-Higgins, Proc. Roy. Soc., 1951, A, 205, 247. 

? Originally communicated at a meeting of the Chemical Society, 18th February 1954; see Chem. 

and Ind., 1954, 429. 
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the vapour can be treated as a perfect gas, and choose vt= 22,414 cm mole“, it follows 


immediately that 
Ah? 273-15 
$ — 
Ee ee ae eae ee 
Examination of the data for ali saturated hydrocarbons up to C,, listed in the American 
Petroleum Institute tables of properties of hydrocarbons,’ shows that for these ninety 


bstances 
" Ast = 19-7 + 0-7 cal. deg. mole+ 6 nee eb 


whereas the conventional Trouton constant 
As’ = 19-5 + 2-1 cal. deg. mole a a 
and shows a steady drift with the boiling point of the compound. Furthermore, when the 


Fic. 1. Definition and notation of entropies of vaporisation (vapour assumed to be a perfect gas). [As* 
is the difference in entropy between vapour and liquid in equilibrium with one another at a temper- 
ature T; Ast is the difference between the entropy of vapour at a standard pressure pt (not neces- 
sarily 1 atm.) and liquid at the same 7; Ast? is that between vapour occupying a standard volume 
vt and liquid.) 
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Liguid 
Entropy rules 
Trouton (1884), As’ = const., p = const. (usually 1 atm., i.e., at the normal b. p.). 
Hildebrand (1915), As’ = constant, RT/p = const., i.e., v™ = const. 
Pitzer (1939), As’ = const., v/v! = const. 
Guggenheim (1945), As’ = const., p/p, = const. 
Barclay and Butler (1938), Ast = A + BAht, T = const. 
This paper, Ast = const., = const. 


TABLE l(a). Entropies of vaporisation of standard hydrocarbons (in calories). 


Ts As* Ast 
Compound (p = 1 atm.) (p = 1 atm.) (vt = 22-41.) 
Methane 111-67° 17-51 19-29 
Isopentane 301-01 19-41 19-22 
Neopentane 282-66 19-24 19-18 
2,3-Dimethylbutane 331-15 19-68 19-30 
2,2-Dimethylbutane 322-90 19-47 19-14 
2,2-Dimethylpentane 352-37 19-78 19-28 
3,3-Dimethylpentane 359-23 19-72 19-18 
2,2,3-Trimethylbutane 354-03 19-54 19-03 
2,2,4-Trimethylpentane 372-40 19-90 19-29 
2,2,3,3-Tetramethylbutane 379-46 19-92 19-27 
2,3,3,4-Tetramethylpentane 414-70 20-13 19-31 
2,2,4,4-Tetramethylpentane 395-44 19-86 19-13 


TABLE 1(b). Entropies of vaporisation of heptanes. 
(Similar behaviour is found with all sets of isomers of alkanes up to Cy.) 


To As? Ast ’ As? Ast 

(p=1 p=1l (t= (p=1 (t= 

Compound atm.) atm.) 22-4 1.) Compound , atm.) 22-4 1.) 
n-Heptane f 20-38 19-77 2,4-Dimethylpentane 19-93 19-42 
2-Methylhexane ° 20-18 19-62 2,2-Dimethylpentane ; 19-78 19-28 
3-Ethylpentane . 20-18 19-60 3,3-Dimethylpentane : 19-72 19-18 

3-Methylhexane . 20-15 19-58 2,2,3-Trimethyl- 

2,3-Dimethylpentane 362-95 20-01 19-45 butane . 19-54 19-03 


* American Petroleum Institute Project 44, ‘‘ Selected properties of hydrocarbons ” (Washington 
1944—1951; Pittsburg, 1951— ). 
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drift of Trouton constant with boiling point has been eliminated, a striking relation 
between As* and molecular structure is revealed: the more symmetrical the molecule the 
lower the value of As*. We select the twelve “ spherical hydrocarbons ” in Table 1(a) to 
represent a class of standard molecular liquids for which As* lies between very close limits: 





Ast = 19-16 + 0-15 cal.deg mole . . . . . (5) 


All other hydrocarbons have values of As* greater than this standard value. This figure 
refers to evaporation to the real gas state: by taking 0-20 as a mean value for the correction 
to the vapour entropy for gas imperfection at the normal boiling point, we obtain a value 
for Ast for evaporation to the perfect gas state of 19-36 cal. deg.1 mole™. 

The constancy of As* implies that the conventional Trouton constant should vary with 
normal boiling point according to the equation 


A?=800+RInT ....... @ 


An equation of this form, but with 8-75 as the constant term, was suggested on quite 
different (and in the author’s view erroneous) grounds by Kistiakowsky ® and used by 
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Watson ! and Schumacher; !! its connection with the constancy of As* seems not to have 
been recognised previously. 

A different approach to the problem of deviations from Trouton’s rule led Barclay and 
Butler * to suggest that heats and entropies of vaporisation were related, for ‘‘ normal” 
liquids, by an equation of the form 


Ast = A + BAht (constant 7) oe Se ee a a 


where Ast and Aht refer to evaporation to a chosen standard pressure pt, not necessarily 
equal to l atm. Frank ® used an equation of this type as a basis for a discussion of the 
deviations of real liquids from the properties he ascribes to an “ ideal’”’ liquid. Data 
given in the A.P.I. Tables for the twelve hydrocarbons selected as “ standard liquids,” 
show that at 25° and pt = 1 atm. eqn. (7) is followed to within +0-10 cal. deg. mole* 
when A = 12-40 cal. deg. mole and B = 0-001225 deg.1. In this case the data given in 
the A.P.I. Tables are corrected to the ideal-gas state. Points for all other hydrocarbons 
fall above this line (i.e., have larger values of Ast). Moreover, the deviations from eqn. 


® Kistiakowsky, Z. phys. Chem., 1923, 107, 65. 
10 Watson, Ind. Eng. Chem., 1931, 23, 360. 

411 Schumacher, Oel und Kohle, 1943, 39, 634. 
12 Frank, J. Chem. Phys., 1945, 18, 493. 






Se ps 


RE 









Cc 


or 


Te} 


eq 









he 
to 


on 
ue 


th 


ite 
by 


tler 
py 


und 
il ” 


rily 
the 
ata 


’ 
et 
n in 
ons 
qn. 





IT ARTE aR 





[1960] Thermodynamic Properties and the Structure of Liquids. 2569 


(5) correlate very closely with those from eqn. (7). This is shown in Fig. 2 where the full 
line represents 

B(Ast) = O-648(Ast) 2 2. 2 2 ww. 8) 
where 8(Ast) and 8(As*) are the deviations from eqns. (7) and (5), respectively. 

Relation between the New Entropy Rule and the Barclay-Butler Rule.—The fact that two 
empirical equations, (5) and (7), one of which refers to isothermal conditions and the 
other to isopiestic, lead to the selection of the same set of compounds to represent 
“standard” behaviour, and that the deviation of a given liquid from one equation is so 
closely correlated with its deviation from the other, suggests that these equations are two 
aspects of a more general relation. 

First, we observe that Trouton’s rule and the Barclay-Butler equation can be thermo- 
dynamically self-consistent if, in eqn. (7), 


A = constant ere ob! 2th: & moe 
B= B'/T; B’=constant . . ... . . (9) 


A preliminary study by F. W. Smith ¥ of the validity of eqn. (7) at —80° and —120° 
suggests that eqn. (90) is valid, while eqn. (9a) is only approximately true. From the value 
of B at 25° we obtain B’ = 0-365, and this value, together with A at 25°, leads to the 
Trouton ratio at the normal boiling point 


As’ = 19-5 cal. deg. mole! cS -:503- 6 Ti 
in agreement with 19-5 -} 2-1 for the standard hydrocarbons. 


Similarly, the new entropy rule and the Barclay—Butler equation are mutually 
consistent if 


As? = As’ — R In (7;,/273-15) = A/(1 — TB) — RB In (T,/273-15) = constant (11) 
This is most simply satisfied by accepting eqn. (9), when 

A= A’'+R(1—B’)InT; A’=constant . . . . (12a) 

B= B'/T; B’=constant .... . . (12d) 


Equation (12a) implies a slow increase of A with temperature and is consistent with 
Smith’s findings. Taking A = 12-40 cal. deg.+ mole? at 25°, we have A’ = 5-22 cal. 
deg.“ mole and on insertion in eqn. (11), 


Ast = 19-37 cal.deg-4mole* . . . . . . (13) 


at the normal boiling point. This is in exact agreement with the value found experi- 
mentally. Furthermore, if deviations from standard behaviour can be attributed to 
changes in A’, then it is easily shown that 

S(Asf) = 0-635 8{As*) . . . .... 


again in agreement with the observed relation (8). 
We conclude therefore that the equation 


Ast = A’ + R(1— B’)InT+(B/T)Anwt . ww Cs SC() 
or numerical values being inserted 
Ast/R ='2-63 + 0-635 In T 4+- 0-365 AWt/RT . . . . (16) 


represents the behaviour of all standard liquids and embraces both the Barclay—Butler 
equation and the new entropy rule. The approximate equation, in which the first two 
% Smith, F. W., Ph.D. Thesis, St. Andrews, 1951. 


as 





2570 Everett: Some Correlations between 


terms on the right-hand side are given the constant value 6-25, embraces the Barclay- 
Butler equation and Trouton’s rule. 

Some Consequences of the New Entropy Equation.—Other thermodynamic properties 
of standard liquids can be deduced from eqn. (7) when the temperature dependence of the 
parameters A and B is known. Egns. (9) and (12) provide this at two levels of accuracy, 
Using eqn. (9), we obtain the following equations which have a validity consistent with 
that of Trouton’s rule: 






AM/RT =9-74(T,/T® 2. 2. 2. ww ee ID) 
Ac,'/R = —5°64(7,/T)"™® . . . w/e (18) 
—logi,  (atm.) = 2-70 [(7,/T)'** — 1) none Yee 


To obtain eqn. (19) it is necessary to integrate the Clausius—-Clapeyron equation, the 
assumptions being made that the volume of the liquid phase can be neglected, and that 
the vapour is perfect. The error thus introduced can be allowed for approximately by 
replacing 2-70 by 2-76. The resulting one-parameter equation 


—logy, p (atm.) = 2-76 [(7,/T)#>* — 1) ee a 


is found to represent the vapour pressures of the standard liquids to within +-2% in the 
temperature range 7,/T = 0-9—1-4, which in most cases extends down to the f. p. It is 
much more precise than the equation 


—log,) p (atm.) = 460[(72/7T)-—1) . . . ee ORM) 


derived by using Trouton’s rule, together with the assumption that Aht is independent of 
temperature. An abridged table of values of [(7,/T)*5"5 — 1] and of log,, # corresponding 
to eqn. (20) is given in Table 2. 


TABLE 2. Vapour pressure of standard liquids according to (20). 


/ log p p log p p 

T/T [(T/T)*5 — 1] (mm. Hg) (mm. Hg) T./T [(Ts/T)*575 — 1] (mm. Hg) (mm. Hg) 
0-90 —0-1529 3-303 2010 1-20 0-3326 1-963 91-8 
0-95 —0-0776 3-095 1250 1-25 0-4211 1-719 52-4 
1-00 0-000 2-881 760 1-30 0-5117 1-469 29-4 
1-05 +-0-0799 2-660 457 1-35 0-604 1-214 16-4 
1-10 0-1619 2-434 272 1-40 0-698 0-955 9-02 
1-15 0-2462 2-201 159 


The more precise approximation leads to the following equations: 


Aht/RT = (3-51 + In 7;)(Tp/T)9%5 +0685 . . . . (22) 
Ac,/R = Acp/R — 1 = —0-575 (3-51 + In 7;)(Tp/T)*5 — 0-365... (23) 
log,» p (atm.) = [0-969 + 0-635 logy, Ts)[(7s/T)*5 — 1] + 0-635 logy, (T/T) (24) 


This more precise vapour-pressure equation is also limited in accuracy by approximations 
involved in integrating the Clausius-Clapeyron equation. If the coefficient of 
[(T,/T)*55 — 1] is replaced by a value which fits the experimental data at one other 
temperature, this equation is a slight improvement on eqn. (20), although its more complex 
mathematical form makes it less attractive as an empirical equation. 

The entropy change As* at the normal b. p. is discussed above. However, it is easily 
shown that As* at any other chosen pressure is constant for standard liquids, and that its 
value at a pressure # (atm.) is given by 


Ast/R = —1-32 log,, p (atm.) + 9-74 . . . . . (25) 


Deviations from the New Entropy Rule, and Molecular Structure ——Empirically, it is 
found that deviations of As* at the normal b. p. from the standard value are closely related 
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to the lack of spherical symmetry of the molecule: in each group of isomers the normal 
hydrocarbon has the highest, and the most symmetrical isomer the lowest, value of As? 
(Table 1(6)]. This is the behaviour to be expected if the freedom of rotation of molecules 
in the liquid state is restricted when the molecule is unsymmetrical in shape or has an 
unsymmetrical force field.# A quantitative measure of the lack of symmetry of hydro- 
carbons is difficult to define, but an approximate assessment can be made by constructing 
molecular models, measuring the ratio of the maximum and minimum dimensions in 
various configurations, and taking an appropriate average. This asymmetry factor (a) 
is fairly easy to calculate for the smaller hydrocarbons (to about C,), but for larger mole- 
cules the number of configurations to be considered becomes very large and it is difficult 
to lay down the proper method of averaging. For each molecular weight (M), deviations 
from the entropy rule are linearly related to (« — 1), but for a given (« — 1) the deviation 
decreases with increase in molecular weight. Fig. 3 shows that the entropy deviation is 
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roughly proportional to («—1)/M. Qualitatively, this is not unexpected since the 
effect of a given energy barrier on the entropy of a restricted rotator decreases as the 
moment of inertia of the rotating group increases.® 

Applicability to Other Molecules.—These considerations apply most precisely to the 
entropies of vaporisation of hydrocarbons, for which the data are most extensive and 
reliable. It is interesting, however, to examine the more general applicability of the new 
rule. Table 3 summarises the available data on molecules of the form XY,.1* The data 


TABLE 3. Tetrahedral XY, molecules. 
Ast (cal. deg.-? mole). 


Y: H F Cl Br I 

x 
en eatin bec 19-3 + O-1 22-0 + 0-1 2044005 21-94 1-0 _~ 
Ae sce 19-5 + 0-4 205420 22-2415 20-3 + 0-6 19-5 + 0-9 
OP ti sldsbe 19-0 4 ? ro 19-5 + 2 17-5 + 2 _ 
near 20-4 + ? ay 20-4 + 1 19-3 + 2 20-4 + 2 
6S Analltiinonld = —_ 20-3 + 0-1 19-7 + 0-8 18-9 + 1-5 


Mean (excluding SiF, 


~— 


= 19-9 (range 17-5 — 22-0). 


are of very variable accuracy, but it appears that, while the hydrides have values of Ast 
close to the standard value, other molecules tend to have higher values, the largest being 
for silicon tetrafluoride which, as it happens, is the molecule for which the electronegativity 
of the constituent atoms differs most. This suggests that these molecules do not behave 
exactly as spherical molecules but have certain preferred mutual orientations which lead 
to a reduction in the freedom of rotation. 


* E.g., Hildebrand, Proc. Phys. Soc., 1944, 56, 221. 
® See, e.g., Taylor and Glasstone, “‘ Textbook of Physical Chemistry,”’ Vol. 1, Appendix II. 
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The influence of molecular symmetry on As* is well illustrated by molecules of the 
type XH,Y, where a +- 6 = 4, and Y is a halogen. The data are summarised in Fig. 4: 
in each case As* for the unsymmetrical molecules is higher than that of either of the 
symmetrical molecules XH, or XY,. 

Finally, consideration of values of As* may be useful in picking out other groups of similar 
liquids. For example, among the metals the six elements Cu, Zn, Ag, Cd, Au, and Hg 
(whose conventional Trouton constants lie in the range 22-0—25-3) have values of Ast of 














23-0 y 
4 
220+ “ 
7 
7 
7 
21-0 |- f 
4 
v4 
7 
200; P 4 
Pi Y=Cl 
> 190 “ 1 L 1 1 
~ GeH,  GeHY GeH.Y, GeHY,  Ge¥, 
.. 210 }- 
D 
3 Y=Br Vic. 4. Influence of asymmetry if 
° . 4 ) ” 0 
r~ ects, EY An Oe Y=Cl tetrahedral molecules XHgY, on Ast, 
ww ~~ Vol 
» 1/90 1 
J SiH, SiH,Y SiH,Y, SiHY, Si, 
230}- 
22:0}- 
2l1o}- 
20:0 |- 
19-0 \ 1 ! J 














CH, CHY CHY 


5 om. 


4 


20-4 -++- 0-2 cal. deg.1 mole*. Unfortunately, the precision with which the heats of 
evaporation of most metals are known is so low that other possible regularities are difficult 
to discern. 

Interpretation of the New Entropy Rule.—The present analysis provides a series of 
equations for the thermodynamic properties of ‘‘ standard liquids,” and any adequate 
statistical mechanical theory of such liquids must at least provide close approximations 
to them. The entropy change As* is given by the fundamental statistical-mechanical 
equation 

Ast = Rin Q2/' + Rinvé+R—{a(kTMQleT}y . . . (26) 


where Q? and @! are the partition functions for the internal degrees of freedom (including 
rotations of the molecules as a whole) in the gas and the liquid respectively, and 2= 
mf ‘ [exp (—W/kT)do is the configurational part of the partition function of liquid 


containing N molecules confined to a volume V; W is the potential energy of a given 
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configuration, and integration is over all configurations in the given volume. In the cell- 
theory of liquids it is usual to define a so-called free volume (vy) of the liquid by 2 = 
(v)*/N! whence 
Ast = R In Q2/Q' + R In v*/v, — RT(@ In v//0T) yp ee 
The last term is often assumed to be zero. If it is retained the equation may be simplified 
by defining another free volume, wy, by 


Inw,=Inveye+ T(@lnyfaT)yp . «. .« « « « (28) 
If 0? and Q! are equal, then 
‘ OF wie i ee Ln, 


The constancy of As* for a series of liquids thus implies that, at their normal boiling points 
(i.e., when the free energy of the liquid relative to vapour at unit pressure is zero) these 
liquids are characterised by the same value of wy, independent of the size of the molecules 
themselves. It also follows, from eqns. (29) and (25), that the vapour pressure is directly 
determined by wy; through the equation 


In p (atm.) = 1-74 In w; (cm. mole) + 0-414 . . . . (30) 


when p = 1 atm., w = 1:31 cm.3 mole*. A relation between ~ and w, will always follow 
from the existence of a heat-entropy correlation, but the significant feature of eqn. (30) is 
that, contrary to the principle of corresponding states, neither the pressure nor the volume 
scales are related to the critical constants. 

A statistical-mechanical basis for the Barclay-Butler relation is provided by the 
theory of conformal fluids,® according to which the entropies and heats of evaporation of 
pure liquids should be linearly related, the slope of the line having the value B = (Acyt — 
R)/(TAc,t + Aht) where Acyt and Aft refer to the vaporisation of any one substance. 
The theory does not, however, predict the temperature-dependence of B. The present 
analysis gives B either as Acpt/(TAcp — Aht) or as (Acp — R)/(TAc,t — Aht — RT) 
depending on the approximation used, and indicates also that B is inversely proportional 
toT. The standard reference behaviour here defined thus approaches closely to conformal 
behaviour, but the spherical hydrocarbons do not fall exactly into this class. 

In this connection it may be noted that the rare gases (which do follow the principle 
of corresponding states) do not conform to the new rule with any accuracy, as shown by 
the following figures, although the standard value of As* is approached as the size of the 
atom increases: 

IE Sidcesstnckessucctene Ne Ar Kr Xe Rn 
Ast (cal. deg. mole) ... 20-0 20-0 19-3 19-3 19-1 

Conformal liquids satisfy the theorem of corresponding states and are characterised by 
intermolecular potentials which are of the same mathematical form when expressed as a 
function of the distance between molecular centres. The emphasis, in the present case, on 
the absolute magnitude of wy, rather than on its ratio to molar volume, supports the 
view 17-1819 that, for polyatomic molecules, it may be more appropriate to consider the 
shape of the intermolecular potential as a function of the distance between the nuclei of 
surface atoms. Theoretical studies of this model have, however, not been taken far enough 
to establish whether it provides an explanation of the behaviour of the quasi-spherical 
polyatomic molecules described in the present paper. 


DEPARTMENT OF PHYSICAL AND INORGANIC CHEMISTRY, 
UNIVERSITY OF BRISTOL. [Received, September 4th, 1959.] 


#* National Bureau of Standards (Washington), ‘‘ Selected values of thermodynamic properties,” 
an Kubachewski and Evans, “ Metallurgical Thermochemistry,” Pergamon Press, London, 3rd edn. 
Od. 
” Rowlinson, J. Chem. Phys., 1952, 20, 337. 
** Thoma, J. Chim. phys., 1952, 49, 323. 
* Hamann and Lambert, Austral. J. Chem., 1954, 7, 1. 
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520. Aspects of Stereochemistry. Part IV.* Configuration and Some 
Reactions of the 1,3-O-Benzylideneglycerols (5-Hydroxy-2-phenyl-1,3. 
dioxans).t 


By N. Baccett, J. S. BrrmacomsBe, A. B. Foster, M. STAcEy, 
and D. H. WHIFFEN. 


Configurations have been allocated to the isomers of 1,3-O-benzylidene- 
glycerol (5-hydroxy-2-phenyl-1,3-dioxan) on the basis of the extent of intra- 
molecular hydrogen-bonding in dilute CCl, solutions, which affects the 
conformational stability and reactivity of certain cyclic acetals. Whereas 
acylation and etherification of cis-1,3-O-benzylideneglycerol yields cis- 
derivatives, the trans-isomer yields mixtures of cis- and trans-derivatives. 
Equilibration with aluminium isopropoxide reveals the cis-isomer as the 
more stable, whereas the trans-2-O-benzyl ether is the more stable when it 
is equilibrated with its isomer by acid. #trans-1,3-O-Benzylideneglycerol 
has a greater affinity than the cis-isomer for alumina in chromatography: of 
esters and ethers the cis-compounds are the more strongly adsorbed. 


A variety of crystalline cyclic acetals has apparently been obtained by reaction of benz- 
aldehyde with glycerol.-? Of these compounds, that having m. p. ca. 80° first encountered 
by Gerhardt ® crystallises readily when the benzaldehyde-glycerol condensate is stored 
in the presence of acid.*5.8 The cyclic acetal was shown to be a 1,3-O-benzylideneglycerol 
(5-hydroxy-2-phenyl-1,3-dioxan) when acidic hydrolysis of its crystalline methyl ether 
gave 2-O-methylglycerol,*-* and hydrogenolysis ! of its benzoate catalysed by palladium 
black gave 2-O-benzoylglycerol # under conditions which precluded acyl migration; ® 
it has been widely used in @-glyceride syntheses.!-!%. 

In 1942 Verkade and van Roon § isolated the second isomeric form of 1,3-O-benzylidene- 
glycerol (m. p. 63—64°) as its O-acetate (m. p. 115—116°) in low yield after treatment of 
Gerhardt’s O-benzylideneglycerol mixture ® with acetic anhydride and pyridine; the 
Gerhardt mixture, obtained 48 by passing a stream of carbon dioxide through a mixture 
of benzaldehyde and glycerol at 140°, is a liquid containing predominantly 1,2-O-benzyl- 
ideneglycerol.? Hydrolysis of the O-acetate readily gave the parent 1,3-O-benzylidene- 
glycerol. The size of the ring in this cyclic acetal was inferred from the isolation 5 of 
2-0-benzoylglycerol after catalytic hydrogenolysis ™ of its benzoate. 

Evidence is now presented which permits the allocation of the cis- and the ¢rans- 
configuration respectively to the 1,3-O-benzylideneglycerols of m. p.s 84° and 63—64°. 

Whilst cis-1,3-O-benzylideneglycerol may be isolated directly +5 after treatment of the 
Gerhardt mixture with acid and is easily purified by recrystallisation, the trans-isomer 
cannot be freed from the cis-compound by this process, and Verkade and van Roon$ 


* Part III, J., 1960, 201. 
+ Preliminary reports of part of this work have appeared in Chem. and Ind., 1958, 1128, 1129. 


Fischer, Ber., 1894, 27, 1524. 
Irvine, Macdonald, and Soutar, J., 1915, 107, 337. 
Hill, Whelen, and Hibbert, J]. Amer. Chem. Soc., 1928, 50, 2235. 
Davies, Heilbron, and Jones, J., 1934, 1232. 
Verkade and van Roon, Rec. Trav. chim., 1942, 61, 831. 
Evans and Owen, /J., 1949, 244. 
Johary and Owen, J., 1955, 1299. 
Gerhardt, Ger. P. 253,083, 1910; Chem. Zentr., 1912, 88, 1953. 
Hibbert and Carter, J. Amer. Chem. Soc., 1929, 51, 1601; Hibbert, Whelen, and Carter, ibid., p. 
302; Hibbert, Platt, and Carter, ibid., p. 3644. 

10 Bergmann and Carter, Z. physiol. Chem., 1930, 191, 211. 

11 Helferich and Sieber, Z. physiol. Chem., 1927, 170, 31. 

12 Daubert and King, J. Amer. Chem. Soc., 1938, 60, 3003; Stimmel and King, ibid., 1934, 56, 1724; 
Daubert, ibid., 1940, 62, 1713; 1945, 67, 1033; Daubert, Fricke. and Longenecker, ibid., 1943, 65, 
1718; Martin, ibid., 1953, 75, 5482. 
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found that an equimolar mixture of the cis- and the ¢vans-isomer crystallised as a molecular 
compound (m. p. 65—66°). We have found that mixtures of cis- and érans-1,3-O- 
benzylideneglycerol are readily separated by chromatography on alumina for which the 
isomer of m. p. 63—64° has the greater affinity. By analogy with the behaviour of the 
4-phenylcyclohexanols on alumina, for which the trans-isomer has the greater affinity, the 
1,3-0-benzylideneglycerol of m. p. 63—64° may thus be tentatively allocated the trans- 
configuration. 

It is probable that the O-benzylideneglycerols reported in the literature +47 with 
m. p.s in the range 60—70° are mixtures of cis- and trans-isomers. Irvine, Macdonald, 
and Soutar ? reported a crystalline 1,2-O-benzylideneglycerol but other workers have not 
been able to reproduce this result; crystalline derivatives of a 1,2-O-benzylideneglycerol 
are known ® but their configuration has not been established. 

The configurations of the 1,3-O-benzylideneglycerols were proved by infrared spectro- 
scopic determination of the extent of intramolecular hydrogen-bonding. In >0-005m- 
solutions of hydroxy-compounds in CCl, intermolecular hydrogen-bonding is negligible 
and, for secondary hydroxyl groups, absorption near 3630 and 3590 cm. may be 
associated 18 with free and intramolecularly bonded hydroxyl groups respectively. 
Further, the extent of bonding may be approximately assessed from the relative extinction 
coefficients for free and bonded hydroxyl groups.4* Under these conditions 1,3-0- 
benzylideneglycerol, m. p. 84°, showed absorption, characteristic of bonded hydroxyl 
groups, at 3593 cm.'; absorption associated with free hydroxyl groups could not be 
detected. This indicates a cis-configuration for the cyclic acetal and a predominant 
existence in the conformation (I). The bulky phenyl group would be expected to 
occupy an equatorial position with the hydroxyl group consequently in an axial position 
where hydrogen-bonding with the ring-oxygen atoms can occur. Accurate models reveal 
the close proximity of such an axial hydroxyl group to the ring oxygens. Replacement 
of the hydroxyl-hydrogen atom in cis-1,3-O-benzylideneglycerol with deuterium by 
multiple treatment with D,O, markedly diminished the absorption at 3593 cm.! and a 
new band at 2642 cm. (e 79) appeared. 


oF. ont.~. H 
‘ >O ‘ So —_ 
ae: abe aa x: 
Ph H HO O 
gq * (II) Ph Hn 
Onn, H 
Hd x \ == R H re) 
(IV) R=Me H\&O HOLIT—~o (V) ReMe 
(VI) R=H R H (VII) R=H 


Surprisingly, perhaps, chromatographically homogeneous 1,3-O-benzylideneglycerol, 
m. p. 63—64°, showed absorption at 3633 and 3593 cm. indicative of free and bonded 
hydroxyl groups respectively, and the relative extinction coefficients (55 and 70) revealed 
extensive intramolecular hydrogen-bonding. If it is assumed that chair conformations 
are preferred, this observation is consistent with a ¢rans-cyclic acetal existing as an 
equilibrium of approximately equal proportions of the conformations (II) and (III). The 
absorption at 3633 cm. is near the value 3629 cm."! given by Cole and Jefferies ™ as 
typical of secondary hydroxyl groups and thus confirms the ring-size of the cyclic acetal. 

There was a marked diminution in the absorptions at 3633 and 3593 cm.*! on O-deuter- 
ation of trans-1,3-O-benzylideneglycerol and the appearance of strong absorptions at 2673 

® Kuhn, J. Amer. Chem. Soc., 1952, 74, 2492; 1954, 76, 4323. 


* Cole and Jefferies, J., 1956, 4391. 
* Barton and Cookson, Quart. Rev., 1956, 10, 44. 


ae 


2576 Baggett, Brimacombe, Foster, Stacey, and Whiffen: 


(c 64) and 2642 cm. (e 104) presumably due to free and bonded deuteroxyl groups. Stuart 
and Sutherland ?® have observed that, for methanol, ethanol, and hexan-l-ol in carbon 
tetrachloride, O-deuteration results in replacement of the OH absorption at 3640 cm. 
by OD absorption at 2670 cm.*. 

The relative extinction coefficients of the OH and OD absorptions in trans-1,3-0. 
benzylideneglycerol indicate that the strengths of deuterium- and hydrogen-bonding are 
not grossly different. Other workers have reached a similar conclusion.!” 

Allsop e¢ al.8 have shown that, in the triterpene series, axial and equatorial free 
hydroxyl groups absorb respectively in the ranges 3629—3630 and 3637—3639 cm.1, 
Such a correlation seems unlikely to obtain for the 1,3-O-alkylideneglycerols since an axial 
2-hydroxyl group will probably be completely bonded and further, since the monocyclic 
molecules are flexible, the precise steric location of a free hydroxyl group will be 
uncertain. 

Maximum intramolecular hydrogen-bonding can occur only in the conformation (II) 
of trans-1,3-O-benzylideneglycerol which contains both the hydroxyl and the phenyl 
group in axial positions. The non-bonded interactions associated with the axial phenyl 
group in conformation (II) might result in some deformation of the chair structure but the 
extent would be difficult to assess and, moreover, it would adversely affect the intramolecular 
hydrogen bonding. The apparently high percentage of this conformation (II) in the 
equilibrium mixture suggests that the conformation must be considerably stabilised by 
intramolecular hydrogen-bonding. Other examples of this effect have been observed. 
Thus, 1,5-dideoxy-2,4-O-methyleneribitol shows ! absorptions at 3645 (< 109) and 3601 
cm. (e 35), indicating that the molecule exists as an equilibrium of the conformations 
(IV) and (V) with a significant percentage of the former. Conformation (IV) contains 
the sterically unfavourable arrangement of two methyl groups in 1,3-diaxial positions, 
A related effect has been observed! with cyclohexane-cis-1,3-diol which exhibits 
appreciable intramolecular bonding and must have the hydroxyl groups in 1,3-axial 
positions for this to occur. Also, 1,3-O-methyleneglycerol (VI—VII) exists predominantly 
in conformation (VI) in CCl, solution,2° whereas in cyclohexanol the hydroxyl group is 
predominantly equatorial.” 

The hydroxyl groups in conformations (I), (IT), (IV), and (VI) are shown for convenience 
bonded to both ring oxygens, but whether a bifurcated hydrogen bond is present in the 
actual compounds is not known. Bifurcated hydrogen bonds have been postulated for 
certain crystal structures.22 That both ring-oxygen atoms in conformations such as (II) 
are important in intramolecular-hydrogen bonding is suggested by the facts ®° that intra- 
molecular hydrogen-bonding between the hydroxyl group and the ring-oxygen atom in 
tetrahydropyran-3-ol occurs to an extent of ca. 50% (e 40 and 50 for free and bonded 
hydroxyl groups respectively), whereas the introduction of a second ring-oxygen atom to 
give 1,3-O-methyleneglycerol results in much more extensive intramolecular hydrogen- 
bonding (e 20 and 100 for free and bonded hydroxyl groups respectively). 

Recent work * has elegantly illustrated the influence of intramolecular hydrogen- 
bonding on certain reaction rates and patterns. It is possible that the course of reaction 
of aldehydes with certain polyhydric alcohols may be influenced similarly. Thus, the 
rationalisations * of the observed pattern of condensation of aldehydes and polyhydric 


16 Stuart and Sutherland, J]. Chem. Phys., 1956, 24, 559; J. Phys. Radium, 1954, 15, 321. 

17 Hoyer, Z. phys. Chem., 1940, 45, 389; Naturwiss., 1938, 26, 774; Davies, Ann. Reports, 1946, 
43, 5. 

18 Allsop, Cole, White, and Willix, J., 1956, 4868. 

' Barker, Foster, and Zweifel, unpublished results. 

2 Barker, Brimacombe, Foster, Whiffen, and Zweifel, Tetrahedron, 1959, 7, 10. 

#1 Pickering and Price, ]. Amer. Chem. Soc., 1958, 80, 4931. 
2 Allbrecht and Corey, J. Amer. Chem. Soc., 1939, 61, 1087; cf. Hunter in ‘‘ Progress in Stereo- 
chemistry,” Butterworths, London, Vol. I, p. 228. 

23 Henbest and Wilson, J., 1957, 1958; Henbest and Lovell, J., 1957, 1965. 
*4 Barker, Bourne, and Whiffen, /., 1952, 3865; Mills, Adv. Carbohydrate Chem., 1955, 10, 1. 
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alcohols cannot account for the formation * of a 1,3-O-benzylidene and 1,3-O-methylene 
derivative (VIII) of p- or L-arabitol in preference to the corresponding 3,5-substituted 
derivatives (IX). From formule (VIII) and (IX) (L-arabitol series) it may be seen that 


HO 
o—H. 1 CH,"OH 
H <k HO ° 


HO Yi OL 
(VIII) CH2-OH H iu 
(IX) 


the possibilities for intramolecular hydrogen-bonding are much greater in the 1,3- (VIII) 
than in the 3,5-derivative (IX) since the former contains an axial hydroxyl group in its 
1,3-dioxan ring. 

Treatment of cis-1,3-O-benzylideneglycerol with a boiling mixture of aluminium iso- 
propoxide, propan-2-ol, and acetone for 4-5 days resulted in the formation of a mixture 
from which 59° of pure cis- and 18% of pure ¢vans-isomer were recovered by chromato- 
graphy on alumina. Under the same conditions, 57% of cis- and 35% of trans-isomer were 
recovered after treatment of ¢vans-1,3-O-benzylideneglycerol. Decomposition may have 
contributed to the incomplete recovery of the cyclic acetals since they are hydrolysed 
under drastic alkaline conditions.* Although complete equilibration was not effected 
it is clear from the result with ¢vans-1,3-O-benzylideneglycerol that the cis-isomer pre- 
dominates in the equilibrium mixture. Eliel and Ro?’ found that aluminium isoprop- 
oxide-catalysed equilibration of the cis- and trans-forms of 4-t-butyl-, 4-methyl-, and 
4-phenyl-cyclohexanol gave mixtures in which the ¢rans-isomer predominated (69—81%). 
Thus, with 1,3-O-benzylideneglycerol, the predominance of the cts-isomer in the equilibrium 
mixture appears to be a consequence of intramolecular hydrogen-bonding. 

cis-1,3-O-Benzylideneglycerol with acetic anhydride and pyridine gave chromato- 
graphically homogeneous 2-O-acetyl-cis-1,3-O-benzylideneglycerol from which the parent 
alcohol was regenerated on saponification (Zemplén—Pacsu). Under similar conditions, 
trans-1,3-O-benzylideneglycerol, gave a* mixture of 2-O-acetyl-cis- and -trans-1,3-0- 
benzylideneglycerol as the only detectable products; the acetates were readily separated 
by chromatography on alumina for which the cis-acetate had the greater affinity. The 
trans-O-acetate, which did not isomerise during chromatography on alumina, gave the 
chromatographically homogeneous parent alcohol on saponification. Variation of the 
conditions of acetylation of trans-1,3-O-benzylideneglycerol always gave a mixture in 
which the cis-O-acetate predominated. Treatment of the ¢rans-O-acetate with acetic 
anhydride and pyridine and with the same mixture supplemented with benzene-hydrogen 
chloride did not yield any cis-O-acetate although only ca. 50% of the trans-O-acetate 
could be recovered. This suggests that trans —» cis-isomerisation precedes acetylation. 
Although the tendency of trans-1,3-O-benzylideneglycerol to isomerise in the presence of 
acid has not been studied the cis-isomer is known ** to be sensitive to acid and to be 
rapidly and predominantly converted into 1,2-O-benzylideneglycerol. However, treatment 
of cis- and trans-1,3-O-benzylideneglycerol with pyridine-benzene-hydrogen chloride at 
30° for 24 hr. had little effect. 

The failure of cis-1,3-O-benzylideneglycerol to yield any ¢rans-O-acetate on treatment 
with acetic anhydride and pyridine could be explained if the rate of acetylation greatly 
exceeded that of isomerisation. Evidence has been obtained which suggests that 
intramolecular hydrogen-bonding in cis-1,3-O-benzylideneglycerol markedly enhances 
esterification rates. Thus the rate of esterification of cis-1,3-O-benzylideneglycerol by 


“me —— Hann, and Hudson, J. Amer. Chem. Soc., 1943, 65, 1663; Zissis and Richtmyer, ibid., 
» 76, 5515. 

ad Hibbert and Timm, J. Amer. Chem. Soc., 1924, 46, 1283. 

* Eliel and Ro, J. Amer. Chem. Soc., 1957, 79, 5992. 
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p-phenylazobenzoyl chloride and pyridine is much greater * than that of cis- or trans. 
4-phenylcyclohexanol. This effect is being studied. 

Attempts to equilibrate the O-acetates of cis- and trans-1,3-O-benzylideneglycerol by 
acid were unsuccessful. Bergmann and Carter observed that condensation of benz- 


O aldehyde with 2-O-benzoylglycerol gave a high yield of 2-O-benzoyl-cis- 
Lp, 1,3-O-benzylideneglycerol. Whilst hydrogen-bonding effects are pre- 

o~ BN cluded in this reaction, dipolar interaction between the carbonyl groy 

’ po yl group 

H fe) and the ring-oxygen atoms (cf. X) could be responsible for the formation 
6 of the cis-O-benzoate since the effect would be most significant in this 

Ph isomer. 

(x) H Benzoylation and methylation of cis-1,3-O-benzylideneglycerol gave 


respectively only the cis-O-benzoate and cis-O-methyl ether, whereas 
both the cis- and the ¢rans-compounds were formed from ¢rans-1,3-O-benzylideneglycerol 
under the same conditions.” 

As noted above, the affinity of ¢rans-1,3-O-benzylideneglycerol for alumina is greater 
than that of the cis-isomer whereas the reverse is true for the respective O-acetates (and 
O-benzoates and O-methyl ethers %). Brooks, Klyne, and Miller ® have shown that, in 
the steroid series, cases are known where axial acyloxy-compounds are adsorbed more 
strongly than their epimers by alumina. On mechanical grounds alone, the steric 
inaccessibility of axial groups * should tend to impede their interaction with alumina; 
although this is often the case, exceptions are known. 

Esters and ethers of cis- and trans-1,3-O-benzylideneglycerol may be readily distin- 
guished and identified by nuclear magnetic resonance spectroscopy," as will be described 
later. 

Treatment of cis-1,3-O-benzylideneglycerol with sodium, sodium hydride, or sodamide 
followed by benzyl bromide gave 2-O-benzyl-cis-1,3-O-benzylideneglycerol whereas, under 
the same conditions, trans-1,3-O-benzylideneglycerol gave a mixture in which the ¢rans- 
O-benzyl ether predominated. The trans-O-benzyl ether was hitherto unknown. The 
two ethers were readily separated by chromatography on alumina, and, as in the case of 
the acetates, the cis-isomer had the greater affinity for the adsorbent; the ¢vans-isomer did 
not isomerise on alumina. The isomerisation which occurred on benzylation of trans-1,3- 
O-benzylideneglycerol was probably acid-catalysed and occurred after addition of the 
benzyl bromide since prolonged treatment of benzene solutions of cis- or trans-1,3-0- 
benzylideneglycerol with sodium did not effect isomerisation. 

Acid-hydrolysis of the O-benzyl ethers yielded 2-O-benzylglycerol in each case, con- 
firming that the cyclic acetals were six-membered. Attempts to prove the configuration 
of the O-benzyl ethers by selective removal of the benzyl group failed; for example, 
palladium-catalysed hydrogenolysis cleaved both the benzyl and the benzylidene residue. 
Hydrogenolysis of the benzylidene residue also occurred in the presence of platinum when 
efforts were made to saturate the aromatic ring in cis-1,3-O-benzylideneglycerol. 

Solutions of the cis- and the trans-O-benzyl ether in benzene at 50° were equilibrated 
by hydrogen chloride, to yield in each case a mixture in which the ratio of cts : trans 
isomers was approximately 1 : 2, thus confirming the allocated structures. The O-benzyl 
group in the ¢vans-isomer is equatorial and will experience non-bonded interactions with 
the hydrogen atoms on the neighbouring methylene groups, whereas in the cis-compound 
an axial O-benzyl group will interact with each ring oxygen (cf. Barker and Shaw *) and 
its axial lone pair of electrons since the lone pairs are tetrahedrally disposed.** From the 


28 Baggett and Foster, unpublished results. 

2® Dobinson and Foster, unpublished work. 

*© Brooks, Klyne, and Miller, Biochem. J., 1953, §4, 212; Shoppee, J., 1946, 1138; Elks and Shoppee, 
J., 1953, 241; Ruzicka, Meister, and Prelog, Helv. Chim. Acta, 1947, 30, 867. 

31 Baggett, Dobinson, Foster, Lemieux, and Thomas, unpublished work. 

32 Barker and Shaw, J., 1959, 584. 

33 Brown, Brewster, and Schechter, J. Amer. Chem. Soc., 1954, 76, 467; French and Rasmussen, J. 
Chem. Phys., 1946, 14, 389. 
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reactions of carbanions * and the relative rotational energy barriers in propane and 
dimethyl ether * it appears that the steric requirement of a lone pair of electrons is similar 
to that of the hydrogen in a C-H group. This being so and provided that intramolecular 
hydrogen bonding is precluded, the non-bonded interactions associated with an axial 
substituent in a cyclohexane ring and an axial 2-substituent in 1,3-O-methyleneglycerol (and 
its analogues) will be similar and will tend to direct the substituent to an equatorial position. 

The ease of purification and characterisation of cis-1,3-O-benzylideneglycerol and its 
behaviour on acylation and etherification in yielding solely derivatives of cis-configuration 
enables the cis-configuration to be allocated with reasonable certainty to numerous 
derivatives prepared from this cyclic acetal. The configuration of derivatives prepared 
from 1,3-O-benzylideneglycerol of m. p. ca. 65° remains uncertain. 

cis- and trans-1,3-O-Benzylideneglycerol were readily hydrolysed (¢; 17 min.) by 
0-02Nn-sulphuric acid at 35° at essentially the same rate. 


EXPERIMENTAL 

1,3-O-Benzylideneglycerols—(a) cis-1,3-O-Benzylideneglycerol, m. p. 79-5—80-5°, was 

obtained in ca. 20% yield by Verkade and van Roon’s method, and recrystallised from benzene— 

light petroleum (b. p. 60—80°). The homogeneity was demonstrated by chromatography 
on alumina. 

(b) In a modification of Bergmann and Carter’s method,” a mixture of redistilled glycerol 
(121 g.), benzaldehyde (106 g.) and concentrated sulphuric acid (5 drops) was heated at 100° 
for 1 hr. periods successively at 10, 4, and 25 mm.; 0-60 mol. of water distilled. The cooled 
mixture was seeded with cis-1,3-O-benzylideneglycerol and stored at 0° for 2 days. The 
crystalline product was collected, dissolved in benzene, washed with aqueous ammonia, and 
recovered. Fractional crystallisation from benzene-light petroleum (b. p. 60—80°) and 
recrystallisation of each fraction from the same solvent system gave cis-1,3-O-benzylidene- 
glycerol (17 g., 9-5%), m. p. 82—83-5°, and other fractions A (11-5 g., 64%), m. p. 60—63°, 
and B (9 g., 5%), m. p. 63—65°. The m. p.s of fractions similar to A and B, but from other 
experiments, were not significantly changed by repeated recrystallisation and the materials 
were shown to be heterogeneous by chromatography on alumina. The alumina used throughout 
was Peter Spence’s Type H, treated at 70—80° with concentrated hydrochloric acid to pH 6-5 
and stirred for 1 hr., then with 2% aqueous ammonia for 30 min. at 70—80°, and then washed 
free from chloride. The alumina was made into a slurry with 2n-acetic acid, filtered, dried 
at 120° overnight, and then heated at 600° for 3 hr. After addition of water (10% w/w) and 
shaking overnight, alumina of activity Brockmann III was obtained. Thus fraction A was 
found to contain 75% of trans-1,3-O-benzylideneglycerol, m. p. 59—64-5° (raised to 64-5—65-5° 
by recrystallisation), and 25% of the cis-isomer, m. p. 78—83° (83—84-5° after recrystallisation). 
On chromatography on alumina of artificial mixtures of the cis- and trans-1,3-O-benzylidene- 
glycerols the cis-isomer emerged first on elution with benzene-ether (3:2 v/v), and the érans- 
isomer only when a more polar solvent mixture was used. Excellent separations and recoveries 
of the isomers from a mixture could be effected. The pure isomers did not isomerise on 
alumina and the fvans-isomer isolated after chromatography was identical with that obtained 
by saponification 5 of 2-O-acetyl-trans-1,3-O-benzylideneglycerol. 

(c) A continuous stream of air was drawn through a mixture of benzaldehyde (200 g.), 
glycerol (220 g.) and concentrated sulphuric acid (10 drops) at ca. 95°. Benzene (275 ml.) was 
added and the water (25 ml., ca. 70%) was removed azeotropically. The cooled mixture 
was seeded with cis-1,3-O-benzylideneglycerol and stored at 0° for 2 days. The crystalline 
product was collected, freed from acid as in (b), and fractionally crystallised from benzene-light 
petroleum (60—80°), to yield slightly impure cis-isomer (111 g., 32-5%), m. p. 70—78°, and a 
mixture of cis- and trans-compounds (92-9 g., 27%), m. p. 54—60°. The fractions were purified 
as required by chromatography on alumina. Method (c) proved the most convenient for the 
preparation of tvans-1,3-O-benzylideneglycerol. 

Treatment of the 1,3-O-Benzylideneglycerols with Aluminium Isopropoxide.—A solution of 
the 1,3-O-benzylideneglycerol (0-5 g.), acetone (0-1 ml.) and redistilled aluminium isopropoxide 

** Roberts and Shoppee, /., 1954, 3418. 

* McCoubrey and Ubbelohde, Quart. Rev., 1951, 5, 364. 
** Barton in ‘‘ Perspectives in Organic Chemistry,” Interscience, New York, 1956, p. 83. 


24> 


2580 Baggett, Brimacombe, Foster, Stacey, and Whiffen: 


(0-5 g.) in dry propan-2-ol (10 ml.) was boiled under reflux for 4-5 days (cf. Eliel and Ro *), the 
initially clear solution becoming turbid. The mixture was poured into N-sodium hydroxide 
(100 ml.) and extracted with ether (5 x 50 ml.). The combined and dried (MgSO,) extracts 
were concentrated and the residue (0-4—0-45 g.) was chromatographed on alumina (15 g.). 

In this way trans-1,3-O-benzylideneglycerol gave a product (0-429 g.) from which the cis- 
(0-244 g., 57%) and the trans-isomer (0-15 g., 35%) were recovered. Similarly cis-1,3-0- 
benzylideneglycerol gave a product (0-445 g.) from which the trans- (0-07 g., 18%) and the cis- 
isomer (0-250 g., 59%) were separated. The yields quoted are those before recrystallisation. 

Benzylation of the 1,3-O-Benzylideneglycerols——(a) cis-1,3-O-Benzylideneglycerol (1 g., 
m. p. 82°) in benzene (24 ml.) was boiled under reflux for 36 hr. in the presence of sodium wire 
(0-3 g.). To the cooled and decanted solution, benzyl bromide (1-4 g.) was added and the 
mixture was boiled under reflux for a further 16 hr. The cooled solution was washed twice 
with water to remove sodium bromide, dried (MgSO,), and evaporated, and the residue 
recrystallised from light petroleum (b. p. 60—80°), to yield 2-O-benzyl-cis-1,3-O-benzylidene- 
glycerol (0-74 g., 49%), m. p. 75-5—76-5° (Found: C, 75-8; H, 6-7. Calc. for C,,H,,0,: C, 
75-6; H, 6-7%). White *? gives m. p. 77—78° and Porck and Craig ** give m. p. 79—82°. 

In two parallel experiments benzyl bromide which had been stored over anhydrous potassium 
carbonate was used and the crude product was chromatographed on alumina. A single benzyl 
ether, m. p. 75—76°, was obtained (yield 49—60%). 

Replacement of the sodium in the above experiments with sodium hydride gave a low 
yield (13—32%) of the cis-O-benzyl ether whereas the use of sodamide gave a yield of ca. 50%. 

(b) trvans-1,3-O-Benzylideneglycerol (0-5 g.; m. p. 64-5—65°) was treated with sodamide 
(0-12 g.) and benzyl bromide (0-7 g.) as in (a). Chromatography of the crude product (0-45 g.) 
on alumina (20 g.) gave 2-O-benzyl-ivans-1,3-O-benzylideneglycerol (0-27 g., 35%), m. p. 91—92° 
{from light petroleum (b. p. 60—80°)] [Found: C, 75-55; H, 69%; M, 305, 318 (Rast in 
camphor). C,,H,,0, requires C, 75-6; H, 6-7%; M, 270]. The tvans-isomer emerged first on 
elution with light petroleum (b. p. 60—80°)—benzene (7;: 3 v/v); the cis-isomer (0-16 g., 21%) 
m. p. 75—77°, was eluted with a more strongly polar solvent mixture. The évans-benzy] ether 
did not isomerise during chromatography on alumina. - 

Benzylation of tvans-1,3-O-benzylideneglycerol (0-5 g., m. p. 64-5—65°) with sodium and 
benzyl bromide, as in (a), improved the yields of both products, e.g., trans-O-benzyl ether 
(0-378 g., 50%), m. p. 91—91-5°, and cis-O-benzyl ether (0-273 g., 36%), m. p. 77—78°. 

tvans-1,3-O-Benzylideneglycerol was recovered unchanged after treatment with sodium and 
benzene. 

Acid-hydrolysis of the 2-O-Benzyl-1,3-O-benzylideneglycerols.—A solution of the ¢vans-0- 
benzyl ether (2 g.; m. p. 85—86°) in methanol (24 ml.) and 4N-hydrochloric acid (8 ml.) was 
boiled under reflux for 1 hr. The cooled and filtered mixture was diluted with water (150 ml.) 
and freed from benzaldehyde by extraction with light petroleum (b. p. 60—80°). The mixture 
was then extracted with chloroform, and the combined extracts were dried (MgSO,) and concen- 
trated. Distillation of the residue gave 2-O-benzylglycerol (0-663 g., 49%), b. p. 140° (bath) /0-05 
mm., m. p. 388—40° (Found: C, 66-9; H, 7-6. Calc. for CjgH,,0O,: C, 66-0; H, 7-7%). Porck 
and Craig ** give m. p. 37—39°. 

Similar hydrolysis of 2-O-benzyl-cis-1,3-O-benzylideneglycerol (88-5 g.; m. p. 73—75°) gave 
2-O-benzylglycerol (42 g., 70%), b. p. 130—136° (bath) /0-05 mm., which solidified when seeded 
with the product described above. 

Hydrolysis of the cis-O-benzyl ether by p-nitrophenylhydrazine according to Karrer’s 
method *® gave a low yield (3-9%) of 2-O-benzylglycerol. 

Hydrogenolysis of 2-O-Benzyl-cis-1,3-O-benzylideneglycerol—Attempts to hydrogenolyse 
selectively the benzyl group in 2-O-benzyl-cis-1,3-O-benzylideneglycerol were unsuccessful. E.g., 
the cis-O-benzyl ether (1 g.), hydrogenated in presence of 2% palladised charcoal (2 g.) in methanol 
(35 ml.), gave only glycerol, isolated as tri(naphthylcarbamate), m. p. 191—192° (from ethanol). 

Acid-equilibration of the 2-O-Benzyl-1,3-O-benzylideneglycerols——A solution of chromato- 
graphically homogeneous 2-O-benzyl-1,3-O-benzylideneglycerol (0-1 g.) in dry benzene (10 ml.) 
which was 0:2N with respect to hydrogen chloride at room temperature was stored under 
anhydrous conditions at 50° for 66 hr. The solution was then quickly washed with aqueous 

37 White, J. Amer. Chem. Soc., 1952, 74, 3451. 


38 Porck and Craig, Canad. J]. Chem., 1955, 38, 1286. 
3® Karrer, Helv. Chim. Acta, 1954, 37, 381. 
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ammonia, dried (MgSO,), and evaporated. The residue was chromatographed on alumina (15 g.). 
Thus, 2-O-benzyl-cis-1,3-O-benzylideneglycerol (m. p. 78°) gave the trans-isomer (73 mg., 73%), 
m. p. 92°, and the cis-isomer (33 mg., 33%), m. p. 75°. 2-O-Benzyl-trans-1,3-O-benzylidene- 
glycerol (m. p. 91—91-5°) gave the ¢vans-isomer (68 mg., 66%) and the cis-isomer (35 mg., 35%). 

Acetylation of the 1,3-O-Benzylideneglycerols.—(a) trans-1,3-O-Benzylideneglycerol (0-2 g.) 
in pyridine (0-245 g.) was treated with acetic anhydride (0-2 g., 1-76 mol.) at 18° for 13 hr., then 
poured into ice-water; the precipitate was collected, dissolved in chloroform, washed successively 
with ice-cold N-hydrochloric acid, 10% aqueous cadmium chloride, aqueous sodium hydrogen 
carbonate, and water, dried (MgSO,), and evaporated. The residue (0-225 g., 92%) was 
chromatographed on alumina (10—15g.). 2-O-Acetyl-trans-1,3-O-benzylideneglycerol (0-028 g., 
17%), m. p. 115—116°, emerged first on elution with light petroleum (b. p. 60—80°)—benzene 
(3: L v/v); the cis-O-acetate (0-134 g., 73%), m. p. 99—100°, was eluted by a more polar solvent 
mixture. The tvans-O-acetate was not isomerised by chromatography on alumina. The ratio 
of cis: trans-acetates in the above experiment was 4-8:1 and in two parallel experiments 
carried out at 40° the ratios were 1-4: 1 and 2-5: 1. 

In separate experiments at 40°, 2-O-acetyl-trans-1,3-O-benzylideneglycerol was treated with 
(a) an acetylating mixture similar to that described above and (5) the same mixture supple- 
mented by a small amount of a 0-2N-solution of hydrogen chloride in benzene. Although no 
cis-O-acetate was detected by chromatography on alumina after these treatments the trans-O- 
acetate could be recovered in only ca. 50% yield. 

(b) A mixture of cis-1,3-O-benzylideneglycerol (0-2 g.), pyridine (0-242 g.), and acetic 
anhydride (0-2 g.) was stored at 18° and worked up as in (a). Chromatography of the crude 
product (0-181 g., 73%) on alumina revealed that it contained only the cis-O-acetate, m. p. 
100—101° [from benzene-light petroleum (b. p. 60—80°)]. 

Attempts to equilibrate the acetates in benzene solution containing dry hydrogen chloride 
were unsuccessful. 

Deacetylation of the 2-O-Acetyl-1,3-O-benzylideneglycerols.—A solution of chromatographically 
homogeneous 2-O-acetyl-cis-1,3-O-benzylideneglycerol (0-187 g.; m. p. 99-5—100°) in dry 
methanol (5 ml.) was treated with a trace of clean sodium (Zemplén—Pacsu). After 1 day the 
solution was treated with water (ca. 0-5 ml.), neutralised with carbon dioxide, and filtered. 
After evaporation of the filtrate the dry residue (0-13 g., 86%, yield reduced by spillage) was 
chromatographed on alumina; it contained only cis-1,3-O-benzylideneglycerol, m. p. 79—81° 
before recrystallisation. 

Under the same conditions 2-O-acetyl-trans-1,3-O-benzylideneglycerol (0-125 g.; m. p. 
115—116°) gave a crude product (0-098 g., 97%) which gave only ¢trans-1,3-O-benzylidene- 
glycerol, m. p. 57—62° (before recrystallisation), on chromatography on alumina. 

Infrared Spectra.—These were measured in 2 cm. layers in CCl, solution (~0-005m) with a 
grating of 2500 lines/in.? used in the fourth order on the spectrometer previously described.*® 
The extinction coefficients, e, are maximum values, and are equal to (1/c/) logy, (J»/Z) with / in 
cm. and ¢ in moles/I., and are accurate to +10. See also the comments in ref. 20. 

The cyclic acetals were deuterated by addition of D,O (0-5 ml.) to a weighed amount (ca. 8 
mg.) of the hydroxy-derivative in a special vitreosil cell (Thermal Syndicate). The cell, which 
had a 2 cm. path-length, and a volume of 10 ml., was fitted with a stopcock. After 0-5 hr. at 
room temperature excess of D,O and H,O was removed by freeze-drying. The process was 
repeated twice and the cell then filled with dry CCl, Operations (except freeze-drying) were 
performed in a dry-box. 

Acid-hydrolysis of the 1,3-O-Benzylideneglycerols.—Separate solutions of each cyclic acetal 
(100 mg.) in 0-02N-sulphuric acid (50 ml.) were kept at 35°. The glycerol content in aliquot 
parts (5 ml.) was determined, after neutralisation with sodium hydrogen carbonate, by periodate 
according to Jackson’s method.*! Both the cis- and the trans-isomer yielded glycerol at 
approximately the same rate; the following is a typical result. 


Time (min.) .........c.ccece0ee: 3 5 10 1 2 30 45 61 76 
Hydrolysis (%) ..........-..-. 13 165 4355 45 56 71 835 8 91 99 
. #4 17 min. 


CHEMISTRY DEPARTMENT, THE UNIVERSITY, 
BIRMINGHAM, 15. (Received, December 3rd, 1959.]} 

“© Spedding and Whiffen, Proc. Roy. Soc., 1956, A, 288, 245. 

‘1 Jackson, ‘‘ Organic Reactions,” 1944, Vol. II, p- 361. 
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521. Aspects of Stereochemistry. Part V.* Some Properties 
of 1,2-O-Methyleneglycerol and Related Compounds. 
By J. S. BrimacomBE, A. B. Foster, and A. H. HAINEs. 

The extent of intramolecular hydrogen-bonding in 1,2-O-methylene- 
glycerol and in a series of related compounds has been determined and the 
results are considered in the light of the reaction patterns of aldehydes with 
glycerol and higher polyhydric alcohols. The cyclic acetals are readily 


characterised as p-phenylazobenzoates (azoates). The stability of 1,2- 
and 1,3-O-methyleneglycerol towards acidic hydrolysis has been measured. 


Ir has been found? that, in carbon tetrachloride solution at a suitable concentration, 
the hydroxyl group in tetrahydrofurfuryl alcohol is completely hydrogen-bonded (bonded), 
intramolecularly, to the ring oxygen; an analogous acyclic compound, 2-ethoxyethanol, 


On, R 
<% > seek on 07H 
a o\k Ea 
RR | 
(I) (I) H - (Il) 


is also completely bonded.2 However, the hydroxyl group in 1,2-O0-isopropylidene- 
glycerol (I; R = Me) is only partly bonded since infrared absorptions for both free and 
bonded hydroxyl groups have been found.! In order to ascertain whether bonding in 


Infrared spectral data on certain alcohols and analytical data on their 

















p-phenylazobenzoates. 
Vmax. (CM. -) and (e) 

No. Glycerol derivatives ‘Free OH Bonded OH Av 
BD RII cc cctesctesccseccssecceccorcsescsccressecsscoess 3646 (32) 3608 (59) 38 
DDE O EO ovccscrcessccvcccvccccccsscccssccconsssess 3647 (25) ° 3608 (49) ° 39 
DR INO eeccccccssctesesscncccccosseccccoessossece 3645 (16) 3606 (45) 39 
4 1,2-0-Diphenylimethylene .................cceccccccssceseesee 3642 (31) 3601 (57) 41 
5 1,2-O-Cyclopentylidene .............:s:ccccesssseseeeeceeseees 3645 (13) 3600 (37) 45 
IED. cccpnccancedcanstecscsscveerocscevesess 3645 (22) 3605 (53) 40 
SRD covcccciscctccccscscscccesccotecscceses 3644 (19) 3605 (41) 39 
Re | ov cnc csccccccdeccccnsccéevccscecesecsss 3640 (16) 3603 (40) 37 
Pe FI iidoceinlonnibiadshchdbrscibivseduotbientidides 3635 (21) 3594 (100) 41 

p-Phenylazobenzoate 
co A — —— —————— 
0 ; o/ 

Yiela Found ( %) an : Required (%) y 

No. (% M. p. Formula Cc H N Cc H N 
1 70 108—110°  CyHyN,O, 655 54 88 65-4 5-2 9-0 
2 63 81—82 CyHyN,O, 67:0 59 8-1 67-0 5-9 8-2 
3 54 55—57 CyH,N,O, 684 6-65 72 © 685 6-5 76 
4 84 137—138 CopHyN,O, 741 5:3 56 75-0 5-2 6-0 

5 54 75—17 CyHy»N,O, 688 63 73 «68-85 «60 7-65 
6 60 101—103 CH NO, 69:55 63 71 69-5 6-3 74 

7 57 96—98 Cy3H,N,O, 70-1 6-5 68 70-0 6-6 71 

8 43 95—96 Cy4HygN.O, 70-8 6-9 6-7 70-55 6-9 6-9 

9 64 175—176 Cy,7HygN.O, 65-6 5-1 8-8 65-4 5-1 9-0 


* Arithmetical difference between ymax. for free and bonded hydroxyl groups (cf. Kuhn ?). ° Data 
from ref. 1, 


1,2-O-isopropylideneglycerol is sterically hindered by one of the gem-dimethyl groups the 


series of 1,2-O-cyclic ketals of glycerol shown in the Table were prepared and their infrared 
spectra in the hydroxyl stretching region examined. 


* Part IV, preceding paper. 


1 Barker, Brimacombe, Foster, Whiffen, and Zweifel, Te/rahedron, 1959, '7, 10. 
2 Kuhn, J. Amer. Chem. Soc., 1952, 74 2492; 1954, 76, 4323. 
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The 1,2-0-cyclic ketals were prepared by acid-catalysed condensation of the appropriate 
ketone with glycerol; * 1,3-O-cyclic ketals are not formed under these conditions* and 
are obtained only by indirect methods.® 1,2-O0-Cyclo-octylideneglycerol was hitherto 
unknown. Direct reaction of formaldehyde with glycerol yields * a mixture of 1,2- and 
1,3-O-methyleneglycerol which may be separated as the benzoates or /-nitrobenzoates. 
Since these esters of 1,2-O-methyleneglycerol are difficult to crystallise an alternative 
synthesis of the cyclic acetal was devised. 1-O-Benzylglycerol ? which could be character- 
ised as the di-(p-phenylazobenzoate), condensed readily with formaldehyde in the presence 
of hydrogen chloride, to yield 1-O-benzyl-2,3-O-methyleneglycerol. The benzyl group 
was removed from this compound by palladium-catalysed hydrogenolysis,§ to yield 
1,2-0-methyleneglycerol. 

Mixtures of 1,2- and 1,3-O-methyleneglycerol could not be separated by vapour-phase 
chromatography or as the p-phenylazobenzoates (azoates) or ferrocenecarboxylates by 
chromatography on alumina. 

All the alcohols in the Table readily gave crystalline azoates, exemplifying the value 
of this derivative for characterisation.® 

For primary alcohols in >0-005m-carbon tetrachloride solution, intermolecular 
hydrogen-bonding is negligible and the infrared absorption at ca. 3640 and 3600 cm.+ 
may be associated respectively with free and intramolecularly bonded hydroxyl groups.” 
Further, the proportion of free and bonded hydroxyl groups may be assessed approximately 
from the relative extinction coefficients (e) for the respective absorptions.’ °1,2-0- 
Methyleneglycerol showed absorption at 3608 (¢ 59) and 3646 cm. (e 32), indicating that, 
unlike those in tetrahydrofurfuryl alcohol and 2-ethoxyethanol, a significant percentage 
of the hydroxyl groups are not bonded. Moreover, closely similar absorptions were 
observed for the series of 1,2-O-cyclic ketals shown in the Table where the bulk of R in 
formula (I) varies considerably (H, Me, Et, Ph, etc.). Thus, there is no significant steric 
hindrance of intramolecular hydrogen-bonding by the groups attached to the acetal 
carbon in these compounds. The similarity of the absorptions for 1,2-O-diphenyl- 
methyleneglycerol on the one hand and the aliphatic 1,2-O-cyclic ketals on the other 
suggests that the bonding in these compounds is largely independent of electronic effects 
at the acetal carbon. The similar Av values indicate ! that the intramolecular hydrogen- 
bonds are of similar strength. 

Neither 1,2- nor 1,3-O-methyleneglycerol has a completely bonded hydroxyl group, 
and values of the relevant extinction coefficients suggest that there are significant propor- 
tions of free and bonded hydroxyl groups in each cyclic acetal. If chair conformations 
are preferred," then the presence of free and bonded hydroxyl groups in carbon tetra- 
chloride solutions of 1,3-O-methyleneglycerol is a reflection of the conformational equili- 
brium (II) == (III) (R = H). The hydroxyl group in conformation (II) is, for con- 
venience, shown bonded to both ring oxygen atoms, but whether this is really the case is 
not known although bifurcated hydrogen bonds have been postulated in other connections.” 
Introduction of a suitably located substituent (e.g., R= Me, Et, Pri, and Ph) into 


n 5 Boekelheide, Liberman, Figueras, Krespan, Pennington, and Tarbell, J. Amer. Chem. Soc., 1949, 
, 3303. 

* Hibbert and Morazain, Canad. J. Res., 1930, 2, 35, 214. 

* Bergmann and Carter, Z. physiol. Chem., 1930, 191, 211. 

* Hibbert and Carter, J. Amer. Chem. Soc., 1928, 50, 3120. 

7 Schmidt and Blank, Chem. Ber., 1956, 89, 283. 

* McCloskey, Adv. Carbohydrate Chem., 1957, 12, 137. 

* Reich, Compt. rend., 1939, 208, 748; Biochem. J., 1939, 38, 1000; Coleman, Farnham, and Miller, 
J. Amer. Chem. Soc., 1942, 64, 1501; Coleman and McCloskey, ibid., 1943, 65, 1589; Coleman, Rees, 
Sundberg, and McCloskey, ibid., 1945, 67, 381; Mertzweiller, Carney, and Farley, ibid., 1943, 65, 2367; 
egy Helv. Chim. Acta, 1947, 30, 1689, 1703; Woolfolk, Beach, and McPherson, J. Org. Chem., 

55, 20, 391. 

1° Cole and Jefferies, J., 1956, 4391. 

" Barton and Cookson, Quart. Rev., 1956, 10, 44. 

# Albrecht and Corey, J. Amer. Chem. Soc., 1939, 61, 1087; cf. Hunter in ‘‘ Progress in Stereo- 
chemistry,” Butterworths, London, Vol. I, p. 228. 
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(II) == (III) to yield cis-1,3-O-alkylideneglycerols, causes the molecules to exist 
predominantly, if not exclusively in conformation (II) since absorption for free hydroxyl 
groups cannot be detected in solutions of these cyclic acetals in carbon tetrachloride. 
On the other hand, 1,2-O-methyleneglycerol contains the relatively rigid 1,3-dioxolan ring 
and although the ring has limited flexibility,“ there cannot be gross differences between 
the various conformations. Thus, the presence of free hydroxyl groups indicates 
incomplete bonding and not a mixture of conformations separately containing free and 
completely bonded hydroxyl groups. It is not apparent why bonding is complete in 
2-ethoxyethanol and tetrahydrofurfuryl alcohol, but not in 1,2-O-methyleneglycerol. 
It is possible that differences in molecular geometry may be involved together with a 
transannular effect of the second ring oxygen. 

The reaction pattern of aldehydes with glycerol differs significantly from that observed 
for the higher polyhydric alcohols. Tetritols must be excepted from this generalisation 
since the structure of the cyclic acetal derivatives is unknown.!® Aldehydes react with 
pentitols and higher polyhydric alcohols, to yield six-membered in preference to five- 
membered cyclic acetals and this behaviour has been rationalised. On the other hand, 
and with one exception, at equilibrium of the acid-catalysed glycerol—aldehyde reaction 
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the proportion of five-membered cyclic acetals always markedly exceeds that of the six- 
membered analogues providing that the reaction mixtures remain liquid. This result 
has been observed for a range of aldehydes 118 and for different reaction temperatures.” 
With the O-methyleneglycerols, acid-equilibration yielded ® a mixture in which the six- 
membered cyclic acetal predominated, but it was not stated to what extent. If molar 
proportions of aldehyde, ethane-1,2-diol and propane-1,3-diol are acid-equilibrated, the 
ratio of five- to six-membered cyclic acetals is approximately 1:2. The predominance 
of the six-membered cyclic acetal would be expected from the relative stabilities of five- 
and six-membered rings. 

Although intramolecular hydrogen-bonding may determine the reaction pattern of 
certain higher polyhydric alcohols with aldehydes (see preceding Part) it is unlikely to be 
the main determinant in the case of glycerol. Were this so, then, on the basis of the 
extent of bonding in carbon tetrachloride solutions, the cis-1,3-O-alkylideneglycerols 
would be the expected major products, since these are probably the only completely 

13 Baggett and Foster, unpublished results quoted in ref. 1. 

14 Barker, Bourne, Pinkard, and Whiffen, J., 1959, 802. 

15 Barker and Bourne, Adv. Carbohydrate Chem., 1952, 7, 137. 

16 Barker, Bourne, and Whiffen, J., 1952, 905; Mills, Adv. Carbohydrate Chem., 1955, 10, 1. 

17 Hill, Whelen, and Hibbert, J. Amer. Chem. Soc., 1928, 50, 2235. 


18 Trister and Hibbert, Canad. J. Res., 1936, 14, B, 415. 
19 van Roon, Rec. Trav. chim., 1929, 48, 175. 
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bonded cyclic acetal derivatives of glycerol. For example, among the O-benzylidene- 
glycerols the cis-1,3-cyclic acetal is completely bonded whereas the ¢rans-isomer is not.” 
Although the data for the 1,2-O-benzylideneglycerols are not available it is unlikely that 
the extent of bonding would differ significantly from that in either 1,2-O-methylene- or 
1,2-0-diphenylmethylene-glycerol. A mixture of cis- and tvans-1,2-0-ethylideneglycerol 
showed absorptions at 3610 (¢ 62) and 3644 cm.* (e 36). However, the concentrations of 
components in the reaction mixture of an aldehyde and glycerol are much greater than in 
the carbon tetrachloride solutions employed for spectral determinations, so that inter- 
molecular hydrogen bonding could be involved in determining the reaction pattern 
(cf. Kuhn ). 

The cis-trans-1,2-O-ethylideneglycerol mixture was prepared by the reaction of 
acetaldehyde with 1-O-benzylglycerol followed by catalytic hydrogenolysis. A mixture 
of isomers was expected on analogy with the reaction *4 of acetaldehyde with propane-1,2- 
diol which yields a mixture of cis- and trans-2,4-dimethyl-1,3-dioxolan, each of which on 
acid-equilibration is converted into a mixture containing ca. 65% of the cis-isomer.™ 
There is no a priori reason to expect the exclusive formation of one isomer. The 1,2-0- 
ethylideneglycerol mixture could not be separated as the azoates by chromatography on 
alumina, but the m. p. variation and crystal habits of the ester were strongly indicative 
of a mixture. 

From the properties of the O-methylene derivatives of the higher polyhydric alcohols 15 
it is clear that six-membered are more stable than five-membered rings. In conformity 
with this reaction pattern is the greater rate of acid-hydrolysis of 1,2- than of 1,3-0- 
methyleneglycerol (see Figure). It is interesting to compare the acid conditions necessary 
to hydrolyse 1,3-O-methyleneglycerol (N-sulphuric at 89°, ¢; 129 min.) and the 1,3-0- 
benzylideneglycerols (0-02N-sulphuric acid at 35°, ¢; 17 min.) since these compounds 
effectively reflect the extremes of acid-lability and -stability encountered among 
carbohydrate cyclic acetals. 


EXPERIMENTAL 


1,2-O-Methyleneglycerol—1-O-Benzylglycerol, b. p. 130—134°/0-1 mm., prepared by 
Schmidt and Blank’s? method gave a di-(p-phenylazobenzoate), m. p. 132—134° (Found: 
C, 72-6; H, 4:9; N, 9:05. Cs gH 3,0,N, requires C, 72-1; H, 5-0; N, 9-4%). 

Dry hydrogen chloride was passed for 15 min. into a mixture of 1-O-benzylglycerol (36 g.) 
and paraformaldehyde (10 g.), and the mixture stored at 120° overnight. Excess of form- 
aldehyde and hydrogen chloride were removed at 100°/12—15 mm., and the residue was 
fractionally distilled, to yield 1-O-benzyl-2,3-O-methyleneglycerol (25-8 g., 66%), b. p. 91— 
94°/0-03 mm., ,*5 1-5104 (after redistillation) (Found: C, 68-0; H, 7-4. C,,H,,O, requires 
C, 68-4; H, 7-2%). Storage of the compound in a stoppered bottle in the dark resulted in the 
development of the odour of benzaldehyde. 

A solution of 1-O-benzyl-2,3-O-methyleneglycerol (5 g.) in ethanol (100 ml.) was shaken 
in hydrogen at a slight overpressure in the presence of palladium—barium sulphate.** After 
hydrogen uptake (595 ml. Calc. 650 ml.) was complete, the catalyst was removed, the filtrate 
was concentrated, and the residue distilled to yield 1,2-O-methyleneglycerol (1 g., 40%), b. p. 
86—88°/12—15 mm., m,* 1-4482 (Found: C, 46-6; H, 7-85. Calc. for CgH,O,: C, 46-15; 
H, 7:8%). Hibbert and Carter® record b. p. 84—85°/11 mm., m,*° 1-4477, for the same 
compound prepared by hydrolysis of its benzoate. 

Preparation of Azoates and Ferrocenecarboxylates.—The azoates recorded in the Table and 
elsewhere were prepared by essentially the method of Woolfolk e¢ al.® 

The ferrocenecarboxylates were prepared by the following general method.** A solution 


* Brimacombe, Foster, and Stacey, Chem. and Ind., 1958, 1228; Baggett, Brimacombe, Foster, 
Stacey, and Whiffen, preceding paper. 

*t Lucas and Guthrie, J. Amer. Chem. Soc., 1950, 72, 5490. 

** Barker, Bourne, Pinkard, Stacey, and Whiffen, J., 1958, 3232. 

** Mozingo, Org. Synth., 1946, 26, 77. 
** Baggett and Foster, unpublished method. 
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of ferrocenecarboxylic acid ** [0-1 g.; m. p. 160—170° (decomp.)] in dry benzene (1-1 ml.) was 
stirred at room temperature for 2 hr. with phosphorus pentachloride (100 mg.). The mixture 
was then filtered, and benzene was removed from the filtrate by freeze-drying. <A solution of 
the alcohol (ca. 80 mg.) in dry pyridine (1-1 ml.) was added to the residue, and the mixture was 
stored overnight at room temperature. The mixture was then poured into water and extracted 
with chloroform, and the extract was washed successively with ice-cold N-hydrochloric acid, 
10% aqueous cadmium chloride, and water. Ferrocenecarboxylic acid was removed by 
passage of the chloroform solution through a short column of alumina and elution with the 
same solvent. Evaporation of the eluate gave the ester. 

In this way 2-O-ferrocenecarbonyl-1,3-O-methyleneglycerol (35%), m. p. 110—112° (Found: 
C, 57-0; H, 5:1. C,;H,,FeO, requires C, 57-0; H, 5-1%), and 3-O-ferrocenecarbonyl-1,2-0- 
methyleneglycerol (17%), m. p. 42—44° (Found: C, 57-2; H, 49%), were prepared. 

cis,trans-1,2-O-Ethylideneglycerol.—Acetaldehyde (9 g.) was passed into a mixture of 1-0- 
benzylglycerol (38 g.) and a few drops of concentrated sulphuric acid. The mixture was 
neutralised with solid potassium carbonate and then distilled, to yield 1-O-benzyl-cis,trans- 
2,3-O-ethylideneglycerol (34:3 g., 81%, b. p. 94—100°/0-3 mm., »,** 1-5023 (Found: C, 68-9; 
H, 7-6. C,,H,,O, requires C, 69-1; H, 7-7%). 

A solution of the foregoing O-benzyl ether mixture (33-5 g.) in dry ethanol (150 ml.) was 
hydrogenolysed as described above, to yield cis,trans-1,2-O-ethylideneglycerol, b. p. 90—92°/12 
cm., m,*7-5 1-4360 (Found: C, 50-95; H, 8-6. Calc. for C;H,,O,: C, 50-9; H, 85%). Hill, 
Hill, and Hibbert * record b. p. 68—70°/1 mm., ”,!’ 1-4413 for the product obtained by 
saponification of the oily benzoate. 

cis,trans-1,2-O-Ethylideneglycerol readily gave a crystalline p-phenylazobenzoate, m. p. 
67—76° (Found: C, 66-4; H, 5-8. C,,H,,O,N, requires C, 66-3; H, 5-5%). Attempted 
fractionation of the azoate on alumina (approx. Brockmann III in activity) gave a series of 
fractions all with m. p. ca. 65—75°. Recrystallisation of the azoate resulted in the simultaneous 
formation of two apparently distinct crystal types which, however, could not be satisfactorily 
separated. 

Preparation of Cyclic Ketals——The cyclic ketals recorded in the Table were prepared 
essentially by the method of Boekelheide et al.; * 1,2-O-cyclo-octylideneglycerol had b. p. 97— 
99°/0-1 mm., n° 1-4896 (Found: C, 66-25; H, 10-3. C,,H.»O; requires C, 66-0; H, 10-0%). 

Infrared Spectra.—These were measured in 2 cm. layers in CCl, solution with a grating having 
a 2500 lines per inch used in the third or fourth order on the spectrometer previously described.” 
The concentration of the cyclic acetal was approximately 0-005M; the extinction coefficients (2) 
are maximum values and are equal to (1/c/) logy) (J,/Z) with 7 in cm. and ¢ in moles/l. and 
are accurate to +10. It would be unwise to assume that the extinction coefficients of bonded 
and free hydroxyl groups are identical either in one molecule or between molecules, so that 
accurate values are not available for the proportion of each although they are certainly of 
comparable magnitude. 

Acid-hydrolysis of the O-Methyleneglycerols—A solution (50 ml.) of the O-methylene- 
glycerol (0-52 g., 5 mmoles) in N-sulphuric acid was stored at 89°. Aliquot parts (5 ml.) with- 
drawn at suitable time intervals were neutralised with sodium hydrogen carbonate, and the 
volume then adjusted to 50 ml. after addition of 0-25m-sodium metaperiodate (5 ml.). After 
5 min. the consumption of periodate was determined on an aliquot part (5 ml.) by Jackson's * 
method of addition of excess of standard arsenite and back-titration with iodine. The results 
are shown in the Figure. 


The authors thank Professor M. Stacey, F.R.S., for his interest, and Dr. D. H. Whiffen for 
valuable discussion of the infrared spectra. Part of the expenses were covered by a grant from 
Imperial Chemical Industries Limited. 
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25 Rineheart, Motz, and Sung Moon, J. Amer. Chem. Soc., 1957, 79, 2753. 
Hill, Hill, and Hibbert, J. Amer. Chem. Soc., 1928, 50, 2242. 

27 Spedding and Whiffen, Proc. Roy. Soc., 1956, A, 288, 245. 

28 Jackson, “‘ Organic Reactions,”’ 1944, Vol. II, p. 361. 
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522. Amino-sugars and Related Compounds. Part VII.*  2-Amino- 
2-deoxy-1,3,4,5-tetra-O-methyl-D-glucitol, 2-Amino-2-deoxy-L-threitol 
and Certain Derivatives thereof. 


By A. B. Foster, D. Horton, N. Sauim, M. Stacey, and J. M. WEBBER. 


Reaction sequences for the linkage-analysis of disaccharides in which an 
amino-sugar derivative constitutes the reducing moiety are suggested. The 
synthesis of 2-amino-2-deoxy-1,3,4,5-tetra-O-methyl-p-glucitol and 2-amino- 
2-deoxy-L-threitol and certain of their derivatives is described. Standard 
carbohydrate methods are employed to obtain the p-glucitol compound, but 
the synthesis of the L-threitol derivative involves the use, novel in the carbo- 
hydrate field, of the O-methyl ether grouping as a blocking agent and its 
removal with boron trichloride. 


Tue application of classical methylation techniques in the linkage-analysis of disaccharides 
(and oligosaccharides) where 2-acetamido-2-deoxy-D-glucose (or other N-acetylated amino- 
sugar) is the reducing moiety is complicated by the alkali-sensitivity of the reducing 
components.! Initial attempts to overcome this limitation by using mild reaction 
conditions failed. For example, treatment of 2-acetamido-2-deoxy-p-glucose with di- 
methyl sulphate at room temperature and pH 8-46 did not effect glycosidation. Although 
glycosidation of amino-sugar derivatives can be accomplished with diazomethane,? the 
method has not been widely used. 

As a first alternative approach to the problem, the disaccharide may be reduced and, 
after methylation, the tetra-O-methylated 2-amino-2-deoxy-p-glucitol derivative (or 
analogous compound) isolated and characterised. A similar reaction sequence has been 
applied +* to oligosaccharides in which the amino-sugar component was not the reducing 
moiety. The feasibility of the method is indicated by the facts that 2-acetamido-2-deoxy- 
p-glucose and the N-acetylated chitosaccharides are smoothly reduced by sodium 
borohydride * apparently without the incursion of side reactions and that 2-acetamido-2- 
deoxy-D-glucitol may be completely methylated by a single treatment with methyl iodide 
and silver oxide in dimethyl formamide, to yield 2-acetamido-2-deoxy-1,3,4,5,6-penta-O- 
methyl-p-glucitol. As reference compounds for the proposed alternative method a series 
of 2-amino-2-deoxytetra-O-methyl-p-glucitol derivatives are required and we now 
describe the synthesis of 2-amino-2-deoxy-1,3,4,5-tetra-O-methyl-p-glucitol and certain 
of its derivatives. 

Treatment of 2-acetamido-2-deoxy-D-glucose with triphenylmethyl chloride in pyridine 
gave a 6-0-trityl derivative which was smoothly reduced to 2-acetamido-2-deoxy-6-0- 
trityl-p-glucitol by ethanolic sodium borohydride. The location of the trityl group was 
indicated when the compound reduced 1-9 mol. of periodate with the release of 0-66 mol. of 
formic acid and proved by the isolation of 2-hydroxyethyl triphenylmethyl ether after 
reduction of the periodate oxidation products with sodium borohydride. The same ether 
and ethylene bistriphenylmethyl ether were formed when ethane-1,2-diol was treated 
with 1 mol. of triphenylmethyl chloride in pyridine. Methylation ® of 2-acetamido-2- 
deoxy-6-0-trityl-p-glucitol gave the tetra-O-methyl derivative from which the O-trityl 
group was cleaved by hot aqueous acetic acid to afford, after acetylation, 2-acetamido- 
6-0-acetyl-2-deoxy-1,3,4,5-tetra-O-methyl-p-glucitol. Acid-hydrolysis of this compound 


* Part VI, Acta Chem. Scand., 1959, 18, 281. 


! Foster and Horton, Adv. Carbohydrate Chem., 1959, 14, 213. 

* Kuhn and Baer, Chem. Ber., 1953, 86, 724; see also Neeman, Caserio, Roberts, and Johnson, 
Tetrahedron, 1959, 6, 36. 

* E.g., Kuhn and Baer, Chem. Ber., 1956, 89, 504. 

* Barker, Foster, Stacey, and Webber, J., 1958, 2218. 
® Kuhn, Trischmann, and Léw, Angew. Chem., 1955, 67, 32. 
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gave syrupy 2-amino-2-deoxy-1,3,4,5-tetra-O-methyl-p-glucitol hydrochloride. Charac. 
terisation of this compound would be best effected by selective N-acetylation® ang 
tritylation. 

By a second approach, an indication of the linkage position may be obtained normally 
from the periodate oxidation pattern of the reduced disaccharide. The presence of the 
2-acetamido-2-deoxy-group limits attack by periodate and hence simplifies the oxidation 
pattern. Moreover, serious overoxidation ’ of the 2-acetamido-2-deoxy-p-glucitol moiety 
cannot occur since malondialdehyde derivatives are not formed. This behaviour has been 
observed with 2-acetamido-2-deoxy-p-glucitol, di-N-acetylchitobi-itol, and tri-N-acetyl- 
chitotri-itol4 Further, and importantly, reduction and then acidic hydrolysis of the 
periodate oxidation products yield, from the 2-acetamido-2-deoxy-p-glucitol moiety, a 
non-reducing fragment whose size is characteristic of the location of the interglycosidic 
linkage. Thus for 1—»3, 1—»4, and 1—»6 (and 1—-»-5) linked disaccharides the 
respective relevant products are 2-amino-2-deoxy-tL-threitol, 2-amino-2-deoxy-pD-xylitol, 
and 2-aminopropane-1,3-diol. Isolation and characterisation of these products provides 
a definitive structural method. 2-Aminopropane-1,3-diol has been characterised,’ but the 
tetritol and pentitol derivatives are unknown although 2-amino-2-deoxy-D-xylose has 
been described. We now report a synthesis of 2-amino-2-deoxy-.-threitol. 

2-Acetamido-2-deoxy-L-threose (and subsequently the threitol derivative by reduction) 
cannot be obtained by graded periodate oxidation ' of 2-acetamido-2-deoxy-D-glucitol 
since the reagent preferentially attacks vicinal threo-diol groupings,’® thereby yielding 
2-acetamido-2-deoxy-L-glyceraldehyde. Graded periodate oxidation of 2-acetamido-2- 
deoxy-D-galactitol should afford 2-acetamido-2-deoxy-.-threose, but the low yields to be 
expected ! and the inaccessibility of the galactitol derivative largely deprive the method 
of value. Alternatively, the threitol derivative may be synthesised by periodate oxid- 
ation of a suitable 3-O-substituted 2-acylamido-2-deoxy-D-glucitol followed by reduction 
and then the removal of the protecting groups. Synthesis of a 3-O-benzyi derivative was 
first examined. 

Treatment of a benzene solution of methyl 4,6-O-benzylidene-2-benzyloxycarbonyl 
amino-2-deoxy-«-D-glucopyranoside successively with sodium and benzyl bromide, 
followed by acidic hydrolysis of the product under conditions normally employed for 
glycoside hydrolysis (3N-hydrochloric acid at 95—100° for 3—4 hr.), did not yield any 
reducing amino-sugar derivative. A similar result was obtained when the benzyl bromide 
was omitted, whereas direct acid-hydrolysis of the benzylidene derivative yielded 2-amino- 
2-deoxy-D-glucose. An explanation for this result is not readily apparent although 
ingress of moisture during the reaction with sodium would result in rapid cleavage of the 
benzyloxycarbonylamino-group," yielding a free amino-compound strongly resistant to 
acid-hydrolysis.* Alternatively N-benzylation may have occurred, again yielding an 
acid-resistant product; Jeanloz and Jeanloz' have observed such a reaction during 
O-benzylation of methyl 2-acetamido-2-deoxy-6-0-trityl-«-D-glucopyranoside. 

The observation ™ that O-methyl sugar derivatives are readily demethylated by boron 
trichloride at low temperature suggests the possibility, novel in the carbohydrate field, 
of employing the methyl ether group as a blocking agent generally in suitable carbo- 
hydrate syntheses and particularly in the synthesis of 2-amino-2-deoxy-t-threitol. 
Preliminary experiments showed that 2-amino-2-deoxy-p-glucose hydrochloride was 

* Inoue, Onodera, Kitaoka, and Kirii, Bull. Inst. Chem. Res. Kyoto Univ., 1955, 38, 270; Chem. 
Abs., 1956, 50, 10,656. 

7 Bose, Foster, and Stephens, J., 1959, 3314. 

Foster, Horton, and Stacey, J., 1958, 1890. 

Wolfrom and Anno, J]. Amer. Chem. Soc., 1953, 75, 1038. 

10 Schwarz, J., 1957, 276. 

1! Foster, Stacey, and Vardheim, Acta Chem. Scand., 1959, 18, 281. 
12 Foster, Horton, and Stacey, J., 1957, 81. 


13 Jeanloz and Jeanloz, Chimia, 1953, 7, 233. 
™ Allen, Bonner, Bourne, and Saville, Chem. and Ind., 1958, 630. 
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unaffected by boron trichloride and that its 3-O-methyl derivative was smoothly 
demethylated, apparently without the incursion of side reactions. Some decomposition 
occurred in addition to de-N-acetylation, when 2-acetamido-2-deoxy-D-glucose was 
treated with the reagent. 

2-Acetamido-2-deoxy-3-O-methyl-p-glucitol was synthesised and degraded to 2-amino- 
9-deoxy-L-threitol as follows. Treatment of 2-acetamido-2-deoxy-p-glucose with boiling 
2% methanolic hydrogen chloride for 3 hr. resulted in glycosidation but also 24% of 
de-N-acetylation. Methyl 2-acetamido-2-deoxy-«$-p-glucopyranoside was subsequently 
jsolated in poor yield (20%). When Amberlite I.R.-120 (H* form) was used as glycosid- 
ation catalyst,!® the de-N-acetylated product was adsorbed on the resin and a much 
improved yield (72%) of methyl 2-acetamido-2-deoxy-«8-D-glucopyranoside resulted. 
This glycoside, which contains 10—i5% of the $-anomer, readily condensed with 
benzaldehyde, by the Gerhardt method,?* to yield methyl 2-acetamido-4,6-O-benzylidene- 
2-deoxy-a-D-glucopyranoside. It is of interest that, whilst methyl-«-p-glucopyranoside 
and methyl 2-acetamido-2-deoxy-a-D-glucopyranoside have similar [M]p values (+307° 
and +308° respectively in water), the [M]p values for the 4,6-O-benzylidene derivatives 
are quite different (+329° and +104° respectively in chloroform), that for the amino- 
sugar derivative being unexpectedly low. 

Repeated treatment of methyl 2-acetamido-4,6-O-benzylidene-2-deoxy-«-D-gluco- 
pyranoside with methyl iodide-silver oxide failed to achieve complete methylation since 
acid-hydrolysis of the product invariably yielded a mixture of 2-amino-2-deoxy-3-0- 
methyl-p-glucose hydrochloride and the parent amino-sugar. Treatment of homogeneous 
2-amino-2-deoxy-3-O-methyl-pD-glucose hydrochloride with acid did not effect any 
demethylation. Similar results were obtained when methyl 4,6-O-benzylidene-2-benzyl- 
oxycarbonylamino-2-deoxy-«-D-glucopyranoside was methylated with methyl iodide-silver 
oxide and when methyl iodide-silver oxide in dimethylformamide was used, although an 
improved yield of product was obtained with the latter reagent. The resistance of methyl 
2-acetamido-4,6-O-benzylidene-2-deoxy-a-D-glucopyranoside and its 2-benzyloxycarbonyl- 
amino-analogue to methylation by the latter reagent contrasts with the ease of methyl- 
ation of the acyclic amino-sugar derivatives described above. Homogeneous 2-amino-2- 
deoxy-3-O-methyl-p-glucose hydrochloride could only be isolated by paper column 
chromatography. Methylation of methyl 2-acetamido-4,6-O-benzylidene-2-deoxy-«-p- 
glucopyranoside is reported 1” to proceed smoothly in dioxan, but experimental details 
have not been published. It is of interest that crystalline samples of 2-amino-2-deoxy-3- 
O-methyl-D-glucose hydrochloride obtained from several sources all contained small 
amounts of the parent amino-sugar. 

Selective N-acetylation ® of 2-amino-2-deoxy-3-O-methyl-pD-glucose hydrochloride gave 
2-acetamido-2-deoxy-3-O-methyl-p-glucose which crystallised in the «-form as indicated 1* 
by Vmax, at 842 cm. and the downward mutarotation on dissolution in water. The N- 
acetate was smoothly reduced by sodium borohydride to syrupy 2-acetamido-2-deoxy-3- 
O-methyl-p-glucitol (I) characterised as a tetra-(p-phenylazobenzoate). Whereas the 
a], value of the reaction solution obtained after reduction of 2-acetamido-2-deoxy-3-0- 
methyl-D-glucose did not change significantly on acidification with acetic acid, that of the 
solution obtained after reduction of 2-acetamido-2-deoxy-b-glucose changed from —48-4° 
to —15-7°. Analogous results were obtained with D-glucose ({a],, +6-0°—» —0-9° on 
acidification) and its 3-O-methyl derivative ({aJ,, +11-4° before and after acidification). 
The effect is undoubtedly due to borate-complex formation,” and the importance of 


8 Zilliken, Rose, Braun, and Gyorgy, Arch. Biochem. Biophys., 54, 392. 
** Gerhardt, G.P. 253,083/19106; Chem. Zentr., 1912, 88, 11, 1955; Hill, Whelen, and Hibbert, J. 
Amer. Chem. Soc., 1928, 50, 2235. 
2 * Roth and Pigman, Abs. Papers, Amer. Chem. Soc. Meeting, Atlantic City, September, 1959; 
Jeanloz, Adv. Carbohydrate Chem., 1958, 18, 192. 
8 Cf. Barker, Bourne, Stacey, and Whiffen, J., 1954, 171. 
* Isbell, Brewster, Holt, and Frush, J. Res. Nat. Bur. Stand., 1948, 40, 129. 
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the 3-hydroxyl group in the above examples strongly suggests that borate ions form com- 
plexes preferentially with vicinal threo-diol groups (cf. Frahn and Mills *°). A parallel is 
thus provided with the reaction of acetone *4 and periodate ! with polyhydric alcohols. 

Under conditions where 2-acetamido-2-deoxy-p-glucitol rapidly consumed 3-0 mol. of 
periodate yielding 1-0 mol. of formaldehyde and 1-8 mol. of formic acid, 2-acetamido-2- 
deoxy-3-O0-methyl-p-glucitol consumed oxidant initially rapidly and subsequently rela- 
tively slowly, finally reducing 1-9 mol. of oxidant and releasing 1-0 mol. of formaldehyde 
but only 0-2 mol. of formic acid as determined by direct titration with standard alkali, 
Addition of an excess of standard alkali and back-titration with acid revealed a true formic 
acid production of 0-9 mol. These results may be explained as follows. Initial oxidation 
of 2-acetamido-2-deoxy-3-O-methyl-p-glucitol (I) at position a yields 3-acetamido-3- 
deoxy-2-O-methyl-1-threose (II). However, alternative initial attack at b gives 4-acet- 
amido-4-deoxy-3-O-methyl-aldehydo-L-xylose (III) which would rapidly change to the 
pyranose form (IV), thereafter consuming periodate to afford 3-acetamido-3-deoxy-4-0- 
formyl-3-O-methyl-L-threose (V), the ester moiety of which would be stable in the weakly 
acid periodate solution but sensitive to alkali (cf. the results obtained by Hough et al™ 
on periodate oxidation of 3-O-methyl-p-glucose and 3-O-methyl-p-glucitol). The initial 
release of 0-2 mol. of formic acid indicates that 20% of 2-acetamido-2-deoxy-3-O-methyl-p- 
glucitol (I) is attacked by periodate initially at a; the initial rapid uptake of oxidant 
corresponds to cleavage at a or b, and the subsequent slower rate of periodate consumption 
corresponds to attack of the pyranose structure (IV). These and the preceding results 
amplify Schwarz’s finding "™ that the susceptibility of acyclic vicinal diols to attack by 
periodate follows the sequence threo > terminal > erythro. 





CH,-OH CH,OH CH2-OH 
NHAc 3 NHAc NHAc 
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MeO MeO RO 
CHO CH,*OH 
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(1) 
{> f 
CH,"OH 
ane AcHN fo) AcHN O-CHO 
MeO —- Pn oe 
OH CHO 
CHO MeO MeO 


(111) (IV) (V) 


Simultaneous reduction and saponification of 3-acetamido-3-deoxy-4-0-formyl-3-0- 
methyl-L-threose (V) with sodium borohydride yielded crystalline 2-acetamido-2-deoxy- 
3-O-methyl-1-threitol (VI), which was characterised as its bis-(p-phenylazobenzoate). 
Acid-hydrolysis of the methyl ether (VI) gave 2-amino-2-deoxy-3-O-methyl-1-threitol 
hydrochloride which rapidly consumed 1-0 mol. of periodate, releasing 1-1 mol. of 
formaldehyde. The methyl ether group in the latter compound was smoothly cleaved by 
boron trichloride, affording syrupy 2-amino-2-deoxy-t-threitol hydrochloride which was 
isolated as its crystalline N-acetyl derivative (VII). 2-Amino-2-deoxy-.-threitol hydro- 
chloride rapidly consumed 2-8 mol. of periodate, releasing 1-8 mol. of formaldehyde. 


20 Frahn and Mills, Austral. J. Chem., 1959, 12, 65. 

21 Barker and Bourne, Adv. Carbohydrate Chem., 1952, 7, 137. 

#2 Hough, Taylor, Thomas, and Woods, J., 1958, 1212; cf. Cantley, Hough, and Pittet, Chem. and 
Ind., 1959, 1253. 
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A plot * of logy, [(1/Rr) — 1], where Rp is the paper chromatographic mobility 
observed on downward irrigation with the organic phase of butanol-ethanol—water 
(4: 1:5), against the number of carbon atoms for the series glycerol, erythritol, p-arabitol, 


Paper chromatographic behaviour ** of polyhydric alcohols 
(A) and their 2-amino-2-deoxy-derivatives (B), of series 
C, = glycerol, C, = erythritol, C, = arabitol, xylitol, 
and C, = glucitol. 








Oo n 1 4 





B 4 5 6 
No of carbon atoms 


and p-glucitol gave a straight line (see Figure). Although the Rp values for the 2-amino- 
2-deoxy-analogues were much lower a straight line was observed (see Figure) for the 
hydrochlorides of the series 2-amino-2-deoxyglycerol, 2-amino-2-deoxy-.-threitol, 2-amino- 
2-deoxy-p-xylitol and 2-amino-2-deoxy-pD-glucitol. 


EXPERIMENTAL 

Wherever possible, optical rotations were measured in 2dm. tubes. Paper chromatography 
was performed on Whatman No. 1 paper by downward irrigation of the organic phase of 
butanol-ethanol—water (4: 1: 5), and detection was by aniline hydrogen phthalate, ninhydrin, 
and silver nitrate ** in the appropriate cases. 

Attempted Methylation of 2-Acetamido-2-deoxy-p-glucose.—The following is a typical experi- 
ment. Carbon dioxide was passed through a solution of sodium carbonate (0-106 g., 1-0 mmole) 
and 2-acetamido-2-deoxy-pD-glucose (100 mg., 0-45 mmole) in water (11 ml.) at 0° until a 
constant pH (8-46) was obtained. Dimethyi sulphate (0-110 g., 0-81 mmole) was added during 
1 hr. and the mixture was then allowed to attain room temperature. There was no change in 
reducing power of the solution during 4 hr. 

Methylation of 2-Acetamido-2-deoxy-p-glucitol—A solution of 2-acetamido-2-deoxy-p- 
glucitol (0-501 g., m. p. 152—154°) in dry, purified 2? dimethylformamide (20 ml.) and methyl 
iodide (3 ml.) was treated ° with dry silver oxide (3 g.) in portions during 30 min. with continuous 
shaking. After being shaken overnight, the mixture was centrifuged and the residue was 
washed with chloroform. The combined washings and supernatant liquid were dried (MgSO,) 
and concentrated, and the residue was distilled, to yield 2-acetamido-2-deoxy-1,3,4,5,6-penta-O- 
methyl-p-glucitol (0-427 g., 66%), b. p. 180—190° (bath) /0-2 mm., n?° 1-4550 (Found: C, 53-5; 
H, 9-4; N, 4:9. C,,H,,NO, requires C, 53-3; H, 9-2; N, 48%). Hydrolysis of the product 
(112 mg.) with 2n-hydrochloric acid at 100° for 2 hr. gave a product which appeared homo- 
geneous on paper chromatography and detection with silver nitrate but did not react with 
ninhydrin. 

2-A cetamido-2-deoxy-6-O-trityl-p-glucose—A solution of 2-acetamido-2-deoxy-p-glucose 
(3-18 g.) in dry pyridine (20 ml.) was treated with a solution of triphenylmethy] chloride (4-05 g.) 
in pyridine (20 ml.) at room ‘temperature for 6 days. The mixture was then poured into water 
(500 ml.), and the product was extracted with chloroform (3 x 100 ml.). Evaporation of the 
combined and dried (MgSO,) extracts and recrystallisation of the residue gave 2-acetamido-2- 
deoxy-6-O-trityl-p-glucose (4-3 g., 64%), m. p. 130°, fa], +33° (c 0-4.in EtOH), [M]p +152° 
(Found: C, 70-0; H, 6-5; N, 3-1. C,,H,gNO, requires C, 70-0; H, 6-3; N, 3-0%). From the 


*8 Cf. French and Wild, J. Amer. Chem. Soc., 1953, '75, 2612. 
= Featherstone, Foster, and Webber, unpublished work. 

* Partridge, Nature, 1949, 164, 443. 

** Trevelyan, Proctor, and Harrison, Nature, 1950, 166, 444. 
* Leader and Grovely, J. Amer. Chem. Soc., 1951, 78, 5731. 
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mother-liquors an unidentified product (0-2 g.), m. p. 169—170°, was also isolated (Found: ¢ 
70-2; H, 6-1; N, 3-0%). 

2-A cetamido-2-deoxy-6-O-trityl-p-glucitol—Sodium borohydride (0-15 g.) was added to a 
solution of 2-acetamido-2-deoxy-6-O-trityl-p-glucose (1-3 g.) in ethanol (150 ml.), and the 
mixture was stored at room temperature for 12 hr. After acidification with dilute acetic aciq 
the mixture was diluted with water (200 ml.), and the precipitate collected, washed with water, 
and recrystallised from aqueous ethanol, to give the product (1-27 g., 97%), m. p. 76—78°, 
[a], —2° (c 0-5 in EtOH), [M]p —9° (Found: C, 70-0; H, 7-0; N, 2-7. C,H ,NO, requires 
C, 69-7; H, 6-7; N, 3-0%). 

A solution of the product (50 mg.) in ethanol (40 ml.) was treated with aqueous 0-25m- 
sodium metaperiodate (5 ml.) and water (5 ml.). The consumption of periodate was followed 
by a standard procedure; ** after 3 hr., 1-9 mol. of oxidant had been reduced and 0-66 mol. of 
formic acid released. 

In a parallel experiment the product (20 mg.) was oxidised as above for 3 hr. and the 
solution was then treated with ethane-1,2-diol (0-1 g.) followed by sodium borohydride (10 mg,). 
After 20 min. the solution was acidified with dilute acetic acid and concentrated, and the 
precipitate recrystallised from aqueous ethanol to yield 2-hydroxyethyl triphenylmethyl ether 
(10 mg., 63%), m. p. 93—95° alone and 92—93° in admixture with the authentic material 
described below (Found: C, 83-8; H, 6-5. C,,H,.O, requires C, 82-9; H, 6-6%). 

O-Triphenylmethyl Derivatives of Ethane-1,2-diol.—A solution of ethane-1,2-diol (0-31 g,, 
5 mmoles) and triphenylmethyl chloride (1-39 g., 5 mmoles) in dry pyridine (20 ml.) was boiled 
under reflux for 20 min., cooled, and poured into water. The precipitate was collected, washed 
with water, and crystallised from aqueous ethanol, to yield ethylene bistriphenylmethyl ether 
(0-95 g.), m. p. 187° (Found: C, 88-0; H, 6-6. C,. 9H,,0, requires C, 87-9; H, 6-2%). 

From the mother-liquors 2-hydroxyethy]l triphenylmethy] ether (0-108 g.), m. p. 94—96°, 
was isolated (Found: C, 83-3; H, 6-6%). 

2-A cetamido-6-O-acetyl-2-deoxy-1,3,4,5-tetva-O-methyl-p-glucitol.—2-Acetamido-2-deoxy-6-0- 
trityl-p-glucitol was methylated essentially as described above with methyl iodide (10 ml), 
silver oxide (10 g.), and dimethylformamide (30 ml). The resulting 2-acetamido-2-deoxy- 
1,3,4,5-tetra-O-methyl-6-O-trityl-p-glucitol (1-12 g., theoretical yield) was dried over P,O, at 
110°/0-01 mm.; it could not be distilled (Found: C, 70-7; H, 7-5; N, 3-4; OMe, 23:8, 
C,,H3,NO, requires C, 71-4; H, 7-5; N, 2-7; OMe, 23-8%). 

A solution of this compound (0-67 g.) in 60% aqueous acetic acid (25 ml.) was heated at 100° 
for 1 hr., then cooled and diluted with water. Triphenylmethanol (0-312 g., 96%; m. p. 157— 
158°) was removed and the filtrate concentrated, to yield syrupy 2-acetamido-2-deoxy-1,3,4,5- 
tetra-O-methyl-p-glucitol (0-29 g., 83%) which was treated with acetic anhydride (0-5 ml.) and 
pyridine (10 ml.) at room temperature for 34 hr. Water (30 ml.) was then added and after 3 hr. 
the solution was extracted with chloroform. The combined and dried (MgSO,) extracts were 
concentrated and the residue was distilled, to yield 2-acetamido-6-O-acetyl-2-deoxy-1,3,4,5-tetra- 
O-methyl-p-glucitol (0-278 g., 68%), b. p. 160° (bath) /0-02 mm., n*° 1-4562, [a],,! +-9-5° (c 2-3 in 
EtOH), [M], +30° (Found: C, 52-1; H, 8-4; N, 4:3. C,,H,,NO, requires C, 52-3; H, 8-4; N, 
44%). 

A solution of this compound (126 mg.) in 2-3N-hydrochloric acid (20 ml.) was heated at 100° 
for 1 hr. and then concentrated to yield, presumably, 2-amino-2-deoxy-1,3,4,5-tetra-O-methyl- 
p-glucitol hydrochloride (95 mg., 90%), [a],,”° +5° (¢ 0-7 in EtOH), [M], +19°, after drying 
at 100°/0-:02 mm. The product, which failed to crystallise, appeared homogeneous on paper 
chromatography and detection with silver nitrate; it did not react with ninhydrin. Whena 
sample was dried at 140°/0-02 mm., partial decomposition occurred. 

Methyl 2-Acetamido-2-deoxy -aB -p-glucopyranoside.—(a) 2- Acetamido - 2- deoxy - p - glucose * 
(2-56 g.; m. p. 205°; [a], +41° in H,O) was added to 2% methanolic hydrogen chloride 
(75 ml.), and the mixture was boiled under reflux. Dissolution occurred in 11 min. and the 
reaction was then followed polarimetrically; «, +-2-8° —» +6-2° (final constant value) in 
3hr. The solution was treated with lead carbonate and filtered; the filtrate was evaporated at 
40° (bath)/12—15 mm. and the residue (2-69 g.) recrystallised from ethanol to yield a product 
(0-152 g., 5-8%), m. p. 188—189°. Paper chromatographic examination of the mother-liquor 
revealed an appreciable amount of free amino-compounds with Ry values identical with those 
of 2-amino-2-deoxy-p-glucose and methyl 2-amino-2-deoxy-p-glucopyranoside. (In a parallel 


28 Jackson, Org. Reactions, 1944, 2, 341. 
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experiment titration with standard sodium hydroxide indicated 24:3% of de-N-acetylation.) 
Concentration of the mother liquor gave a further yield (1-43 g.) of product, m. p. 150—158°, 
which was found to be heterogeneous by paper chromatography. Recrystallisation from 
ethanol yielded methyl 2-acetamido-2-deoxy-«f-p-glucopyranoside (0-385 g., 143%), m. p. 
187—189°, [a], + 106-9° (c 1-12 in water), [M]p +251°. Moggridge and Neuberger * give m. p. 
189°, [a], + 105° in water for this compound, which was shown by Kuhn, Zilliken, and Gauhe *° 
to contain 10—15% of the B-anomer. 

(b) A mixture of 2-acetamido-2-deoxy-p-glucose (5-2 g.), Amberlite I.R.-120 (15 g.; H* 
form) and methanol (154 ml.) was boiled under reflux for 4 hr. (cf. Zilliken e¢ al.) ; dissolution 
was complete in 12 min. The mixture was filtered, the resin was washed with methanol 
(40 ml.), and the combined filtrate and washings were evaporated at 40° (bath)/12—15 mm., 
yielding the product (4-02 g., 72-4%), m. p. 184—188°, [a],, + 104-6° (c 1-2 in H,O) and +121° 
(c 1-0 in MeOH). 

Methyl 2-Acetamido-4,6-O-benzylidene-2-deoxy-a-D-glucopyranoside.—Methyl 2-acetamido-2- 
deoxy-a8-D-glucopyranoside (5-9 g.; m. p. 184—188°) and freshly distilled benzaldehyde 
(45 ml.) were heated at 140—145° for 4 hr. and a stream of carbon dioxide was passed through 
the mixture; #® the mixture became homogeneous after 10 min. It was then poured into light 
petroleum (400 ml.; b. p. 60 —80°) and after 1 hr. the product (8-48 g.) was collected and washed 
with light petroleum (b. p. 60—80°). A solution of the crude product in chloroform (ca. 100 ml.) 
was decolorised with charcoal and concentrated until a saturated solution was obtained. On 
storage overnight at — 20° methyl 2-acetamido-4,6-O-benzylidene-2-deoxy-a-p-glucopyranoside 
(5-4 g., 64%) separated with m. p. 258—259°, [a],, +33-4° (c 0-75 in CHCI,), [M]» +108°. A 
further yield of product (1-61 g., 19%), m. p. 255—256°, [a],, +26-8° (c 0-76 in CHCI,), was 
obtained by concentration of the mother-liquors. Neuberger ** gives m. p. 255°, [a], + 19° in 
CHCI,, for this compound prepared by a different method. 

The above reaction was repeated several times and in certain cases extensive decomposition 
occurred. The cause was not determined. 

Methyl 2-acetamido-4,6-O-benzylidene-2-deoxy-a-p-glucopyranoside (0-8 g.; m. p. 257— 
258°; [a),, +36° in CHCI,) was treated with 10-4N-acetic acid (20 ml.) at 60—70° for 0-5 hr. 
The mixture was diluted with water (ca. 50 ml.) and, after extraction with light petroleum 
(b. p. 60—80°), concentrated at 40° (bath)/~12 mm., and water was distilled from the residue. 
Methyl 2-acetamido-2-deoxy-a-p-glucopyranoside thus obtained had [a], +130-3° (c 0-76 in 
water). Kuhn, Zilliken, and Gauhe * record [a], +131° in water for the a-glucoside purified 
through the tri-O-acetate. 

Methylation of Methyl 2-Acetamido-4,6-O-benzylidene-2-deoxy-a-D-glucopyranoside.—(a) A 
boiling solution of methyl 2-acetamido-4,6-O-benzylidene-2-deoxy-a-p-glucopyranoside (4-84 g.) 
in methyl iodide (60 ml.) was treated portionwise with dry silver oxide (26 g.) during 2 hr. 
After a further 4 hr. the mixture was filtered and the residue washed with methyl iodide (20 ml.) 
and chloroform (50 ml.). Concentration of the combined filtrate and washings gave a product 
(1-28 g., 26%), m. p. 279—283°, [a|,, +41-2° (c 0-7 in CHCI,). Continuous extraction of the 
residue gave a further yield of product (3-61 g., 74%), m. p. 279—283°. Neuberger ** gives 
m. p. 277—279°, [aJ,, +39° in chloroform, for methyl 2-acetamido-4,6-O-benzylidene-2-deoxy-3- 
O-methyl-a-p-glucopyranoside. 

The foregoing product (50 mg.) was treated with 2-5n-hydrochloric acid (3 ml.) at 95—100° 
for4hr. Thehydrolysate was diluted with water (7 ml.), and extracted with light petroleum (b. p. 
60—80°) to remove benzaldehyde and then twice with a chloroform solution of methyl di-n- 
octylamine (5 ml.; 5% v/v) to remove acid. The solution was decolorised with charcoal, 
concentrated, and examined by paper chromatography. Detection with ninhydrin and aniline 
hydrogen phthalate revealed’a mixture of 2-amino-2-deoxy-p-glucose and its 3-O-methy] ether. 
Similar acid-treatment of chromatographically homogeneous 2-amino-2-deoxy-3-O-methyl-p- 
glucose hydrochloride with acid yielded no de-O-methylated product. 

(6) A solution of methyl 2-acetamido-4,6-O-benzylidene-2-deoxy-a-D-glucopyranoside (1 g.) 
in purified *” dimethylformamide (40 ml.) and methy] iodide (5 ml.) was treated at room temper- 
ature with silver oxide (5 g.) portionwise during 1 hr. (cf. Kuhn e¢ a/.5) and the mixture then 
shaken overnight. Concentration of the filtered solution gave a product (0-638 g., 63%), m. p. 

*® Moggridge and Neuberger, J., 1938, 745. 


* Kuhn, Zilliken, and Gauhe, Chem. Ber., 1953, 86, 466. 
3! Neuberger, J., 1941, 50. 
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281—285°, |a|,, +40-8° (c 0-11 in CHCI,). Continuous extraction of the insoluble material with 
chloroform gave a further yield of product (0-375 g., 36-89%), m. p. 281—285°. Acid-hydrolysis 
of each fraction and paper chromatographic analysis of the hydrolysate as in (a) revealed a 
mixture of 2-amino-2-deoxy-p-glucose and its 3-O-methyl ether. 

A mixture (10 g.) of 2-amino-2-deoxy-p-glucose hydrochloride and its 3-O-methy] ether was 
separated on a Gryksbo spiral filter-paper column by elution with the organic phase of a butanol- 
ethanol—water (4: 1: 5) solvent system. The 3-O-methyl ether emerged first and the chromato- 
graphically homogeneous product (1-68 g.) obtained after recrystallisation from methanol- 
acetone at —20° had an indefinite m. p., [a], +93-1° (equilibrium) (c 1-1 in H,O), [M]p +214 
(Found: C, 37-0; H, 6-75; Cl, 14-7. Calc. for C,H,,CINO,;: C, 36-6; H, 7-0; Cl, 15-5%). 
Neuberger *' gives m. p. 215° (decomp.), [a],, +91-3° in H,O. 

Boron Trichloride Experiments.—(a) 2-Amino-2-deoxy-3-O-methyl-p-glucose hydrochloride 
(53 mg.) was suspended in dichloromethane (3 ml.) and cooled to —70°. Boron trichloride 
(ca. 2 ml.) was distilled into the mixture which was then stored under anhydrous conditions at 
—70° for 1 hr. with occasional shaking, becoming homogeneous. After being kept overnight 
at room temperature, the mixture was concentrated at 50°, the residue was treated with 
methanol (10 ml.) and water (0-5 ml.), and the solution again concentrated at 40° (bath)/12— 
15 mm. The process was repeated twice to remove boric acid. The residue (38 mg.) was 
examined chromatographically and found to contain 2-amino-2-deoxy-p-glucose together with 
traces of fast-moving substances. Crystallisation of the residue from aqueous acetone gave 
2-amino-2-deoxy-pD-glucose hydrochloride (23 mg.) which had [],, + 70-6° (c 0-85 in H,O) and an 
infrared spectrum (KCl disc) indistinguishable from that of authentic material. 

(b) Treatment of 2-acetamido-2-deoxy-p-glucose with boron trichloride as in (a) resulted 
in de-N-acetylation (assessed chromatographically). Likewise, after treatment of 2-amino-2- 
deoxy-p-glucose hydrochloride (100 mg.) with boron trichloride crystalline unchanged material 
(70 mg.) was recovered. 

2-A cetamido-2-deoxy-3-O-methyl-p-glucose.—A solution of 2-amino-2-deoxy-3-O-methyl-p- 
glucose hydrochloride (0-8 g.) in methanol (10 ml.) was treated with sodium methoxide obtained 
from sodium (83 mg.) and methanol (2-6 ml.).. After 20 min., precipitated sodium chloride was 
removed, acetic anhydride (0-45 ml.) was added to the filtrate, and the mixture stored at 0° 
overnight. The mixture was evaporated and a solution of the residue (0-86 g.) in water (ca., 
70 ml.) was freed from unchanged amino-sugar by passage down a column of Amberlite IR-120 
resin (H* form). The eluate was neutralised ** with methyl di-n-octylamine and concentrated. 
The infrared spectrum (KCl disc) of the residue showed absorptions at 1590 cm. (N-acetyl 
group) and at 824 and 888 cm." indicative 18 of «- and $-configuration at the glycosidic centre. 
Recrystallisation of the residue gave 2-acetamido-2-deoxy-3-O-methyl-p-glucose (0-156 g., 
19-6%), m. p. 195—196°, [«],, +31-9° (equilibrium) (c 2-76 in H,O), [M]p +75° (Found: C, 
46-1; H, 7-4. Calc. for C,H,,NO,: C, 45:95; H, 7-2%). Jeanloz ** gives m. p. 195—198’, 
[a], + 33° in water, but no preparative details. 

Sodium Borohydride Reductions.—(a) A solution of 2-acetamido-2-deoxy-p-glucose (0-48 g.) 
in water (ca. 12 ml.) was stored for 2 hr. to reach mutarotational equilibrium, then treated with 
sodium borohydride (0-22 g.) in water (ca. 5 ml.), and the volume was adjusted to 50 ml. {{a),, —> 
—48-4° (final constant value) during 60 min.; after treatment of the solution with acetic acid 
(3-5 ml.), {«],— —15-7°}. 2-Acetamido-2-deoxy-p-glucitol, m. p. 153°, was subsequently 
isolated. 

(6) Under similar conditions, on reduction of (1) D-glucose there was observed [a|,—> 
+6-0° (final constant value) and —» —0-9° on acidification, and of (2) 3-O-methyl-p-glucose 
[x], —» +11-4° (final constant value), essentially unchanged on acidification. 

(c) A solution of 2-acetamido-2-deoxy-3-O-methyl-p-glucose (0-48 g.) in water (ca. 12 ml) 
was treated after 6 hr. with a solution of sodium borohydride (0-22 g.) in water (ca. 5 ml.) at 
room temperature and the volume rapidly adjusted to 25 ml.; [a], reached —193° 
(final constant value) within 1 hr. Destruction of the excess of borohydride by addition of 10% 
acetic acid (ca. 3 ml.) did not significantly change [a],. The mixture was processed as in (a), to 
yield 2-acetamido-2-deoxy-3-O-methyl-p-glucitol (0-485 g.) as a colourless syrup, [a], +68 
(c 2-2 in H,O), [M]p +16°, which appeared homogeneous on paper chromatography (Ry 0-3)). 
It failed to yield a crystalline O-benzylidene derivative when the Gerhardt method !* was used 


32 Lester Smith and Page, J. Soc. Chem. Ind., 1948, 67, 48. 
33 Jeanloz, Adv. Carbohydrate Chem., 1958, 18, 189. 
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but gave *a crystalline tetvakis-(p-phenylazobenzoate), m. p. 254—257° (from chloroform-ethanol) 
(Found: N, 11-2. Coi1H5,N 9019 requires N, 11-8%). 

Peviodate oxidation of 2-Acetamido-2-deoxy-3-O-methyl-v-glucitol—(a) A solution of the 
syrupy 3-O-methyl ether (44-5 mg.) in water (5 ml.) was treated with 0-2m-sodium metaperiodate 
(10 ml.), and the volume was rapidly adjusted to 50 ml. The consumption of oxidant was 
followed by Jackson’s method; ** formic acid liberation was determined by direct titration 
with 0-00954N-sodium hydroxide, and formaldehyde by the chromotropic acid method.** 
Periodate was initially consumed rapidly and subsequently more slowly; 1-9 mol. of oxidant 
(final constant value) was reduced after 80 min. After 22 hr., 0-2 mol. of formic acid and 1-04 
mol. of formaldehyde had been released. 

(b) The periodate oxidation was repeated as in (a) and, after 2 hr., 0-06N-sodium hydroxide 
(4 ml.) was added to an aliquot part (5 ml.), the volume was adjusted to 50 ml. and the excess 
of alkali was determined with 0-009N-hydrochloric acid after intervals of 1 hr. and 5 hr. A 
value of 0-91 mol. of formic acid was obtained. (Formate esters are rapidly hydrolysed in 
alkaline solution.) . 

(c) A solution of the 3-O-methyl ether (1 g.) in water (20 ml.) was treated with a solution of 
0-22mM-sodium metaperiodate (80 ml.) for 4 hr. at room temperature and then overnight at 0°. 
The pH of the mixture was adjusted to 6 and dilute aqueous barium chloride was added until 
no further precipitation occurred. Insoluble material was removed and sodium borohydride 
(0-5 g.) was added to the filtrate. After storage for 12 hr. at room temperature excess 
of reductant was destroyed by the addition of 10% acetic acid (ca. 8 ml.). After dilution to 
700 ml., the solution was de-ionised by means of Amberlite resins IRA-400 (700 ml.; HO~ form) 
and IR-120 (700 ml.; H* form) and freeze-dried, to yield 2-acetamido-2-deoxy-3-O-methyl-.- 
threitol hemihydrate (0-59 g.) as:plates, m. p. 87—91°, {a],, —12-8° (c 1-2 in H,O), [M]p —24° 
(Found: C, 45-45; H, 8-3. C,H,,;NO,,$H,O requires C, 45-2; H, 86%). The tetritol deriv- 
ative readily gave *4 a bis-(p-phenylazobenzoate), m. p. 165—167° (from chloroform—ethanol) 
(Found: C, 67-1; H, 5-4; N, 11-2. C,3H3,N,O, requires C, 66-8; H, 5-2; N, 11-8%). 

2-A cetamido-2-deoxy-L-threitol—_ A solution of 2-acetamido-2-deoxy-3-O-methyl-.-threitol 
(0-5 g.) in 2n-hydrochloric acid (10 ml.) was kept at 95—100° for 2 hr. After dilution with 
water (10 ml.) the hydrolysate was neutralised with a 5% solution of methyl di-n-octylamine in 
chloroform.*? 0-1N-Hydrochloric acid (1 ml.) was then added to the aqueous solution which 
was concentrated at 50° (bath)/12—15 mm., and the residue was dried in vacuo (P,O;), to yield 
syrupy 2-amino-2-deoxy-3-O-methyl-L-threito! hydrochloride (0-48 g.). The product appeared 
homogeneous on chromatography and ionophoresis, and on oxidation ** with an excess of 
periodate (13 mol.) it rapidly consumed 1-0 mol. of oxidant, releasing ** 1-1 mol. of formaldehyde. 

A suspension of 2-amino-2-deoxy-3-O-methyl-L-threitol hydrochloride (0-43 g.) in methylene 
chloride (ca. 5 ml.) was treated with freshly distilled boron trichloride (ca. 15 ml.) at —70° for 
3hr. After storage at room temperature overnight, excess of reagent and solvent was distilled 
off and methanol (3 x 20 ml.) evaporated from the residue to remove boric acid. 2-Amino-2- 
deoxy-L-threitol hydrochloride (0-41 g.) thus obtained had [a], + 6-3° (c 3-0 in H,O), [M]p + 10°, 
Ry 0-14, and contained traces of an unidentified product. Oxidation of the compound with an 
excess of periodate (24 mol.) resulted in the rapid consumption of 2-8 mol. of oxidant with the 
liberation of 1-8 mol. of formaldehyde. 

A solution of 2-amino-2-deoxy-t-threitol hydrochloride (0-12 g.) in dry methanol (1-5 ml.) 
was treated with a solution of sodium methoxide [from sodium (17-4 mg.) in methanol (1-05 ml.)] 
for 30 min. at room temperature. Precipitated sodium chloride was removed and the filtrate 
was treated with acetic anhydride (0-085 ml.) and then stored at 0° for 12 hr. Electrophoresis 
of the mixture revealed a small amount of free amine. The solution was then de-ionised by 
using Amberlite resins IRA+400 (HO~ form) and IR-120 (H* form) and freeze-dried, to yield 
2-acetamido-2-deoxy-L-threitol (0-795 g.), m. p. 90—90-5°, [aj,, —42° + 4° (c 1-0 in H,O; 0-5 dm. 
tube), [M]p) —68° (Found: C, 44-0; H, 8-1. C,H,,;NO, requires C, 44-2; H, 80%), vmax. (KCI 
disc) 1543 and 1653 cm.~! characteristic of N-acetyl. 

Paper-chromatographic Behaviour of the Polyhydric Alcohols and their 2-Amino-2-deoxy- 
analogues.—When the standard solvent system described above was used the following Rp 
values were observed: glycerol 0-43, erythritol 0-315, p-arabitol 0-225, p-glucitol 0-145, 


* Cf. Brimacombe, Foster, and Haines, preceding paper; Woolfolk, Beach, and McPherson, J. 
Org. Chem., 1955, 10, 391. 
* O’Dea and Gibbons, Biochem. J., 1953, 55, 580. 
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2-amino-2-deoxyglycerol hydrochloride 0-17, 2-amino-2-deoxy-t-threitol hydrochloride 0-14, 
2-amino-2-deoxy-L-xylitol hydrochloride 4 0-12, 2-amino-2-deoxy-p-glucitol hydrochloride 
0-097. 
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523. Modified Steroid Hormones. Part XVI.* The Preparation 
of Some 6-Ethynyl-steroids. 
By B. Etuis, V. PeETrow, and (Mrs.) B. WATERHOUSE. 


38-Acetoxy-6-oxo-steroids (I) and their 5a-hydroxy-derivatives (VI) 
have been converted into unsaturated 6-ethynyl derivatives (III) and (XI) 
for (XIII), respectively. 

6-Oxo-3,5-cyclo-steroids (IV) passed smoothly into 6&-ethynyl-6£- 
hydroxy-derivatives (V), but rearrangement into a 36-acetoxy-A®-steroid 
was accompanied by hydration of the acetylenic group and formation of a 
36-acetoxy-6-acetyl-A5-steroid of type (III). 


EXPLORATORY studies carried out intermittently during 1956—58 into the preparation 
of 6-ethynyl-steroids are reported herein. 

Reaction of 3$,176-diacetoxyandrostan-6-one ! (I) with ethynylmagnesium bromide, 
followed by acetylation of the product, furnished 38,178-diacetoxy-6a-ethynylandrostan- 
66-ol (II; R = OAc, +++ H; R’ = CCH) inlowyield. The configuration of the hydroxyl 
and the ethynyl group at position 6 is assumed by analogy with the formation of 66- 
hydroxy-6a-methyl derivatives from 6-oxo-steroids such as (I) and methylmagnesium 
halide.2, The same compound (II) was later obtained in much greater yield by using 
lithium acetylide * in place of the Grignard reagent. On treatment with thionyl chloride 
in pyridine the foregoing diacetate passed smoothly into 38,178-diacetoxy-6-ethynyl- 
androst-5-ene (III; R= R’ = OAc,++*H; R” = CiCH) which was strongly dextro- 
rotatory and had Amax, 232 my (e 14,000). With methanolic potassium carbonate it 
furnished the unsaturated diol (III; R= R’=OH,+:*H; R” =CiCH), which 
passed on oxidation with chromic acid—pyridine * into 6-ethynyl-38-hydroxyandrost-5- 
en-17-one (III; R = OH,+++*H; R’ = :O; R” = C:CH), characterised as the 3-acetate. 
Alkaline hydrolysis of the parent diacetate (II) to the corresponding diol, followed by 
oxidation with chromic acid—pyridine, gave the diketone (II; R = ‘O, R’ = C:CH). In 
contrast to the parent diacetate (II; R = OAc,+++*H; R’ = C?CH), however, the last 
compound failed to dehydrate normally with Darzens’s reagent, the non-crystalline 
product obtained showing only very low ultraviolet absorption at 232 mu. 

The foregoing ethynylation was extended to 17$-acetoxy-3,5-cycloandrostan-6-one® 
(IV; R= Ac, R'=H). In this case, however, ethynylmagnesium bromide ® proved 
superior to lithium acetylide by furnishing a higher yield of a product regarded as 176- 
acetoxy-6£-ethynyl-3,5-cycloandrostan-6£-ol (V; R= Ac, R’ =H). Rearrangement 
of this cyclo-steroid with acetic acid-sulphuric acid led unexpectedly to a product, 


* Part XV, J., 1960, 2389. 


1 Grenville, Patel, Petrow, Stuart-Webb, and Williamson, J., 1957, 4105. 
2 Fieser and Rigaudy, J. Amer. Chem. Soc., 1951, 78, 4660; Fried, Arth, and Sarett, ibid., 1959, 81, 
1235; see, however, Sneen; sbid., 1958, 80, 3971, 3982. 
3 Cf. Inhoffen and Weissermel, Chem. Ber., 1954, 87, 187. 
* Poos, Arth, Beyler, and Sarett, J. Amer. Chem. Soc., 1953, 75, 422. 
5 Butenandt and Surdnyi, Ber., 1942, 75, 591. 
§ Jones, Skattebél, and Whiting, J., 1956, 4765. 
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CosH550s; possessing an «$-unsaturated ketonic residue [Amax. 243 my (¢ 3200)] and lacking 
an ethynyl group (infrared data). This product is regarded as 38,17$-diacetoxy-6-acetyl- 
androst-5-ene (III; R= R’=OdAc,++**H; R’” =COMe), a formulation supported 
by its conversion on modified Wolff—Kishner reduction’ into 36,178-diacetoxy-6-ethyl- 
androst-5-ene (III; R= R’=OAc,***H; R” = Et). The structure of the last 


°o Ww” HO C:CH (Vv) 


compound was established by its independent preparation from 36,17$-diacetoxyandrostan- 
6-one (I); this was treated with ethylmagnesium bromide and the product acetylated, to 
give 36,176-diacetoxy-6a-ethylandrostan-68-ol (II; R= OAc,*+*H; R’ = Et), which 
passed into the foregoing 6-ethyl derivative on dehydration with thionyl chloride and 
yridine. 

’ A Grignard reaction between 17«-ethynyl-17$-hydroxy-3,5-cycloandrostan-6-one 4 
(IV; R=H, R’ = CiCH) and ethynylmagnesium bromide similarly afforded 62,17«-di- 
ethynyl-3,5-cycloandrostane-6£,178-diol (V; R = H, R’ = C:CH), which was not isolated 
but was directly rearranged with acetic and sulphuric acid to 38-acetoxy-6-acetyl-17- 
ethynylandrost-5-en-176-ol (III; R= OAc,+*++*H; R’ =OH,*:*C:?H; R” = COMe). 
The stability of the 17«-ethynyl-17$-hydroxy-system to the acidic rearrangement 
conditions employed has been previously established. 

Further studies involved ethynylation of 3-acetoxy-5a-hydroxycholestan-6-one ® 
(VIa) with lithium acetylide, followed by acetylation of the product: 38-acetoxy-6q- 
ethynylcholestane-5«,68-diol (VIIa) was obtained in moderate yield. The configuration 
assigned to the groups at position 6 follows from the presently described transformation of 
the compound. Its attempted dehydration to a 4,6-diene by thionyl chloride in pyridine 
surprisingly furnished a product, C,,H4,03, which is formulated as 38-acetoxy-5£,6é- 
epoxy-6£-ethynylcholestane (VIIIa; R= Ac) on the basis of (i) the absence from its 
spectrum of significant ultraviolet absorption above 220 my, (ii) its failure to give a colour 
with trichloroacetic acid, and (iii) its infrared spectrum which revealed the presence of 
acetoxyl and ethynyl groups and the absence of hydroxyl or oxo-functions. This structure 
(VIIIa; R = Ac) is supported by the observation that hot aqueous-acetonic periodic acid ® 
effected fission of the epoxide ring, albeit in low yield, with regeneration of the parent diol 
(VIIa). This result is additionally significant in that it provides evidence for the configur- 
ation of the groups attached to Ci) in the diol (VIIa). Hydrolysis of 5,6-epoxides is known 
to result in the formation of frans-diaxial diols. As the 5-hydroxyl group is already 


? Huang-Minlon, J. Amer. Chem. Soc., 1949, 71, 3301. 


7 aif Pickard and Yates, J., 1908, 98, 1678: (6) Fieser and Rajagopalan, J. Amer. Chem. Soc., 1949, 


® Ci. ref. 8 (b). 
* Cf. Barton, J., 1953, 1027. 
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known to have the «-configuration, it follows that the 6-hydroxyl group must be 8-oriented 
as shown in (VIIa). 

Saponification of the triol monoacetate (VIIa), followed by oxidation of the product 
with chromium trioxide-pyridine, furnished 5«,68-dihydroxy-6«-ethynylcholestan-3-one 


AcO 





oO” ~“C:CH 


(VI) (IX) 





HO 
(X) (XI) (XI) (XIII) 


(‘‘a" series: cholestane; “b" series: 17B-hydroxy-|7a-methylandrostane) 





C:CH 


(Xa) (characterised as the oxime). On treatment with hot methanolic sodium hydroxide 
this suffered dehydration to yield 6a-ethynyl-68-hydroxycholest-4-en-3-one (XIa) (Am: 
239 my, ¢ 12,500). 

5£,6-Epoxy-62-ethynylcholestan-3$-ol (VIIIa; R =H), derived from its acetate by 
alkaline hydrolysis, was oxidised by chromium trioxide in sulphuric acid-acetone ™ to 
5£,6£-epoxy-6£-ethynylcholestan-3-one (IXa), converted by cold methanolic potassium 
hydroxide into an «$-unsaturated ketone (Amax. 239-5 my, ¢ 13,800), isomeric with the 
product (XIa); to this ketone the constitution of 68-ethynyl-6«-hydroxycholest-4-en-3-one 
(XIIIa) is assigned. The same compound was obtained directly from the alcohol (VIIIa; 
R =H) by Oppenauer oxidation. Attempts to effect dehydration of either epimer 
(XIa or XIIIa) by heating it with 1% ethanolic hydrochloric acid proved unsuccessful. 
Elimination of the elements of water from the 68-hydroxy-isomer (XIa) [but not from the 
6a-hydroxy-steroid (XIIIa)] was eventually achieved by treating its solution in acetic 
acid—acetic anhydride with a catalytic quantity of perchloric acid, 6-ethynylcholesta-4,6- 
dien-3-one (XIIa) (Amax, 291 my, ¢ 18,600) being then obtained in low yield. 

36-Acetoxy-5«,178-dihydroxy-17«-methylandrostan-6-one (VIb), prepared by oxidation 
of 36-acetoxy-17«-methylandrostane-5«,68,178-triol,!* was similarly converted by lithium 
acetylide into 38-acetoxy-6a-ethynyl-17«-methylandrostane-5«,68,178-triol  (VIIb). 
Saponification gave the corresponding tetrol which passed into 6a«-ethynyl-5«,68,176- 
trihydroxy-17«-methylandrostan-3-one (Xb) on oxidation with chromium. trioxide- 
pyridine. Treatment with methanolic alkali effected smooth dehydration to the required 
6a-ethynyl-68,178-dihydroxy-17«-methylandrost-4-en-3-one (XIb) (Amax. 238 my, ¢ 12,200). 


EXPERIMENTAL 


Optical rotations were measured for chloroform solutions in a 1 dm. tube unless otherwise 
stated. Ultraviolet and infrared absorption spectra were kindly determined by Mr. M. T. 
Davies, B.Sc. B.D.H. chromatographic alumina was used. 

38,178-Diacetoxy-6a-ethynylandrostan-6B-ol (II; R=OAc,*++H; R’ = CiCH).—A 
solution of 36,178-diacetoxyandrostan-6-one ! (2 g.) in dry dioxan (100 ml.) was added in 30 
min. to a stirred solution of lithium acetylide (from 1 g. of lithium) in liquid ammonia (500 ml.) 
at —37°. Thereafter, the mixture was stirred for 5 hr. at —33°, cooled, and treated with 
ammonium chloride (10 g.), and the ammonia was allowed to evaporate overnight. The product, 


1 Cf. Djerassi, Engle, and Bowers, J]. Org. Chem., 1956, 21, 1547 and references cited therein. 
12 Julia and Heusser, Helv. Chim. Acta, 1952, 35, 2080. 
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isolated with methylene dichloride, was treated with acetic anhydride (10 ml.)—pyridine (10 ml.) 
for 18 hr. at room temperature, and the solid obtained by pouring the mixture into water was 
purified from acetone-hexane. 3§8,178-Diacetoxy-6a-ethynylandrostan-68-ol separated in needles, 
m. p. 200°, [aJ,"* +12° (c 0-76) (Found: C, 70-5; H, 88. C,;H,,0;,4H,O requires C, 70-5; 

8-8%). 
ye satin -Dianteey-Octignyliadetst-G-eus (III; R= R’=OdAc,**+:H; R” = CiCH).— 
Purified thionyl chloride (1-5 ml.) was added dropwise in 5 min. to a stirred solution of the 
foregoing compound (2 g.) in pyridine (10 ml.) at 0°. After 20 min. at 0°, the mixture was 
poured on crushed ice, and the product isolated with ether. Crystallisation from methanol 
gave 38,178-diacetoxy-6-ethynylandrost-5-ene, pale yellow needles or prisms, m. p. 182—183° 
(decomp.), [a,2° —112° (¢ 0°34), Amax. 232 my (e 14,000) in EtOH (Found: C, 74-9; H, 8-7. 
Cys5H,,O, requires C, 75-3; H, 8-6%). 

6-Ethynyl-38,178-dihydroxyandrost-5-ene (II1; R= R’=OH,*++:H; R” = CiCH), 
formed by hydrolysis of the foregoing compound with aqueous-methanolic potassium carbonate 
(1 hr. under reflux), crystallised from acetone-hexane in needles, m. p. 212—213° (decomp.), 
(a),22 —94° (c 0-54) (Found: C, 80-5; H, 9-6. C,,H 3 90, requires C, 80-2; H, 9-6%). 

6-Ethynyl-38-hydroxyandrost-5-en-17-one (III; R=OH,***H; R’=20, R” = CiCH) 
(with Mrs. S. P. Hatt, B.Sc.).—The foregoing diol (2-2 g.) in pyridine (22 ml.) was added to 
chromium trioxide (2-2 g.) in pyridine (22 ml.). The mixture was set aside for 18 hr., and the 
product isolated with benzene. Purification from methanol gave the ketone as needles, m. p. 
185—187° (decomp.), {a],,2 —22° (c 0-7), Vmax. 3590 (OH) and 1746 cm.~! (5-membered ring C=O) 
in CCl, (Found: C, 80-85; H, 9-0. C,,H,,O, requires C, 80-7; H, 9-3%). The 38-acetate 
crystallised from acetone—hexane in blades, m. p. 155—157°, [a],2* —52° (c 0-86), Vmax, 1746 
cm. in CCl, (Found: C, 77-7; H, 8-9. C,,3H 390, requires C, 77-9; H, 8-5%). 

6a-Ethynyl-68-hydroxyandrostane-3,17-dione (II; R-=%0, R’ = Ci}CH).—A solution of 
36,178-diacetoxy-6a-ethynylandrostan-68-ol (0-82 g.) in methanol (25 ml.) and water (5 ml.) 
containing potassium carbonate (0-5 g.) was heated under reflux for 1 hr. The product was 
isolated by the addition of water, and separated (0-53 g.) from chloroform in needles, m. p. 255°. 
It was oxidised overnight with chromium trioxide (1 g.) in pyridine (10 ml.). The product, 
isolated with benzene, separated from acetone in plates, m. p. 255—257° (decomp.), [a], 
+85° (c 0-47) (Found: C, 76-4; H, 8-4. C,,H,,0, requires C, 76-8; H, 8-6%). 

178-A cetoxy-6-ethynyl-3,5-cycloandrostan-62-ol (V; R= Ac, R’ = H).—A_ suspension 
of ethynylmagnesium bromide was prepared by gradually adding a solution of ethyl- 
magnesium bromide (from 1-66 g. of magnesium and 8-3 g. of ethyl bromide) in tetrahydrofuran 
(50 ml.) to a stirred solution of acetylene in tetrahydrofuran (50 ml.) through which a stream 
of purified acetylene was being passed. The suspension was cooled to 0°, and 178-acetoxy- 
3,5-cycloandrostan-6-one ® (2-3 g.) in tetrahydrofuran (25 ml.) was added. The mixture was 
allowed to reach room temperature, stirred for 44 hr., then set aside overnight. An excess of 
saturated aqueous ammonium chloride was carefully added, with stirring, the organic layer was 
separated, and the aqueous phase extracted with chloroform. The combined organic phases 
were washed with aqueous ammonium chloride and dried, the solvents were removed, and the 
residue was acetylated in pyridine for 18 hr. at room temperature. A solution of the product 
in benzene was passed through a short column of alumina (15 g.) to give a solid which crystallised 
from hexane. 17a-Acetoxy-6£-ethynyl-3,5-cycloandrostan-6£-ol separated in needles, m. p. 124° 
(a],** +35° (c 0-55) (Found: C, 77-6; H, 9-0. C,,H,0, requires C, 77-5; H, 9-05%). The 
compound showed no significant ultraviolet absorption and failed to give a colour with tetra- 
nitromethane. The infrared spectrum indicated the presence of ethynyl, hydroxyl, and 
acetoxyl groups. 

38,178-Diacetoxy-6-acetylandrost-5-ene (III; R= R’ = OdAc,*+*H, R” = COMe).— 
The foregoing compound (1-9 g.) in acetic acid (20 ml.) was treated with sulphuric acid (0-8 ml.) 
in acetic acid (20 ml.) and set aside for 18 hr. The product was isolated by dilution with water 
and extraction with ether. Its solution in benzene was passed through a short column of 
alumina (15 g.), giving 38,178-diacetoxy-6-acetylandrost-5-ene which crystallised from hexane 
as needles, m. p. 131—132°, of plates, m. p. 137°, [aJ,2* —39° (c 0-49), Amax, 243 mu (e 3300) in 
EtOH (Found: C, 72:3; H, 8-5. C,,;H,O, requires C, 72-1; H, 87%). The compound gave 
a yellow colour with tetranitromethane and an orange precipitate when warm with Brady’s 
solution. The infrared spectrum indicated the presence of two acetoxyl groups and an 
«$-unsaturated ketonic residue, and confirmed the absence of hydroxyl and ethynyl groups. 
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Wolff—Kishner Reduction’ of Compound (III; R= R’ = OAc,**+H; R” = COMe).— 
The foregoing compound (1 g.) in ethanol (5 ml.) and diethylene glycol (20 ml.) was heated with 
85% hydrazine hydrate (4 ml.) under reflux for 5 hr. Sodium hydroxide (2 g.) in water (2 ml) 
was added, the condenser was removed, and the temperature raised to 195—200°; then the 
condenser was replaced and the temperature maintained at this level for 6 hr. When cool, the 
mixture was poured into water, and the product isolated with ether and acetylated in pyridine, 
The resulting material was chromatographed on alumina (30 g.). Elution with benzene-hexane 
(1: 1) gave a low yield of solid which crystallised from methanol. 38,178-Diacetoxy-6-ethyl- 
androst-5-ene separated in plates, m. p. 139—140°, [a],?° —66-5° (c 0-89) (Found: C, 74-49; 
H, 9-8. (C,;H3,0, requires C, 74-6; H, 9-5%). 

38,178-Diacetoxy-6a-ethylandrostan-6B-ol (II; R= OdAc,**:H; R’ = Et).—38,178-Di- 
acetoxyandrostan-6-one ! (8 g.) in tetrahydrofuran (200 ml.) was added to a stirred solution 
of Grignard reagent prepared from ethyl bromide (29 g.) and magnesium (5-8 g.) in tetra- 
hydrofuran (300 ml.). The mixture was stirred for 6 hr., then left overnight. After treatment 
with aqueous ammonium chloride, the product was isolated in the usual way, acetylated in 
pyridine, and chromatographed on alumina (100 g.). Elution with benzene and ether—benzene 
(1:9) gave material which crystallised from acetone-hexane. 38,176-Diacetoxy-6a-ethyl- 
androstan-68-ol formed needles or prisms, m. p. 119—120°, [a],,25 —11° (c 0-52) (Found: C, 71-5; 
H, 9:3. C,,;HgO,; requires C, 71-4; H, 9-6%). 

38,178-Diacetoxy-6-ethylandrost-5-ene (111; R = R’ = OAc,*+*H; R” = Et).—Thionyl 
chloride (1-8 ml.) was added dropwise with shaking to an ice-cooled solution of the foregoing 
compound (2 g.) in pyridine (20 ml.). After 20 min. at 0°, the mixture was poured into ice- 
water, and the product collected and purified from methanol. 36,178-Diacetoxy-6-ethyl- 
androst-5-ene separated in plates, m. p. 139—140°, not depressed in admixture with a specimen 
prepared as described above. 

38 - Acetoxy - 6 - acetyl-17a-ethynylandrost-5-en-17$-ol (III; R=-—OAc,***H; R’= 
-OH,+++Ci3H; R” = COMe).—17a-Ethynyl-17$-hydroxy-3,5-cycloandrostan-6-one (1 g,) 
in tetrahydrofuran (10 ml.) was added to a cooled stirred suspension of ethynylmagnesium 
bromide * (prepared from 0-72 g. of magnesium, 3-6-g. of ethyl bromide, and acetylene) in 
tetrahydrofuran (20 ml.). The mixture was stirred for 4 hr., then set aside overnight at room 
temperature. After decomposition with aqueous ammonium chloride, the product was 
isolated with chloroform, and its solution in acetic acid (10 ml.) was treated for 18 hr. with 
sulphuric acid (0-4 ml.) in acetic acid (10 ml.). The product was isolated with ether, and its 
solution in benzene chromatographed on alumina (30 g.). Elution with ether—benzene (1; 1) 
gave 38-acetoxy-6-acetyl-17a-ethynylandrost-5-en-17B-ol, needles (from hexane), m. p. 188°, [a),* 
—74° (c 0°52), Amax, 241 my (e 3400) in EtOH (Found: C, 75-3; H, 8-8. C,;H,,O, requires 
C, 75:3; H, 8-6%). The infrared spectrum indicated the presence of ethynyl, hydroxyl, and 
acetoxyl groups and an a$-unsaturated ketonic residue. 

38-A cetoxy-6a-ethynylcholestane-5x,6B-diol (VIla).—38-Acetoxy-5a-hydroxycholestan-6-one ® 
(23 g.) in ether (1-8 1.) was added in 1 hr. to a stirred solution of lithium acetylide (from 7 g. of 
lithium) in liquid ammonia (2 1.). The mixture was stirred for 5 hr. at —33°, cooled, and 
treated with ammonium chloride (60 g.), and the ammonia allowed to evaporate overnight. 
After isolation with methylene dichloride and acetylation in pyridine, the product crystallised 
from acetone, to give the diol, needles, m. p. 228—229°, [aJ,,?* —21° (c 0-96) (Found: C, 761; 
H, 10-2. C,H, 0, requires C, 76-5; H, 10-4%). 

38-A cetoxy-5&,65-epoxy-6&-ethynylcholestane (VIIla; R = Ac).—Thionyl chloride (4:5 ml.) 
was added dropwise during 10 min. to a stirred solution of the foregoing diol (4-5 g.) in pyridine 
(55 ml.) at 0°. After a further 10 min. at 0°, the mixture was poured into ice-water, and the 
product isolated with ether. Crystallisation from methanol gave the epoxide, needles, m. p. 
106—107°, {a],2? —43° (c 0-43) (Found: C, 79-4; H, 10-0. C;,H,.O, requires C, 79-4; H, 
10-3%). The compound occasionally separated as prisms, m. p. 116—118°, {a],,2* —42-5°. It 
was recovered unchanged after being heated with acetic acid for 5 hr. at 100°. 

Reaction of Compound (VIIla; R = Ac) with Periodic Acid.—The foregoing epoxide (0-6 g.) 
in acetone (20 ml.) was heated under reflux for 30 min. with periodic acid dihydrate (0-4 g.) in 
water (2 ml.). The product, isolated with chloroform and crystallised from acetone, gave some 
unchanged epoxide. Material deposited from the mother-liquor and purified from acetone- 
hexane gave, in low yield, needles of 38-acetoxy-6«-ethynylcholestane-5«,68-diol, m. Pp. 
224—-227°, not depressed in admixture with a specimen prepared as described above. 
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6a-Ethynyl-5a,68-dihydroxycholestan-3-one (Xa).—A mixture of the diol (VIIa) (10 g.) and 
potassium carbonate (2-2 g.) in methanol (200 ml.) and water (12 ml.) was refluxed for 1-5 hr. 
The solution was concentrated to half its bulk, water was added, and the crude 6«-ethynyl- 
cholestane-38,5«,68-triol was collected, washed with water, and dried. Its solution in pyridine 
(100 ml.) was treated for 18 hr. with chromium trioxide (10 g.) in pyridine (100 ml.), and the 
product isolated with benzene. Chromatography on alumina (100 g.), with ether—benzene 
(1:1) as eluant, gave the ketone, m. p. 221—223° (needles from acetone—-hexane), [{a],,2* —2° 
(c 0-54) (Found: C, 78-5; H, 10-35. C,9H,,O, requires C, 78-7; H, 10-5%). The oxime 
separated from ethanol in irregular crystals, m. p. 252° (decomp.) (Found: C, 75-8; H, 10-0. 
CygHyzO,N requires C, 76-1; H, 10-35%). 

6a-Ethynyl-68-hydroxycholest-4-en-3-one (XIa).—A mixture of the foregoing ketone (3-4 g.) 
and sodium hydroxide (0-4 g.) in methanol (170 ml.) and water (20 ml.) was heated under reflux 
for 45 min. Water (500 ml.) was added to the cooled solution, and the product was collected, 
washed, dried, and purified from hexane. 6a-Ethynyl-68-hydroxycholest-4-en-3-one separated 
in needles, m. p. 173—174°, [a,?4 +25-5° (c 0-54), Amax, 239 my (e 12,500) in EtOH (Found: 
81-9; H, 10-2. C.9H,,O, requires C, 82-0; H, 10-4%). 

5£,62-Epoxy-6£-ethynylcholestan-38-ol (VIIIa; R = H), prepared by alkaline saponification 
of the acetate (VIIIa; R = Ac), crystallised from methanol in needles, m. p. 154°, [a],2* —29° 
(c 0-59) (Found: C, 79-8; H, 10-9. C,,H,,O,,$H,O requires C, 79-95; H, 10-9%). 

5£,6£-Epoxy-62-ethynylcholestan-3-one (IXa).—Chromic acid in aqueous 4-03N-sulphuric 
acid (0-29 ml.) was added dropwise to a stirred, cooled solution of the foregoing compound 
(0-5 g.) in acetone (75 ml.). After 5 min. the mixture was poured into ice-water, and the 
precipitate was collected and dried. Purification from acetone—hexane and then from hexane 
gave the ketone, prisms, m. p. 139—140°, [aJ,2° —52° (c 0-84) (Found: C, 81-7; H, 10-45. 
CygH,,O, requires C, 82-0; H, 10-4%). The infrared spectrum indicated the presence of an 
ethynyl and an oxo-group. 

68-Ethynyl-6a-hydroxycholest-4-en-3-one (XIIIa).—(a) A solution of the foregoing compound 
(200 mg.) in methanol (5 ml.) containing potassium hydroxide (100 mg.) was left for 1 hr. at 
room temperature. The product was isolated with ether and crystallised from hexane. 
68-Ethynyl-6a-hydroxycholest-4-en-3-one separated in prismatic needles, m. p. 110—111°, [a],,** 
+25° (c 0:52), Amax, 239-5 my (ce 13,800) (Found: C, 82-2; H, 10-6. C, 9H,,O, requires C, 82-0; 
H, 10-4%). 

(b) A solution of 5€,6-epoxy-6£-ethynylcholestan-38-ol (5 g.) in cyclohexanone (33 ml.) 
and toluene (20 ml.) was distilled until 5 ml. of distillate had collected. Aluminium t-butoxide 
(5 g.) was then added and the mixture refluxed for 1 hr. When cool, it was washed with aqueous 
Rochelle salt, and the solvents were removed by steam-distillation. The dark residue was 
isolated with methylene dichloride and chromatographed on alumina (70 g.). Elution with 
ether-benzene (1:3) gave 6$-ethynyl-6a-hydroxycholest-4-en-3-one, needles (from hexane), 
m. p. 110°, not depressed on admixture with a specimen prepared by method (a) above. 

6-Ethynylcholesta-4,6-dien-3-one (XIla).—6a-Ethynyl-68-hydroxycholest-4-en-3-one (0-5 g.) 
in acetic acid (10 ml.) and acetic anhydride (2-5 ml.) was treated with perchloric acid (0-1 ml.). 
After 1 hr. at room temperature, the mixture was poured into water, and the product isolated 
with ether and crystallised from hexane at 0°. The dienone formed prismatic needles, m. p. 
123—124°, [a],,2* +52° (c 0-5), Amax, 291 my (e¢ 18,600) (Found: C, 86-2; H, 10-5. C,.H,,O 
requires C, 85-7; H, 10-4%). 

38-A cetoxy-5a,178-dihydroxy-17a-methylandrostan-6-one (VIb).—38-Acetoxy-17«-methyl- 
androstane-5«,68,17{-triol #2 (10 g.) in pyridine (150 ml.) was added to chromium trioxide 
(10 g.) in pyridine (100 ml.). After 24 hr. the product was isolated with benzene and crystallised 
from acetone-hexane, giving the ketone in plates, m. p. 207—208°, {a],,** —98° (c 0-96) (Found: 
C, 69-4; H, 9-05. C,.H,,O, requires C, 69-8; H, 9-05%). 

38-A cetoxy-6a-ethynyl-17a-methylandrostane-5x,68,17-iriol (VIIb).—The foregoing ketone 
(20 g.) in tetrahydrofuran (1-6 1.) was added during 1 hr. to a stirred solution of lithium acetylide 
(from 10 g. of lithium) in liquid ammonia (2 1.) at —37°. The mixture was stirred for 3 hr. at 
—33°, cooled, and treated with ammonium chloride (100 g.), and the ammonia was allowed to 
evaporate. The product, isolated with chloroform, was acetylated in pyridine and purified 
from acetone-hexane. The friol crystallised in plates, m. p. 225—227°, {aJ,,2° —53° (c 0-61) 
(Found: C, 70-8; H, 8-7. C,H,,O, requires C, 71-25; H, 9-0%). 
6a-Ethynyl-17-methylandrostane-38,52,68,178-tetraol, prepared by saponification of the 
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foregoing compound, crystallised from aqueous methanol in prisms or plates, m. p. indefinite 
between 260° and 285° (effervescence), [a,,2° —27° (c 0-5) in EtOH (Found: C, 69-5; H, 95, 
Cy2H,,0,,H,O requires C, 69-4; H, 9-5%). 
6a-Ethynyl-5,68,178-trihydroxy-17a-methylandrostan-3-one (Xb).—The foregoing compound 
(7-6 g.) in pyridine (76 ml.) was added to chromium trioxide (7-6 g.) in pyridine (80 ml.), and 
the mixture kept for 18 hr. at room temperature. The product was isolated with benzene and 
crystallised from acetone-hexane, to give the ketone in prismatic needles, m. p. 253—256° 
(decomp.), [a], —26° (c 0-72) (Found: C, 73-4; H, 8-9. C,H ,0, requires C, 73-3; H, 8-95%), 
6a-Ethynyl-68,178-dihydroxy-17a-methylandrost-4-en-3-one (XIb).—The foregoing ketone 
(3-3 g.) and sodium hydroxide (0-33 g.) in methanol (150 ml.) and water (16 ml.) were refluxed 
for 45 min. The mixture was just acidified with acetic acid, then concentrated somewhat, 
water was added and the product collected and crystallised from acetone. 6a-Ethynyl-68,178- 
dihydroxy-17a-methylandrost-4-en-3-one separated in needles, m. p. 243—244°, [a],,?° + 1° (c 0-85), 
Amax, 238 my (¢ 12,200) in EtOH (Found: C, 76-7; H, 9-1. C,H gO, requires C, 77-1; H, 8-8%). 





We thank the Directors of The British Drug Houses Ltd. for permission to publish these 
results. 
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524. Studies on Carbohydrate-metabolising Enzymes. Part IV.* 
The Action of Z-Enzyme on Starch-type Polysaccharides. 


By W. L. Cunnincuam, D. J. MANNERS, A. WRIGHT, and (in part) I. D. FLEMING. 


The Z-enzyme contaminant in a barley B-amylase preparation has no 
action on the anomalous linkages in amylose, but catalyses random hydrolysis 
of a small number of a-1,4-glucosidic linkages. Amylopectin and amylo- 
pectin 8-dextrin are also slowly attacked, but under similar conditions, the 
rate of hydrolysis of glycogen and glycogen 8-dextrin is not measurable. The 
activity, which is optimum at pH 5-6, is stabilised by calcium ions, and 
partly inhibited by EDTA and mercuric chloride, is attributed to a minute 
trace of a-amylase. 

The Z-enzyme activity of soya-bean 8-amylase preparations, and of 
almond emulsin, is also due to the presence of very small traces of «-amylase. 

The methods available for the detection of «-amylase contaminants in 
carbohydrase preparations are discussed. The most sensitive assay is that 
using amylose #-limit dextrin as substrate and viscometry as the method of 
analysis. 


THE action of purified B-amylase on most samples of amylose is incomplete, since only 
65—80°%, conversion into maltose is observed. This indicates the presence of a small 
number of enzymically resistant or anomalous structures in the substrate. Further, 
amylose is heterogeneous with respect to both degree of polymerisation (DP) and behaviour 
on $-amylolysis;? with potato amylose of DP 3200, 40% (by weight) of DP ca. 
2000 is completely hydrolysed by $-amylase, and the anomalous structures occur only 
in the remaining material of DP ca. 6000. For complete amylolysis a second enzyme, 
named Z-enzyme;’ is required; this occurs together with 8-amylase in soya-beans * and 
barley,® is inactivated at pH 3-6,4and has no action on «-1,3- or «-1,6-glucosidic linkages or 
on $-glucosidic linkages.2 We now report evidence that the action of Z-enzyme involves 


* Part III, Gunja, Manners, and Khin Maung, Biochem. J., 1960, 75, 441. 


1 For reviews see Manners, Quart. Rev., 1955, 9, 73; R.I.C. Monographs and Lectures, 1959, No. 2. 
* Cowie, Fleming, Greenwood, and Manners, /., 1957, 4430. 

3 Peat, Thomas, and Whelan, J., 1952, 722. 

* Peat, Pirt, and Whelan, J., 1952, 705, 714. 

® Manners, Ph.D. Thesis, Cambridge 1952; Bell and Manners, /., 1952, 3641. 
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hydrolysis of a small number of non-terminal «-1,4-glucosidic linkages in amylose rather 
than selective hydrolysis of anomalous linkages and is due to the presence of a trace of an 
a-amylase in the B-amylase preparation. Z-Enzyme (a-amylase) also slowly degrades 
amylopectin and its 6-dextrin. 

In our earlier studies on «-1,4-glucosans,*8 a highly active preparation of barley 
g-amylase (Wallerstein Analytical reagent) was used. By conventional tests, a-amylase 
could not be detected: (a) the iodine-staining power of amylopectin $-dextrin measured 
at 680 my did not decrease within 24 hr.;7 (b) the $-amylolysis limit of glycogen was 
independent of enzyme concentration ; 7 (c) the molecular weight (13 x 10°) of the 6-limit 
dextrin of foetal sheep liver glycogen was in good agreement with that calculated 
from the molecular weight (29 x 10°) and $-amylolysis limit (49%) of the original glycogen; ® 
(d) during enzyme action on amylose, the intermediate 50% conversion dextrin had the 
same molecular size as the original substrate.” The same enzyme preparation was con- 
sidered to contain Z-enzyme since complete degradation of amylose at pH 4-6 but not at 3-6 
was observed.” 

The first indication that the apparent Z-enzyme activity might be due to traces of 
a-amylase was obtained during studies of the $-amylolysis of amylopectin, when an 
apparent relation between enzyme concentration and $-amylolysis limit was found." 
With digests containing 33, 66, 99, and 128 units of 8-amylase per mg. of polysaccharide, 
the apparent -amylolysis limits were 64, 65, 68, and 71 after 92 hours’ incubation at pH 4-9 
and 37°. Such a relation is characteristic of the «-amylases.4% Since this finding was at 
variance with the previous results,2,7-*!0 the enzymic homogeneity of the §-amylase 
preparation was investigated. 

Degradation of Amylopectin and $-Dextrin by Barley Z-Enzyme.—The above possibility 
has been examined in detail with amylopectin @-dextrin as substrate, and (a) iodine stain- 
ing, (b) viscosity, and (c) reducing-power measurements to follow enzyme action. 

Peat, Pirt, and Whelan‘ carried out iodine-staining by measuring the decrease in 
absorption value (A.V.) of the polysaccharide—iodine complex at 680 my, the wavelength 
used for “‘ blue-value’”’ (B.V.) determinations. In our experiments, the wavelength of 
maximum absorption (Amax.) has been used, namely, 530—540 mu. Under these conditions, 
and with an increase in the relative enzyme concentration and time of incubation, a marked 
decrease in iodine-staining power was observed. For example, with 0-1% of substrate and 
02% of barley preparation (equivalent to ca. 250 $-amylase units!* per mg. of 
polysaccharide) at pH 4-6, an 87% decrease in A.V. occurred in 70 hr., and the residual 
polysaccharide-iodine complex then had Amz, at 420 my. This indicates random 
hydrolysis of non-terminal «-1,4-glucosidic linkages. Under similar conditions the A.V. 
of glycogen 6-dextrin at 470, 430, 420, and 410 my was unchanged. 

The decrease in A.V. of amylopectin @-dextrin could be detected with only 0-03%, 
barley preparations; at 480, 520, and 560 my, the A.V. fell by 17, 30, and 40% respectively 
after 70 hr. Further experiments (Table 1) showed that this activity was increased by 
pre-incubation of the enzyme with 5 x 10%m-calcium for 30 min., and was decreased by 
similar treatment with 5 x 10°m-ethylenediaminetetra-acetic acid (EDTA). The function 
of the calcium appears to be that of an enzyme-stabiliser rather than a specific activator. 
The presence of this ion decreased the rate of inactivation of the enzyme at pH 4-6 and 
37° during incubation for 67 hr. in the absence of substrate, and did not restore the activity 
of a partly inactivated enzyme preparation. EDTA appears to lower the activity by 

* Fleming, Hirst, and Manners, J., 1956, 2831. 

7 Liddle, Ph.D. Thesis, Edinburgh 1956; Liddle and Manners, J., 1957, 3432. 

* Eddy, Fleming, and Manners, /., 1958, 2827. 

* Greenwood, Jones, and Manners, unpublished work. 

10 Cowie, Fleming, Greenwood, and Manners, J.» 1958, 697. 

" King and Manners, unpublished work. 

" For unit of B-amylase activity see Hobson, Whelan, and Peat, J., 1950, 3566. 


'® Caldwell and Adams, Adv. Carbohydrate Chem., 1950, 5, 229. 
“* Manners, Amn. Reports, 1953, 50, 288. 
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TABLE 1. The effect of the barley B-amylase preparation on the A.V. of 
amylopectin B-dextrin.* 


Fall in A.V. (%) Fall in A.V. (%) 

Barley Pre-treated Pre-treated Pre-treated Pre-treated 
prep. Normal with Catt with EDTA Normal with Ca*t* with EDTA 
A (mp) 

480 67 80 14 Original Amax. (mp) 530 530 530 

500 75 85 24 Original A.V. ...... . 0-67 0-66 0-68 

520 82 89 27 Final Amax. (mp) ... 430 430 510 

540 85 91 33 PIM BV. dieves 0-22 0-23 0-49 

560 86 92 36 

580 88 92 38 


* Digests contained 0-1% of substrate and 0-2% of enzyme preparation and were incubated at 
pH 4-6 and 35° for 72 hr. 


partial removal of the calcium (cf. ref. 15). The protection from inactivation of other 
a-amylases, including malt «-amylase, by calcium ions has been noted by several workers.1* 

The activity towards $-dextrin was greater in sodium acetate buffer of pH 5-6 than at 
pH 4:8 or 6-5 (see Figs. 1 and 2); none was detected at pH 3-6. At pH 5-6, the activities in 


Fic. 1. Fic. 2. 
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Fic. 1. Effect of barley Z-enzyme on the iodine-staining power of amylopectin B-dextrin. 
Enzymic reactions carried out at pH 3-6 (A), 4-6 (B), 5-6 (C), 6-5 (D), and at 5-6 in presence of 
5 x 10-*m-borate (E). 
Fic. 2. Effect of pH on barley Z-enzyme activity. 
Substrate: amylopectin B-dextrin; (A, B) acetate buffer analysed after 6 and 24 hr.; (C, D) phosphate- 
citrate buffer analysed after 8-75 and 27 hr. 


acetate and B.D.H. Universal buffer were identical, in contrast to the behaviour of Clado- 
phora rupestris amylase which is more active in the latter buffer.” Addition of 5 x 10°- 
borate, which inhibits isoamylase and activates Cladophora amylase,” to the acetate 
buffer had no effect; phenylacetate (7 x 10m) and phosphate (7 x 108m) likewise did 
not alter the rate of decrease of A.V. (at 540 my). 


1° Stein and Fischer, J. Biol. Chem., 1958, 282, 867. ; 
16 Kneen, Standstedt, and Hollenbeck, Cereal Chem., 1943, 20, 399; Caldwell and Kung, J. Amer. ; 

Chem. Soc., 1953, '75, 3132; Hanrahan and Caldwell, ibid., p. 4030. 

'? Cunningham, Duncan, and Manners, unpublished work. 

'® Gunja, Manners, and Khin Maung, Biochem. J., in the press. 
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In contrast to the above results (with ca. 250 units of B-amylase per mg. of substrate), 
the enzyme preparation caused only a slight decrease in the iodine-staining power of amylo- 
pectin when experimental conditions similar to those of Peat, Pirt, and Whelan ‘* were 
used [ca. 40 units per mg. of substrate; A.V. (680 my)] as shown in Table 2. This result 


TABLE 2. Action of normal concentrations of B-amylase on amylopectin.* 


Time of incubation (hr.) Time of incubation (hr.) 
27 49 27 49 
Barley B-amylase Soya-bean f-amylase 
p-Amylolysis limit (%) ... 55 54 B-Amylolysis limit (%) ... 54 55 
A.V. (68D ap) ...200.c00c000 0-039 0-036 BN y GE MEE cxnctsqeemscons 0-037 0-033 
A.V. (540 my) ....-.-2ceeeee 0-152 0-128 A.V. (540 myp) ...........000- 0-147 0-136 


* Digests contained ca. 40 units of B-amylase per mg. of amylopectin. 


illustrates the importance of varying the enzyme concentration when testing for con- 
taminating enzymes. 

A slow and limited degradation of 0-5% amylopectin @-dextrin solution by 0-5% barley 
preparation at pH 5-6 and 25° was also shown by viscosity measurements. After 5, 40, 
and 70 min., the specific viscosity (4) values were 0-194, 0-186, and 0-179 respectively. 
At pH 3-6, the viscosity was unchanged. 

Despite the limited degradation of #-dextrin in the above experiments, the effect of 
this initial «-amylolysis can be magnified by the presence of an excess of $-amylase. 
Hydrolysis of only a small number of interior «-1,4-linkages liberates non-reducing end- 
groups which are susceptible to this enzyme. The resultant increase in reducing power 
is then appreciable, whereas neither 8-amylase nor low concentrations of «-amylase, acting 
separately on -dextrin, yield measurable amounts of reducing sugars. The results 
summarised in Table 3 show the apparent percentage conversion into maltose (Py) during 
degradation of 8-dextrin by the barley preparation. In a further experiment, the relative 
Py values at pH 3-6, 5-6, and 6-5 were 4, 45, and 33 respectively. 


TABLE 3. Action of barley -preparation on amylopectin B-dextrin. 


Apparent conversion (%) into maltose * 


Be GIG GD scons canciiececccanscacncscdeeavcteesnssceeint 20 70 86 
Digest conditions: 
(a) Acetate buffer pH 4°6  ...........cccccccccccsccccees 25 33 37 
(b) - EGG. scawanneccpoosengarwaseaapsens 35 54 55 
(c) i pH 5-6 (with 5 x 10-m-borate) 35 54 56 
(d) B.D.H. Universal buffer pH 5-6 .................. 31 49 52 


* For composition of digests, see p. 2610. 


Degradation of Amylose and 8-Dextrin by Barley Z-Enzyme.—Although the highly 
branched amylopectin 6-dextrin may be used to detect relatively high concentrations of 
Z-enzyme, the use of a linear substrate is preferable since the hydrolysis of only a small 
number of linkages will produce a more marked change in physical properties. The 
effect of certain inhibitors on barley Z-enzyme was therefore investigated by using amylose 
$-limit dextrin (prepared by the prolonged action of $-amylase at pH 3-6 on potato 
amylose): the results are summarised in Table 4. 


TABLE 4. Effect of inhibitors * on the action of barley Z-enzyme on amylose ®-dextrin. 
Inhibitor Inhibn. (%) f Inhibitor Inhibn. (%) ¢ 
100 7 


10*m-Iodoacetate ...........6..000000- 10-°m-p-Chloromercuribenzoate 

15 x 10-°m-Mercuric chloride ...... 80 10-*m-Silver nitrate  ............cse00 86 
10“m-Phenylmercuric acetate ...... 79 

10-'m-Phenylmercuric acetate ...... 73 


* All inhibitors caused 100% inhibition of B-amylase. 
t Based on A.V. (600 my) measurements; see p. 2611. 
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Peat, Thomas, and Whelan* reported that Z-enzyme was not inhibited by 
ca. 1-5 x 10*m-mercuric chloride and concluded that this distinguished Z-enzyme from 
a- and @-amylase. Although the extreme sensitivity of p-amylase towards mercury 
compounds and related thiol-reactants is well known,” there is evidence that thiol groups 
are not essential for the activity of «-amylases.»*4_ We have examined the effect of 
various concentrations of mercuric chloride on the activity of a number of «-amylases, and 
the results (Table 5) show that only partial inactivation occurs with concentrations of 


TABLE 5. Effect of mercuric chloride on the activity of «- and B-amylases. 
Inhibition (%) 


Concn. (M) of HgCl, 10-3 10-* 105 10°¢ 
ERY DOME © cocesvcssesvceccscsesavcesseseses 100 100 100 100 
OEY GENES T —cencccsnccecscsenssctenccenece 84 66 44 22 
BORCCOTIAL G-GUNYIAED Foc cc cccsccccccccccccsccccccees 87 67 35 26 
PE HORNED © © cocyvcnsipsscecsecnsesoccespueneeee _- 96 50 19 
NE POON FE esiveindenssssavencicscccéscees — 86 70 6 


* Assay under Hobson, Whelan, and Peat’s conditions.' 
+ Assay under Bernfeld’s conditions (Methods in Enzymology, 1955, 1, 149). 
t See p. 2611. 


10° to 10%m. Further, the action of barley Z-enzyme is only partially inhibited by 
mercuric chloride (Table 4 and 5). Notwithstanding the qualitative nature of these 
studies (the concentration of «-amylase was not identical in the various assays), it is 
concluded that the use of mercuric chloride shows, in fact, a similarity between Z-enzyme 
and a-amylase. 

p-Chloromercuribenzoate (1 x 10m) completely inhibits 8-amylase ! and yet has 
less effect on barley Z-enzyme than have similar concentrations of mercuric chloride 
(Table 4). This reagent has therefore been used for the selective inactivation of 8-amylase. 
On incubation of amylose (0-2%) with barley preparation (0-07%, corresponding to ca. 45 
8-amylase units/mg.) and f-chloromercuribenzoate, a marked decrease in specific viscosity 
was observed, but without a concomitant decrease in iodine-staining power or increase in 
reducing power. This is attributed to the random hydrolysis of a small number of non- 
terminal linkages. Since the iodine-staining power of amylose as obtained by “ blue- 


value ”’ OF Amax, Measurements is approximately the same for samples of DP 500 or 2000,” 
this result emphasises the caution required in following limited a-amylolysis by iodine- 
staining. Measurements of the change in reducing power™ or of the sedimentation 
constant ! of the residual amylose are also unsatisfactory when the concentration of 
a-amylase is extremely low. It is clear that viscometry provides the only sensitive method 
when concentrations of B-amylase contaminated by Z-enzyme similar to those used in 
our previous studies ** and by Peat and his co-workers *4 are employed. 

The presence of traces of «-amylase in unpurified barley B-amylase preparations has 
been noted by earlier workers including Hopkins, Murray, and Lockwood. The amount 
of a-amylase appears to depend upon the condition of the grain, and the variety of the 
barley. Part of the a-amylase may represent precursors of the enzyme which develops 
in quantity during germination, and part may arise from contamination of the barley 
husk by amylase-secreting bacteria. The a-amylase constituents of ungerminated and 
germinated barley are undoubtedly closely related, and we have found that the initial 

19 Weill and Caldwell, J. Amer. Chem. Soc., 1945, 67, 214; Englard, Sorof, and Singer, J. Biol. Chem., 
1951, 189, 217. 

20 Caldwell, Weill, and Weill, J. Amer. Chem. Soc., 1945, 67, 1079. 

21 Fischer and Haselbach, Helv. Chim. Acta, 1951, 34, 325. 

*2 Kerr, Cleveland, and Katzbeck, J. Amer. Chem. Soc., 1951, 78, 3916; Whelan, personal com- 
munication. ! 

*3 Hopkins, Murray, and Lockwood, Biochem. J ., 1946, 40, 507; cf. Blom, Bak, and Braae, Z. physiol. 
Chem., 1936, 241, 273; Hanes, New Phytol., 1937, 36, 101, 189. 


24 Chrzaszcz and Janicki, Biochem. J., 1936, 30, 1298; Howard, personal communication. 
28 Hopkins and Cooper, J. Inst. Brewing, 1946, 52, 188. 
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action of malt «-amylase on amylose @-dextrin is also not activated by calcium ions, and is 
partially inhibited by mercuric chloride (1-5 x 10° and 1-5 x 10m). Further, the 
optimum pH of unpurified malt «-amylase is ca. 5-4,"4 a value similar to that shown in 
Fig. 2 and different from that of bacterial «-amylase *6 (ca. 6-5). 

Z-Enzyme Activity of Soya-bean B-Amylase and Almond Emulsin.—Since Z-enzyme was 
originally detected in unpurified (“ stock ’’) preparations of soya-bean 8-amylase *4 and in 
almond emulsin *?? (a complex mixture of carbohydrases including $-glucosidases), samples 
of these have been examined for contamination with «-amylases. 

Neither preparation had a significant effect on the production of maltose from amylo- 
pectin-$-amylase or Floridean starch—$-amylase systems (cf. Table 2 and ref. 6); by this 
criterion #¥ gross contamination with «-amylase could be ruled out. However, when 
amylose, amylose $-dextrin, or amylopectin $-dextrin was used as substrate, and assay 
was by iodine-staining and reducing power or viscosity, the presence of a trace of «-amylase 
was established. Slight random degradation of the substrates occurred; for example, 
incubation of amylose (0-1%) with emulsin (0-5%) at pH 4-6 for 24 hr. reduced y,, by 88% 
and increased the B-amylolysis limit from 75 to 95%. This «-amylolytic activity was 
increased by calcium ions (which again act as a stabiliser rather than activator), and 
partly inhibited by EDTA and mercuric chloride (10“—10~*m), and was optimum in the 
region pH 5-8—6-1 (cf. Peat, Thomas, and Whelan * who reported the action of soya-bean 
Z-enzyme on amylose $-dextrin as maximum at pH 6). Typical results are shown in 
Table 6 and Figs. 3 and 4. In similar conditions, the extent of hydrolysis of glycogen 


TABLE 6. Effect of emulsin on the todine-staining power of amylose 8-dextrin. 
Fall in A.V. (%) 


I CIN saiccncceccscnasdtpeccenndinsetiiesuntndods 580 600 640 680 
Digest conditions : * 

St CT enistitineDinlhninivcontunnbaninecersbieeeesstins 56 60 65 69 

(b) Mercuric chloride: 1-5 x 10-M_ ............... 33 35 38 41 

BO KIM cccdsccovsssece 44 47 55 51 

(c) Pre-treated with CaSO, f ............cccscevceees 72 74 79 2 

(d) Pre-treated with EDTA: (i) alonef ......... 23 24 26 26 

CEE) GROOE WERT: WRDEE occ scesccsecsccccescsess 27 28 31 2 

(111) diluted with CaSO, f ...........ccccccceee 47 50 51 55 


* Incubated for 25 hr. at 35°. ¢ Final concentration 2 x 10. 


8-dextrin by emulsin was approximately one-half that of amylopectin $-dextrin (Py 3-7 
and 7-8 respectively). The properties of the «-amylase present in soya-beans and almond 
emulsin are therefore generally similar to, although not necessarily identical with, those of 
barley Z-enzyme. 

Discussion and Conclusions.—The recognition of the presence of a trace of «-amylase in 
the barley and soya-bean B-amylase preparations, and in emulsin, provides an explanation 
for the observed increase in the B-amylolysis of amylose. The slight random hydrolysis 
will expose sufficient new non-reducing end-groups to enable further 8-amylolysis to take 
place. If the presence of only one anomalous structure per amylose molecule is assumed, 
the random hydrolysis of only one «-1,4-glucosidic linkage will cause a 10—15% increase 
in $-amylolysis limit, e.g., from ca. 75 to ca. 87%. The ability of Z-enzyme to increase 
the phosphorolysis limit of amylose, from 70 to 95% conversion into glucose 1-phosphate,’ 
can now also be explained in terms of slight «-amylolytic activity. 

The nature of the structural anomalies in amylose is not yet known.* These may 
include one or more of the following possibilities: (a) an anomalous linkage (¢.¢., a glucosidic 

* Since the proportion of these is extremely low (probably less than 0-1%), their presence in enzymic 


hydrolysates of amylose cannot be revealed by available methods of analysis, and is inferred from the 
known specificity requirements of a- and p-amylase. 


sa Fischer and Stein, Arch. Sci., 1954, 7, 131. 
*” Neufeld and Hassid, Arch. Biochem. Biophys., 1955, 59, 405. 
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linkage other than the a-1,4-type) in the amylose chain or as a branch point; (b) an 
anomalous residue, #.¢., an «-1,4-linked hexose residue derived from D-glucopyranose by 
substitution with a phosphate group, probably at position 6, or by acylation or oxidation 
at position 2, 3, or 6; (c) both a residue and its linkage may be anomalous. Recent 
evidence * suggests that a small number of glucose residues in amylose may become 
modified by oxidation during isolation of the polysaccharide, becoming resistant to 
8-amylase and phosphorylase. Since Z-enzyme is an a-amylase, its action will involve 
the ‘‘ by-passing ” of such structural anomalies rather than their removal by selective 
hydrolysis. Similarly, any anomalous linkage which is present as a branch point will not 
be hydrolysed by Z-enzyme (or any other «-amylase), i.e., Z-enzyme does not act asa 
“ debranching ”’ enzyme. 


Fic. 3. Effect of pH on the Z-enzyme activity of 
emulsin and “ stock’’ soya-bean B-amylase 

















preparation. Fic. 4. Effect of soya-bean B-amylase on the 
A.V. (540 mp, ©; 680 mp, @) of amylopectin 
90 B-dextrin. 
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Curve A represents action of soya-bean prepar- Time (hr) 
ation on amylopectin B-dextrin (veducing-power ; , a : 
measurements expressed as Py values); curve Concn. of mercuric chloride in the digests was 0 
B shows the effect of emulsin on the A.V. (640 (A), 1:5 x 10°*m (B), and 1-5 x 10-M (C). 
mp) of amylose B-dextrin expressed as percentage 
decrease. 


Some anomalous structures are present in unfractionated starch since the B-amylolysis 
limits with purified and “ stock’ soya-bean $-amylase are 53 and 61% respectively. 
This difference was attributed to the action of Z-enzyme on the amylose component. 
However, Hopkins and his co-workers % had previously shown that barley $-amylase 
prepared by a method involving pretreatment at pH 3-4 caused 56% conversion of soluble 
starch into maltose, and that if this treatment was omitted, or if a trace of 
bacterial «~amylase was added to the purified preparation, the 8-amylolysis limit was 63%. 
These findings are in accord with our observations, and the view that “ Z-enzyme ”’ is a 
trace of a-amylase adequately explains the effect of pH on the $-amylolysis limit of 
unfractionated starch (cf. ref. 13). 

The amount of «-amylase present in the barley preparation is too small to be assessed 
accurately but, in comparative experiments, a salivary «-amylase solution containing 
34 units % was diluted 50,000 times and found to cause a decrease in the iodine-staining 
power of both amylose and amylopectin 8-dextrin and to have only a limited action on 
glycogen 8-dextrin. This suggests that the «-amylase activity of the barley preparation 
is of the order of 10° unit/mg. A further indication of the minute degree of contamination 


28 Baum, Gilbert, and Scott, Nature, 1956, 177, 889; Gilbert, Sidrke, 1958, 10, 95; Banks, Green- 
wood, and Thomson, Chem. and Ind., 1959, 928; Manners and Wright, unpublished work. 
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js shown by a comparison of the turn-over number ™ of the related malt ¢-amylase, 
equivalent to the hydrolysis of 19,000 bonds per min. per mole, with the limited degrad- 
ation of amylose @-dextrin observed by viscometry in our experiments during incubation 
for some hours, and the previous failure to detect degradation of glycogen B-dextrin by 
light-scattering, or of amylose by sedimentation measurements.” It is suggested that 
the inability of barley Z-enyme to cause appreciable degradation of glycogen is a con- 
sequence of (a) the low concentration of enzyme and (0) the lowered affinity of a-amylases 
in general for glycogen,® rather than to an absolute specificity requirement (cf. R-enzyme 
which hydrolyses 1,6-linkages in amylopectin but not in normal 12-unit glycogen™). The 
hydrolysis of glycogen or its $-dextrin with normal concentrations of other «-amylases, 
including preparations from ungerminated barley and soya-beans, can readily be detected.*! 

Our general conclusions are in accord with the findings of Hopkins and Bird,** who 
have emphasised the difficulty in detecting traces of «-amylase when using amylopectin 
rather than amylose as a substrate, and with the recent results of Baba and Kojima,** and 
of Banks, Greenwood, and Jones. Baba and Kojima also showed the presence of 
a-amylase in emulsin, and Banks e¢ al. independently proved random hydrolysis of starch 
components, using light-scattering and viscosity measurements, by the Z-enzyme con- 
taminant of several unpurified B-amylase preparations. 

It must be noted that the present results do not alter our earlier conclusions ** on the 
molecular structure of starch and glycogen-type polysaccharides, or on the mechanism of 
g-amylase action,!° which are derived, in part, from results obtained with the Wallerstein 
barley 6-amylase preparation. 


EXPERIMENTAL 


Analytical Methods.—The general methods used were those described in earlier papers.?»*8 
For viscometry, digests were prepared in modified Ubbelohde or Ostwald viscometers, and the 
viscosity at 25° was measured at intervals. Since the activity of an «-amylase is related to 
d(1/np)/dé,** graphs of 1/ng against ¢ were prepared. With identical enzyme and substrate 
concentrations, the effect of added reagents could then be observed by a comparison of the 
slopes. The polysaccharide solutions were filtered through sintered glass (G4) before analysis. 

In the iodine-staining experiments with amylopectin #-dextrin, measurements at 540 my 
increased the A.V. to ca. 0-5 in the most sensitive region of the spectrophotometer (Unicam 
S.P. 500) (cf. A.V. of ca. 0-1 at 680 my). 

Enzyme Preparations.—The properties of the barley f-amylase are reported in ref. 7. 
“Stock ’’ and purified soya-bean B-amylase were prepared by the methods of Bourne, Macey, 
and Peat * and Peat, Pirt, and Whelan. Sweet-almond emulsin was isolated by Tauber’s 
method; *? a weighed amount was centrifuged in the stated volume of water, and insoluble 
material was discarded. Wallerstein malt diastase was used as a source of malt a-amylase, 
with short incubation periods to minimise the effect of B-amylase. 

Substrates.—(a) Amylose. Various samples made by the fractionation of starch from 
potatoes (var. Kerr’s pink) with thymol and butanol were used, together with amylose VI, VII, 
and VIII.2. Amylose §-dextrin was prepared by incubating amylose VIII (500 mg.) with barley 
f-amylase (100 units/mg.) at pH 3-6 for 24 hr. The $-amylolysis limit was 72%. The digest 
was heated for 10 min., cooled, and filtered (G4 sinter), and the pH was adjusted to 5-6 with 
aqueous sodium hydroxide. The dextrin was stored under toluene at room temperature; the 
maltose present did not interfere with subsequent measurements. 


*® Schwimmer and Balls, J. Biol. Chem., 1949, 179, 1063. 
" — J. Biol. Chem., 1950, 186, 181; Hanrahan and Caldwell, J]. Amer. Chem. Soc., 1953, 
, 1, 
*! Carlquist, Acta Chem. Scand., 1948, 2, 770; Bell and Manners, Biochem. J., 1951, 49, Ixxvii; 
Cunningham, Manners, and Wright, J., 1960, 190. 
%? Hopkins and Bird, Nature, 1953, 172, 492. 
* Baba and Kojima, Nippon Négei-kagaku Kaishu, 1958, 32, 291 (Chem. Abs., 1958, 52, 17,337). 
** Banks, Greenwood, and Jones, J., 1960, 150. 
35 Hultin, Acta Chem. Scand., 1947, 1, 269. 
** Bourne, Macey, and Peat, J., 1945, 882. 
* Tauber, J. Biol. Chem., 1932, 99, 257. 
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(b) Amylopectin. Fractionation of potato starch with thymol or pyridine gave samples | 
and II respectively. Waxy-maize and sorghum starch were commercial samples. Amylo- 
pectin ®-dextrin was prepared from waxy-maize starch I (5 g.) treated with purified B-amylase 
(6000 units) in a total volume of 250 ml. at 35° for 48 hr. The $-amylolysis limit was 53%, 
After dialysis, the dextrin was isolated by freeze-drying. Samples of amylopectin @-dextrin 
were also prepared from waxy-sorghum starch and potato amylopectin by similar methods, 

(c) Glycogen B-dextrin. This was isolated from a digest of Ascaris lumbricoides glycogen and 
@-amylase. 

Action of Barley Z-Enzyme on Amylopectin 8-dextrin.—(a) Iodine-staining measurements, 
Polysaccharide (25 mg.), barley preparation (52 mg.), 0-2M-sodium acetate buffer (pH 4-6; 3 ml.), 
and water to 20 ml. were incubated at 35° for 70 hr. Samples (2 ml.) were removed, heated to 
inactivate the enzyme, and stained with iodine solution (0-2% in 2% potassium iodide solution: 
2-5 ml.) in a total volume of 25 ml. The A.V. (540 my) of amylopectin 6-dextrin decreased 
from 0-740 to 0-097 and the product showed Amax, 420 my and A.V.max 0-210. With glycogen 
8-dextrin, the initial and final A.V.’s were: at 470 my, 0-044 and 0-042; at 430 mu, 0-073 and 
0-074; at 420 my, 0-075 and 0-078; at 410 my, 0-067 and 0-069. When only 6-25 mg. of barley 
preparation were used, the following results were obtained: 


A GIORD. cccecosesseccantpeons 480 500 520 540 560 580 
BEE Pia Ws. setastencess 0-545 0-622 0-674 0-680 0-630 0-552 
RE Bie Gs ccsccnccaxevsen 0-446 0-469 0-472 0-440 0-377 0-319 


Barley preparation (ca. 50 mg.), pretreated with 5 x 10%m-calcium sulphate or 5 x 10°m- 
EDTA (pH 4-7) for 30 min. at 37°, was incorporated into similar digests. Samples (3 ml.) were 
removed after 72 hr.; the results are reported in Table 1. Ina further experiment with 0-67 mg. 
of EDTA-treated enzyme, only a slight decrease in iodine-staining power was noted: 


STATO 480 500 520 540 560 580 
Initial A.V. ..........- 0-529 0-607 0-675, 0-665 0-610 0-531 
EAT. spioshicimnstons 0-529 0-573 0-600 0-575 0-517 0-436 


The optimum pH for EDTA-calcium complex formatiort is 7-5; 38 hence, in the above experi- 
ments, the calcium ions may not have been completely removed. 

(b) Measurement of reducing power. Digests (20 ml.) were prepared containing amylo- 
pectin @-dextrin (19-2 mg.), barley 8-amylase (3800 units), buffer solution (3 ml.), and water. 
At intervals samples (5 ml.) were deproteinised, and the apparent maltose contents were 
determined. The results are shown in Table 3. 

(c) Viscometry. Amylopectin $-dextrin (1% filtered solution; 10 ml.), 0-2m-acetate buffer 
(5 ml.) of pH 3-6 or 5-6, and barley B-amylase (100 mg. in 5 ml. of water) were mixed in a 
viscometer. 7.) was determined during 2 hr. At pH 5-6, d(1/n.p)/dé indicated * a relative 
activity of 7-8 x 10% unit, and in presence of mercuric chloride (1-5 x 10m), of 7-2 x 10° unit. 
At pH 3-6, there was no change in viscosity. 

Effect of pH and Various Ions on Activity—Amylopectin $-dextrin (ca. 30 mg.), barley 
preparation (6000 units), buffer (3 ml.), and water (to 25 ml.) were incubated at 35°. The 
buffers used were 0-2m-acetate of (a) pH 3-6, (b) pH 4-8, (c) pH 5-6, (d) pH 6-5, and (e) pH 5-6 
containing borate to give a final concentration of 5 x 10%m. The A.V. of samples (2 ml.) was 
measured at intervals. The results obtained at 540 my are shown in Fig. 1. Similar results 
were obtained over the range 460—680 mu. 

For the pH-activity curves, 8-dextrin (10 mg.) was incubated with B-amylase (1250 units) 
and 0-2m-acetate buffer (pH 4-6—7-6; 5 ml.) in a total volume of 15 ml. Samples (3 ml.) were 
removed after 6 and 24 hr. and the A.V.’s at both 540 and 680 mu were determined. After 
6 hr., at 540 mu, the maximum decrease was at pH 5-5; after 24 hr., over the range pH 6-1— 
6-4 (see Fig. 2). The small change in pH is attributed to the decreased stability of the enzyme 
in acetate buffer at pH 4—6. The same results were obtained from A.V. determinations at 
680 my. The experiment was repeated with phosphate-citrate buffer (pH 5-2—7-3; 0-Im- 
citric acid and 0-2m-disodium hydrogen phosphate; 3 ml.) in a 10 ml. digest. The maximum 
fall in A.V. (540 my) occurred at pH 5-6 after 8-75 hr. and at pH 5-8 after 27 hr. 

Digests containing 6-dextrin (10 mg.), barley preparation (2000 units), and buffer (5 ml.) 
in a total volume of 15 ml. were incubated at 35°. The following results were obtained. 


38 West and Sykes, ‘‘ Analytical Applications of Diaminoethanetetra-acetic acid,’’ B.D.H. Ltd. 
London, 1959, p. 11. 
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B.D.H. 
Buffer Acetate Universal Phenyl- ‘ 
Tagg (pH 5-6) (pH 5-6) acetate * Borate * Phosphate * 
Fall (%) in A.V. (540 my): 
after (a) 6 hr. ..........-+ 34 33 34 33 33 
5 NOSE Bes: ..00.050005 70 69 70 70 70 
Py, after 99 hr. ......... 12-6 12-9 13-1 12-5 12-6 


* These digests contained 5 ml. of sodium acetate buffer (pH 5-6) and 5 ml. of 2 x 10~m-anion. 


The function of the calcium ion was examined by incubating enzyme solution (2 ml.) with 
g-dextrin (10 mg.) and acetate buffer (pH 5-8; 3 ml.) in a total volume of 10 ml. Digest no. 1 
contained barley preparation pre-incubated at 37° and pH 5-8 for 67 hr.; digest no. 2 contained 
enzyme solution as above, but also 5 x 10*m-calcium acetate; digest no. 3 was as digest 
no. 1 except that the enzyme was added to a mixture of $-dextrin and calcium acetate. 


Fall (%) in A.V. (540 my). 


Fmcwbatiet Git.) 5.55. ccdccicvecsces 4-5 7 24 
DMB GE enisincaersdscctsaiessice 13 18 49 
BIE. BD aii ccrsuaccvevnccssssnes 31 45 83 
TRIE BR, S nncccccccnedssoosscceses 13 19 51 


Action of Barley Z-Enzyme on Amylose B-Dextrin.—(a) Iodine-staining measurements. Digests 
containing amylose 8-dextrin solution (0-46 mg./ml. by acid hydrolysis; 14 ml.) and §-amylase 
(14 mg. in 0-5 ml. of water; pre-incubated at 20° for 20 min. with 0-5 ml. of inhibitor solution) 
were incubated at 35°. Samples (4 ml.) were withdrawn after 2-5 and 4-5 hr., stained with 
iodine solution (1 ml.), and diluted with water to 25 ml. A.V.’s were measured at 560, 580, 
600, and 640 mu. The trend of results was the same at all wavelengths; the results at 600 mu 
are given in Table 4. 

The effect of mercuric chloride was examined in digests containing amylose @-dextrin 
(10 mg.), B-amylase (15 mg.), 0-2m-acetate buffer (pH 5-5, 3 ml.), mercuric chloride solution 
(1 ml.), and water (6 ml.). Samples (3 ml.), removed after 2-5 hr., gave the following results: 


NO, OE a UD nccshcnncnsqnenshinciutsesaandecd 10+ 10-5 10 Nil 
Decrease (%) in A.V. at (600 my) ............... 7 15 46 49 


(b) Viscometry. A digest containing amylose solution (70 mg.; 20 ml.; with -chloro- 
mercuribenzoate, 10m) and $-amylase (25 mg. in 15 ml. of 0-2m-acetate buffer of pH 4-6; 
with p-chloromercuribenzoate, 10m) was prepared in a viscometer. The following results 
were obtained: 


Time (min.) ...... 15 30 60 97 120 155 205 20hr. 45 hr. 
BIE scvenscceeswace 3-13 3-32 3-73 3-94 4-20 4-48 4-65 6-25 6-76 


Samples were also removed for the measurement of A.V. at both 540 and 680 mu, and of the 
reducing power. No change was detected within 24 hr. A control experiment showed that 
10°m-p-chloromercuribenzoate had no effect on the reaction of maltose with the Somogyi 
reagent; in the absence of this material the viscosity change is accompanied by a marked 
decrease in iodine-staining power and rapid production of reducing sugars. 

Action of Normal Concentrations of B-Amylase on Amylopectin.—Digests were prepared 
containing waxy-maize starch I (30 mg.), 0-2mM-acetate buffer (pH 4-6; 10 ml.), barley B-amylase 
or “‘ stock ” soya-bean $-amylase (1300 units), and water to a final volume of 50 ml. Samples 
(2 ml. for iodine-staining; 3 ml. for reducing-power measurements) were removed at intervals. 
The results are in Table 2. 

Action of “ Stock’’ Soya-bean B-Amylase on Amylopectin 8-Dextrin.—Polysaccharide (23-9 
mg.), 0-2m-acetate buffer (pH 4-6; 3 ml.), enzyme solution (3 ml.), and water (19 ml.) were 
incubated at 35°. [The enzyme solution was prepared by dissolving 50 mg. of powder (activity 
ca. 100 units/mg.) in 5 ml. of buffer and centrifuging the mixture.] Samples (2 ml.) were 
removed after 27 and 72 hr.: the results after 27 hr. were: 


ME a idisnasotass 480 “ 500 520 540 560 580 680. 
Sr 0-528 0-612 0-687 0-700 0-649 0-574 0-198 
_ I ae 0-034 0-039 0-039 0-038 0-038 0-038 0-020 


Similar results were obtained after 72 hr. 
The effect of pH was examined in digests containing $-dextrin (5 mg.), phosphate-citrate 
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buffer (pH 4-6—7-6; 5 ml.), 1% @-amylase solution (2 ml.) and water (3 ml.). The Py, values 
of 3 ml. portions were determined after 25 hr. at 35° (see Fig. 3). 

Amylopectin $-dextrin (10 mg. in 5 ml. of water) was added to 0-3% $-amylase solution 
(4 ml.) pre-incubated as follows: (a) with 0-2m-acetate buffer (pH 6-1; 10 ml. containing 
5 x 10°m-calcium acetate); (b) with buffer containing 5 x 10*mM-EDTA; (c) with buffer alone, 
The total volume was 24 ml. The decreases (%) in A.V. (540 mu) of samples (2 ml.) measured 
after 1, 13, and 42 hr. were: (a) 7, 66, and 92; (b) 0, 6, and 13; (c) 1, 24, and 50 respectively, 
The Py values after 42 hr. were 19, 7, and 14 respectively. 

Digests containing $-dextrin (10 mg.), 0-2m-acetate buffer (pH 6-0; 5 ml.), 0-25% 8-amylase 
solution (2 ml.), water, and mercuric chloride (to give final concentrations of 1-5 x 10° and 
1-5 x 10° severally) in a total volume of 15 ml. were prepared. The change in A.V. (540 and 
680 my) is shown in Fig. 4. The Py values determined after 8-5 and 27-5 hr. were: (a) without 
mercuric chloride, 15 and 18; (b) 1-5 x 10°*m, 14 and 18; (c) 1-5 x 10M, 5 and 9. 

Action of ‘‘ Stock’ Soya-bean B-Amylase on Other Polysaccharides.—Potato amylopectin II 
(40 mg.), 0-2m-acetate buffer (pH 4-6; 9 ml.), 0-2% @-amylase solution (1 ml.), and water to 
30 ml. were incubated at 35°. The B-amylolysis limit was 49 (0-5 hr.), 50 (1 hr.), 53 (4 hr.), and 
53 (24 hr.). In similar conditions soluble starch had a $-amylolysis limit of 62% but with 
purified soya-bean $-amylase the value was 57%. When potato amylose VI was used, 
B-amylolysis limits of 77% were found after 4 and 22 hours’ incubation with ca. 5 units per mg. of 
polysaccharide at pH 4-6; with higher enzyme concentrations, complete degradation occurred, 

Action of Emulsin on Amylopectin.—Waxy-maize starch (20 mg.), barley B-amylase (50 
units/mg.), 0-2mM-acetate buffer (pH 5-0; 4 ml.), and water (to 25 ml.) were incubated at 35° for 
48 hr. The §-amylolysis limit was 57%. Emulsin (20 mg.) was added; after a further 24 hr, 
the B-amylolysis limit was 58%. In a second digest in which B-amylase and emulsin acted 
together on waxy-maize starch, the B-amylolysis limit was 56 and 56% after 24 and 48 hr. 

Action of Emulsin on Amylose.—Amylose VIII (30 mg.) was incubated at pH 3-6 with barley 
6-amylase (100 units/mg.) in a total volume of 50 ml; for 24 hr. The @-amylolysis limit was 
75%. The enzyme concentration was then doubled, and after 24 hr. the B-amylolysis limit was 
76%. The pH of the digest was then adjusted to 4-8, and to a 15 ml. portion 1% emulsin 
solution (5 ml.) was added. After 1 and 24 hr., the B-amylolysis limits were 88 and 95% and 
the A.V.’s (680 mu) (measured on a 3 ml. sample stained with 1 ml. of iodine solution and 
diluted to 25 ml.) were 0-005 and 0-002 respectively compared with an original A.V. of 0-200. 

A second 15 ml. portion of the digest was incubated with emulsin and 0-01M-mercuric 
chloride (0-5 ml.) in a total volume of 25 ml. (final concentration 2 x 10m). The A.V.’s 
(680 mu) were 0-202, 0-195, and 0-165 after 0, 1, and 24 hr. respectively. 

For amylose VI, 8-amylolysis limits of 73% before, and 101% after, addition of emulsin 
were obtained; the A.V. (680 my) of a sample fell from 0-21 to 0-08. 

Amylose VII solution (2 mg./ml.; 25 ml.) was then incubated at pH 4-6 with 2% emulsin 
solution (12-5 ml.) in a total volume of 50 ml. After 24 hr. the digest was heated, then cooled, 
and denatured protein was removed at the centrifuge. The residual polysaccharide was 
precipitated with ethanol, washed, and dried. The specific viscosity at 25° of 25 mg. of poly- 
saccharide dissolved in 20 ml. of 0-2N-potassium hydroxide was 0-025, and the #-amylolysis 
limit at pH 3-6 was 93%. Under similar conditions, amylose VII has a $-amylolysis limit of 
75%.2 Ina control experiment with heat-denatured emulsin, the residual polysaccharide had 
a specific viscosity of 0-212. 

Effect of pH on Activity.—Digests containing amylose $-dextrin (2-4 mg. in 2 ml. of water), 
phosphate-citrate buffer (pH 4-6—7-6; 2 ml.), and emulsin solution (15 mg. in 1 ml. of water) 
were incubated at 37°. Control digests (a) without enzyme and (b) without @-dextrin were also 
prepared. After 27 hr. samples (2-5 ml.) were withdrawn, heated, and centrifuged. Iodine 
solution (1 ml.) was added to 2 ml. of solution and the A.V.’s at 640 my were measured after 
dilution to 25 ml. The results are shown in Fig. 3. No correction was required for the enzyme 
control. 

Effect of Calcium Ions and Inhibitors on Emulsin.—(a) Iodine-staining measurements. 
Digests were prepared containing 0-4% amylose solution (5 ml.), emulsin (0-5% in 0-2m-acetate 
buffer of pH 5-6; 5 ml.), and calcium acetate (5 x 10%m; 0-5 ml.) or water (0-5 ml.). Digest (a) 
contained newly prepared enzyme and substrate and water; digest (b) contained enzyme 
pre-incubated at 37° for 40 hr.; digest (c) contained enzyme pre-incubated with calcium, and 
digest (d) contained pre-incubated enzyme added to calcium, Samples (2 ml.) were withdrawn 
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Fall (%) in AV. 


Incubation Incubation 
(hr.) (a) (b) (c) (a) (hr.) (a) (0) (c) (a) 
5 ll -- ~- — 21-5 —- 9 29 12 
6-5 _ 2 4 2 40 52 —_— ans teas 
16 35 — —- _- 47-3 — 12 47 15 


at intervals, heated, and coagulated, protein was removed, and 1 ml. portions were used for 
A.V. (680 my) measurements. Results, tabulated, show that the calcium ions have a stabilising 
rather than an activating action. 

(b) Viscosity measurements. Digests containing amylose 8-dextrin (13-5 mg.), ~2% emulsin 
solution (4:5 ml.; pre-incubated for 20 min. with reagent), and water (total volume 15 ml.) 
were incubated in a viscometer. The relative activities ** in two series of experiments were 
(a) 6-5 and 5-7 x 10% unit with water and mercuric chloride (1-5 x 10M) respectively, (b) 9-3, 
8-2, and 6-5 x 10% unit with water, calcium sulphate (2 x 10m), and EDTA (2 x 10m) 
respectively. 

Action of Emulsin on Amylopectin and Glycogen 8-Dextrin.—Digests were prepared contain- 
ing either amylopectin $-dextrin (30 mg. in 15 ml. of 0-2m-acetate buffer of pH 5-8) or glyeogen 
Q-dextrin (20 mg. in 5 ml. of buffer) and 0-5% emulsin (5 ml.). The annexed results were 
obtained. 


Amylopectin 8-dextrin Glycogen f-dextrin 
Time of incubation Decrease (%) in A.V. Py Py 
(hr.) (540 mp) 
4 7 — — 
24 26 4-2 a 
30 _- -~ 2-4 


Action of Malt a-Amylase on Amylose 8-Dextrin.—B-Dextrin (5 mg.), 0-2M-acetate buffer 
(pH 5-6; 9 ml.), 0-01% diastase solution (0-5 ml.), and water or reagent (0-5 ml.) were incubated 
at 37° for 30 min. The A.V. (640 my) of a sample (3 ml.) was then determined. The following 
results were obtained (expressed as % fallin A.V.); control, 68; calcium acetate (2-5 x 10™M), 
67; EDTA (2-5 x 10%m), 66; mercuric chloride (1-5 x 10m), 2; (1-5 x 10m), 25; 
(1-5 x 10m), 41; p-chloromercuribenzoate (10m), 51. The last observation shows the effect 
caused solely by the «-amylase, and the results in Table 5 are calculated on this basis. 

Action of Salivary «-Amylase on 8-Dextrins.—Freeze-dried salivary «-amylase (34 units; *¢ 
1 mg. in 1 ml. of water) was diluted 50,000 times, and sodium chloride was added to a final 
concentration of 0:05m. Digests were prepared containing various ®-dextrins (4-8—12-0 mg.) 
dissolved in 0-2m-acetate buffer of pH 5-8 (6 ml.) and diluted salivary amylase (1 ml.). Samples 
(1 or 3 ml.) were removed for analysis by iodine-staining or reducing-power measurements. 
After incubation for 23 and 42-5 hr., the following results were obtained: with amylose 6-dextrin 
(4:8 mg.), the A.V. (640 my) fell by 25 and 53%; with amylopectin 8-dextrin (12-0 mg.), the 
A.V. (540 my) fell by 24 and 39%; with glycogen @-dextrin (12-0 mg.), the Py values were 
0-9 and 1-8 respectively. 

In additional digests containing amylopectin @-dextrin (17-0 mg.) and glycogen 8-dextrin 
(17-8 mg.), and either (a) 6-8 x 10 unit of «-amylase or (b) 13-6 x 10“ unit, in a total volume 
of 16—27 ml., the extents of degradation were: 


Incubation (hr.) Incubation (hr.) 
Amylopectin f-dextrin ............... 24-5 48-5 Glycogen f-dextrin: 
(a) Fall (%) in A.V. (540 mp)... 10 22 phe ge SU Eee 0-5 1-4 
Ee ee 3-0 3-2 Gp TIE eis tcccsctnvescise 1-4 3-2 
(6) Fall (%) in A.V. (540 mp)... 22 42 
MUR . casauhbdccodnbsahetersaegdsbts 6-2 7-0 


Under similar conditions, the diluted salivary a-amylase thus hydrolyses more than twice as 
many bonds in amylopectin $-dextrin as in glycogen §-dextrin. 


The authors are grateful to Professor E. L. Hirst, C.B.E., F.R.S., for his interest, to 
Drs. D. J. Bell and W. J. Whelan for helpful comments on the manuscript, to the Rockefeller 
Foundation for a grant, and to the Department of Scientific and Industrial Research for 
maintenance allowances (to W. L. C., I. D. F., and A. W.). 
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525. Reaction of Diborane with Volatile Cyanides. 
By H. J. Emettus and K. WADE. 


Methyl and ethyl cyanide react with diborane and form borine adducts of 
the type RCN,BH;, which dissociate reversibly at low temperatures. They 
decompose at ca. 20° and 0°, respectively, to form N’N”’N’’-triethyl- and 
N’N”’ N’’-tri-n-propyl-borazole. Evidence is presented for the intermediate 
formation of a compound of the type (R‘-CH=N:BH,),. Preliminary experi- 
ments show that similar but less stable borine adducts are formed by vinyl 
and phenyl cyanide. Diborane also reacts with cyanogen and hydrogen 
cyanide, but these products were not characterised. 


LitTLE information is available on the reaction of diborane with volatile cyanides, 
Schlesinger and Burg ! reported the formation of a solid adduct MeCN,BH, from diborane 
and methyl cyanide. Its dissociation at room temperature into the gaseous reactants was 
accompanied by slight decomposition to an involatile liquid, which was not identified, 
Burg ? suggests that two hydrogen atoms shift from boron to the carbon of the cyanide 
group forming an N-substituted borazole, but gives no supporting evidence. Preliminary 
experiments on the reaction of diborane with acrylonitrile have also shown that a mixture 
of unidentified involatile products is formed.* Silyl cyanide also reacts with diborane, 
forming initially an adduct similar to that with methyl cyanide. When heated, however, 
monosilane is lost, leaving a polymer (BH,CN),.4 

The experiments described in this paper were made to determine the nature of the 
decomposition products from the methyl cyanide adduct and also to find if similar adducts 
are formed by other cyanides. The formation of the compound MeCN,BH, was confirmed 
and, from measurements of its dissociation pressuré‘(—34° to 4°) a heat of dissociation of 
the solid complex into methyl cyanide and diborane of 11-2 kcal. mole was deduced. 
This may be compared with the value of 31-3 kcal. mole for the dissociation of solid 
trimethylamine-borine, Me,N,BH, into gaseous trimethylamine and diborane.5 Using 
Bauer’s ® value of 28 kcal. mole for the heat of dissociation of diborane into borine radicals, 
the heat of dissociation of MeCN,BH, into gaseous MeCN and BH, is 25 kcal. molet. 
Comparable values for other methyl cyanide adducts are: MeCN,BF3, 26-5 kcal. mole; 
MeCN,BCl,, 33-4 kcal. mole™ (ref. 7). 

The infrared spectrum of the adduct showed bands at 3000, 2940, 2280, 1445, 1414, 
1366, 1030, and 913 cm. which, after allowance for small shifts, are common to methyl 
cyanide * and the adduct. The chief additional bands were at 2400—2340 cm.? (B-H 
stretch) and 1160—1140 (asymmetrical BH, deformation). The position of absorption 
bands due to the B-N stretch vibration is not certain. Bands in the region 1250—980 cm. 
have been assigned to this vibration in boron-nitrogen addition compounds by various 
authors,’ although Taylor and Cluff,!° who studied the spectra of deuterated derivatives of 
ammonia~borine, H,N,BH3, concluded that the B-N band appears in the region 750— 
650 cm.}. 

The solid adduct decomposed in a few days at 20° to a colourless liquid from which 


Schlesinger and Burg, Chem. Rev., 1942, $1, 1. 
Burg, Record of Chemical Progress (Kresge-Hooker Science Library), 1954, 15, 159. 
Stone and Emeléus, /., 1950, 2755. 
Evers, Freitag, Keith, Kriner, MacDiarmid, and Sujishi, J. Amer. Chem. Soc., 1959, 81, 4493. 
5 McCoy and Bauer, J. Amer. Chem. Soc., 1956, '78, 2061. 
Bauer, J. Amer. Chem. Soc., 1956, 78, 5775. 
Laubengayer and Sears, J. Amer. Chem. Soc., 1945, 67, 164. 
Venkateswarlu, J. Chem. Phys., 1951, 19, 293. 
Goubeau and Mitschelen, Z. phys. Chem. (Frankfurt), 1958, 14, 61; Luther, Mootz, and Radwitz, 
J. prakt. Chem., 1958, 277, 242; Goubeau and Becher, Z. anorg. Chem., 1952, 268, 1; Rice, Galiano, and 
Lehmann, J. Phys. Chem., 1957, 61, 1222. 
1© Taylor and Cluff, Nature, 1958, 182, 390. 
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about a 50% yield of N’N’’N’’-triethylborazole was recovered. This reaction must 
involve a hydrogen-transfer of the type proposed by Burg: ? 
R*C=N,BH,; ——® (R*CH=N:BH,) —— (R°CH,-N=BH) ——% (R°CH,-N=BH), 

The infrared spectrum of N’N’’N’” triethylborazole has not been previously described, but 
there is a general similarity between it and that of N’N’’N’”-trimethylborazole."" The 
chief features are bands at 2970, 2900 (C-H stretch), 2480 (B-H stretch), and 1500— 
1300 cm.-! (C-H bend). Ring and skeletal vibrations occur at 1500—750 cm.+, but 
cannot be definitely identified. 

One fraction (II) obtained in separating the liquid decomposition product from the 
adduct also showed infrared bands due to the borazole, together with a number of additional 
bands. This fraction was very small and was not separated, but the spectrum indicated 
that it might be the intermediate (CH,-CH=N-BH,), postulated above. Thus a strong 
new band at 1685 cm. may be due to a C=N vibration. This band is unlikely to be due 
to N-H deformation in view of the absence of absorption in the N-H stretch region around 
3400 cm.. There was also an additional strong B-H band at 2400 cm.", in keeping 
with the observation ™ that Me,N-BH, has two bands, at 2447 and 2396 cm.!. Hydrolysis 
of fraction II with 10% aqueous sodium hydroxide at 110° gave hydrogen, ethylamine, and 
ammonia. Hydrogen, ammonia, and acetaldehyde would be expected to be the volatile 
hydrolysis products of an intermediate (CH,-CH=N-BH,),. That no acetaldehyde was 
detected may have been because it was polymerised under such strongly alkaline conditions. 
A further fraction (III) had.a composition and molecular weight corresponding with the 
formula (CH,*CH,-N=BH),;. It showed C-H stretch absorption at 3000—2850 cm., 
B-H stretch absorption at 2470 cm.1, and a number of peaks at 1500—650 cm. which 
were not identified. Strong bands at 1440—1430, 1255—1235, 890—880 and 688—686 cm.! 
were common to the spectrum of this substance and to that of a similar fraction obtained 
from the decomposition of the ethyl cyanide—borine adduct (see below). 

Diborane and ethyl cyanide gave an adduct EtCN,BHs, which was less stable than that 
from methyl cyanide. It showed infrared bands at 2950, 2880, 2260, 1430, 1302, 1070, 
and 914 cm.*}, identifiable with those of ethyi cyanide.!* It dissociated reversibly at —30° 
to 0° and the heat of dissociation of the solid complex into diborane and ethyl cyanide 
was 9-8 kcal. mole, or 24 kcal. mole for dissociation to borine and ethyl cyanide. The 
compound decomposed violently at 20° to unidentified solids and hydrogen. Decom- 
position at —10° to 0° was, however, similar to that of the methyl cyanide adduct and gave 
a 60% yield of N’N’’N’”-tri-n-propylborazole. Small quantities of an intermediate 
[possibly EttCH(CN)-BH,] were again formed and there was a small fraction of the formula 
(Et-CH,°BH),. 

Two molecules of vinyl cyanide react at —132° to —40° with one of diborane to form a 
pale yellow solid, presumably CH,:CH°CN,BH,. This decomposed violently above 0° and 
it was not found possible in the preliminary experiments described to control the 
decomposition to yield borazole derivatives. Phenyl cyanide and diborane also reacted 
in proportions corresponding to the formation of Ph-CN,BH, but the decomposition of this 
adduct has not yet been studied. Hydrogen cyanide and diborane reacted at 20—100°, 
forming involatile pastes of composition ranging from 2-0 to 2-3 moles of hydrogen cyanide 
per mole of diborane. ‘This reaction is probably complicated by the polymerisation of 
hydrogen cyanide and no N’N"N’’-trimethylborazole was isolated. Cyanogen and 
diborane reacted at 45—95° in a molar ratio of 1-2—1-4:1, the products being hydrogen 
and polymeric solids. 


. EXPERIMENTAL 
Diborane was prepared from boron trifluoride-ether complex and lithium aluminium hydride 
and purified by vacuum-distillation.% Cyanogen was prepared by adding potassium cyanide 
" Price, Fraser, Robinson, and Longuet-Higgins, Discuss. Faraday Soc., 1950, 9, 131. 
** Duncan and Janz, J. Chem. Phys., 1955, 23, 434. 
* Shapiro, Weiss, Schmich, Skolnik, and Smith, J. Amer. Chem. Soc., 1952, 74, 901. 
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solution to copper sulphate and purified as described by Janz.* Methyl, ethyl, vinyl, and 
phenyl cyanides were purified by vacuum-distillation from phosphorus pentoxide. Iodine 
cyanide was prepared by adding iodine slowly to concentrated aqueous potassium cyanide at 0°, 
The precipitate was washed with ice-water, recrystallised from water, and sublimed. Vacuum- 
techniques were used in preparing reaction mixtures and isolating the products. Infrared 
spectra were recorded on a Perkin-Elmer Model 21 spectrometer. 

Reaction of Diborane with Methyl Cyanide.—Diborane (0-028 g., 1-0 mmole) and methyl 
cyanide (0-082 g., 2-0 mmole) were condensed in a tube at — 196° and warmed to 20°. White 
crystals were formed, with a vapour pressure of ca. 40 mm. at 20°. This vapour was shown by 
fractionation to contain only the reactants in a 1:2 molar ratio. Its infrared spectrum also 
showed only bands due to the two reactants. The molecular weight was 37. The vapour 
pressure of the solid (—34° to 4°) was given by logy Pmm. = 7:285 — 1640/T. The infrared 
spectrum of the solid, obtained with mulls of Nujol and hexachlorobutadiene, showed bands at 
3000m, 2940m, 2400—2340s, 2280m, sh, 2070w, 1827w, 1445m, 1414m, 1366m, 1152s, 1030m, 
973m, 913m, and 806w cm."}. 

A sample of the adduct made from diborane (0-268 g.) and methyl cyanide (0-611 g.) changed 
to a colourless viscous liquid in 6 days at 20°. Hydrogen (0-0002 g.) and diborane (0-053 g.) 
were recovered. The liquid was separated by fractional condensation in traps cooled to —36° 
(I; 0-4 g.) and —63° (II; 0-1 g.). A viscous liquid residue (III; 0-3 g.), involatile at room 
temperature, was also obtained. Fraction I was N’N”N’’-triethylborazole [Found: C, 43-8; 
H, 11-0; N, 25-1%; M (cryoscopic in benzene), 169; M (from vapour density), 164. Cale. 
for CgH,,N,B,: C, 43-8; H, 11-0; N, 25-5%; M, 165]. A sample (0-0168 g.) on hydrolysis 
with 10% aqueous sodium hydroxide at 110° for 4 hr. gave hydrogen (0-0006 g.) and ethylamine 
(0-0135 mg.) (Calc. for Et,N,B,H;: H, 0-0006 g.; Et-NH,, 0-0135 mg.). The v. p. at 20° was 
2-5 mm, (lit.,46 2-6 mm.). The infrared spectrum showed bands at 2970m, 2900w, sh, 2480m, 
2400w, 1483m, 1453s, 1382m, 1358w, 1332m, 1133m, 1088w, 884w, and 792w cm."}. 

Fraction II had an infrared spectrum which showed the presence of N’N”N’”-triethyl- 
borazole. There were additional bands at 3010, 2560, 2490, 1720, 1685, 1640, 1460, 1390, 1200, 
1070, and 960 cm.-1. The components could not be separated by fractionation. Hydrolysis 
with 10% aqueous sodium hydroxide at 110° gave hydrogen, ethylamine, and ammonia. 

Fraction III had the composition (C,H,NB), (Found: C, 43-5; H, 11-2; N, 25-8. C,H,NB 
requires C, 43-8; H, 11-0; N, 25-5%). Much of it distilled in a high vacuum at 150°. The 
molecular weight in benzene was 310, corresponding to nm = 5—6. Hydrolysis of III (48-5 mg.) 
with 10% sodium hydroxide solution at 110° for 4 hr. gave hydrogen (0-50 mmole) and a mixture 
of ammonia and ethylamine (0-4 mmole). The infrared spectrum showed bands at 2890s, 
2900m, sh, 2470s, 2350w, sh, 1658w, 1500s, sh, 1477s, sh, 1438s, 1398s, sh, 1377s, 1350s, 1335s, 
1304s, 1256s, 1239m, sh, 1193m, 1133m, 1117m, 1100m, 1078m, 1021w, 972w, 880s, 792w, and 
686m cm."1, 

Reaction of Diborane with Ethyl Cyanide.—Diborane (0-0153 g., 0-55 mmole) and ethyl 
cyanide (0-060 g., 1-1 mmole) formed a white solid at — 78°, the vapour pressure of which (—30° 
to 0°) was given by logy) fmm. = 6-102 — 1434/T. The infrared spectrum of the vapour showed 
that only diborane and ethyl cyanide were present. The infrared spectrum of the solid 
obtained with mulls of Nujol and hexachlorobutadiene showed bands at 2950m, 2880m, 2400— 
2340s, 2260m, sh, 2060w, 1825w, 1430m, 1302w, 1145s, 1070m, 914m, and 774w cm."}._ It was 
immediately decomposed by water to boric acid, hydrogen, and ethyl cyanide. 

The above adduct decomposed violently in a vacuum when warmed rapidly to room temper- 
ature, leaving a pale brown amorphous solid which contained carbon, hydrogen, nitrogen, and 
boron and was insoluble in common solvents. Hydrogen, diborane, and ethyl cyanide were 
also formed. Decomposition of the solid adduct was controlled by mixing diborane (0-270 g.) 
and ethyl cyanide (0-884 g.) at — 132° and allowing the temperature to rise to 20° during 2 days. 
The product after a further 3 days at 20° was a colourless liquid. Unchanged diborane 
(1-7 mmole) and hydrogen (0-2 mmole) were recovered. The liquid residue was distilled in a 
vacuum at 50—100°. The most volatile fraction (I; 0-6 g.) distilled at 20°/0-5 mm., a second 
(II; 0-3 g.) at 150°/8 mm., and the residue (III; 0-2 g.) was a pale yellow glue. 

Fraction I was N’N’” N’’-tri-n-propylborazole [Found: C, 52-2; H, 11-2; N, 203%; M 





™ Janz, Inorg. Synth., 1957, 5, 43. 
1® Glusker and Thompson, /., 1955, 471. 
1© Hough, Schaeffer, Dzurus, and Stewart, J. Amer. Chem. Soc., 1955, 77, 864, 
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(cryoscopic in benzene), 230 + 10. Calc. for C,H,,N;B,: C, 52-3; H, 11-7; N, 203%; M, 
207]. Vapour pressures (100—210°) were within +2 mm. of the recorded values. Hydrolysis 
of I (0-111 g.) at 120° (6 hr.) with 40% aqueous sodium hydroxide gave 36-7 ml. of hydrogen and 
9-3 mg. of propylamine (Calc. for Pr,N,B,H,: 36-2 ml. of H,; 9-4 mg. of Pr-NH,). The infra- 
red spectrum showed bands at 2940s, 2870m, sh, 2480s, 1470s, sh, 1440s, 1382m, 1370m, 1345m, 
1325m, 1295m, 1079m, 926w, and 887m cm.*}. 

Fraction II had the composition (C;H,NB), (Found: C, 52-4; H, 11-1; N, 20-4. . Calc. for 
C,;H,NB: C, 52-3; H, 11-7; N, 20-3%). The molecular weight in benzene was 300 and, from 
vapour-density measurement at 200°, was 450, indicating that » was 4—6. Hydrolysis with 
sodium hydroxide solution at 100° gave hydrogen, ammonia, and propylamine. The infrared 
spectrum, which was similar to that of fraction III from the methyl cyanide reaction described 
above, showed bands at 2940s, 2880s, sh, 2470s, 2350w, sh, 1500s, 1465s, sh, 1433s, 1400m, sh, 
1380m, 1366m, 1344m, 1332m, 1295m, 1270m, 1235s, 1217m, sh, 1186m, 1136m, 1117m, 1098m, 
1077m, 1040w, 960w, 888s, 780w, 745w, and 688m cm.7?. Fraction III, which was slightly 
soluble in benzene, had a molecular weight of about 900 in this solvent. 

Reaction of Diborane with Vinyl Cyanide.—Diborane (0-021 g., 0-75 mmole) and vinyl cyanide 
(0-166 g., 3-08 mmoles) were mixed in a sealed tube at — 132° and warmed gradually to — 40° 
(18 hr.). No hydrogen was formed, but diborane (0-05 mmole) and vinyl cyanide (1-69 mmole) 
were pumped off at —40°. The solid residue had therefore been formed from 0-70 and 
1:39 mmole respectively of the reactants. The solid decomposed violently at about 10°, form- 
ing an amorphous brown solid which contained carbon, hydrogen, nitrogen, and boron. 

Reaction of Dibovane with Phenyl Cyanide.—Diborane (0-0614 g. 2-19 mmole) and phenyl 
cyanide (0-059 g., 0-57 mmole) were allowed to react at —78° and formed a white solid, which 
decomposed partially, forming a colourless liquid. No hydrogen was formed, but diborane 
(0-0538 g., 1-91 mmoles) was recovered, showing the reaction of 0-28 mmole of diborane with 
0-57 mmole of phenyl cyanide. 

Reaction of Diborane with Cyanogen.—Diborane and cyanogen did not react at 20°. 
Diborane (0-041 g., 1-48 mmole) and cyanogen (0-0755 g., 1-45 mmole) were heated at 95° for 
5hr. Hydrogen (6-9 ml.), diborane (0-0137 g., 0-49 mmole), and cyanogen (0-010 g., 0-20 mmole) 
were recovered, showing that 0-99 mmole of diborane and 1-25 mmoles of cyanogen had reacted. 
The product was a pale brown amorphous solid. 

Reaction of Diborane with Hydrogen Cyanide.—There was no reaction at 25° for an equimolar 
mixture of gaseous reactants at l atm. With liquid hydrogen cyanide present a slow reaction 
occurred at 20°. In a typical experiment hydrogen cyanide (0-115 g., 4-3 mmoles) and diborane 
(0-061 g., 2-2 mmoles) in a sealed tube (80 ml.) at 20° for 16 hr. gave 0-1 mmole of hydrogen, 
1-88 mmoles of hydrogen cyanide, and 1-05 mmoles of diborane. Thus 2-4 and 1-15 mmoles 
respectively had reacted. The product was a colourless involatile paste, insoluble in benzene 
and carbon tetrachloride. It decomposed at 200° to hydrogen, hydrogen cyanide, and a brown 
solid. When the initial product was heated to 100° a colourless oil distilled, the infrared 
spectrum of which shows maxima at 2600—2900, 2500—2200, and 1700—800 cm... A 
maximum at 2430 cm.-! may be attributed to the presence of a B-H bond. Hydrolysis of the 
oil (0-103 g.) with water in a sealed tube gave 3-8 mmoles of hydrogen. The gases reacted at 
50—100°, giving similar products, the reactant ratio being B,H, : HCN, 1: 2—2-3. 

Reaction of Diborane with Iodine Cyanide.—Solid iodine cyanide reacted explosively with 
gaseous diborane at 20° after an induction period of 5—10 min., during which free iodine was 
formed. After reaction, an amorphous brown solid separated on the walls of the reaction 
vessel. The volatile products were hydrogen, hydrogen cyanide, iodine, and unchanged 
diborane. Hydrolysis of the solid product with water gave hydrogen and hydrogen cyanide. 
A slow non-explosive reaction occurred below 0° and gave the same volatile products. 


The authors are indebted to Dr. N. Sheppard for assistance in interpreting the infrared 
spectra, 


UNIVERSITY CHEMICAL LABORATORY, 
LENSFIELD Roap, CAMBRIDGE. (Received, January 14th, 1960.) 
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526. T'wo Fluorides of Osmium. 
By G. B. HARGREAVES and R. D. PEACOCK. 


Reduction of osmium hexafluoride yields the pentafluoride and the tetra- 
fluoride. The magnetic moment of osmium pentafluoride has been deter- 
mined. 


ALTHOUGH recent work has fixed the formula of the highest fluoride of osmium 1? and has 
elucidated the nature of some of the fluorine compounds of iridium * and platinum," the 
fluorine compounds of the platinum metals remain a little known and difficult field of study. 

Since the volatile fluoride of osmium has proved to be a hexafluoride and not an octa- 
fluoride, it follows that the materials to which Ruff ® ascribed the formule OsF, and OsF, 
do not have these compositions and require to be re-examined in the light of the 
new evidence. The reduction of the hexafluoride of the neighbouring element, rhenium, 
by metallic carbonyls has recently been studied in these laboratories * and we now report 
the application of a similar technique to osmium hexafluoride. In the course of this work 
two lower fluorides of osmium have been isolated. Osmium pentafluoride, OsF;, appears 
to be the same substance as Ruff's ““OsF,” but our osmium tetrafluoride has quite 
different properties from the substance of the same composition reported by Ruff and 
must be considered as a new compound. 

Osmium Pentafluoride—Tungsten carbonyl reacts vigorously with osmium _hexa- 
fluoride at 0° and carbon monoxide is evolved. In the presence of excess of hexafluoride 
a grey-green suspension remains below a green solution when the temperature is raised 
above the melting point of OsF,. After the volatile hexafluorides of osmium and 
tungsten (the latter is formed during the reaction)’ have been pumped off, a grey-green 
mixture of osmium pentafluoride, osmium tetrafluoride, and osmium metal remains which 
is separated by fractional distillation under a vacuum. 

Osmium pentafluoride is a blue-grey crystalline solid which melts at 70° to a green, 
viscous liquid which does not easily recrystallise when cooled below the melting point. 
The liquid changes colour reversibly as the temperature is raised and at the boiling point 
(233°) * is bright blue. The vapour is colourless. Osmium pentafluoride can be handled 
and stored in glass under rigorously dry conditions, but in the atmosphere it blackens at 
once, attacks glass, and evolves osmium tetroxide. The compound dissolves exothermally 
in water to give a brown solution and a small precipitate of hydrated osmium dioxide. As 
with ReF;, some of the fluorine is retained in a complex fluoro-ion. Some tetroxide is 
also formed. Debye X-ray powder photographs, from their complexity, indicate a low 
crystal symmetry, and the magnetic behaviour of the pentafluoride is unusual (see Table). 


Magnetic moment of osmium pentafluoride. 
Temp. (°K) 10%, pen, (B.M.) Temp. (°K) 10%y, per, (B.M.) Temp. (°K) 10%, pen. (B.M.) 


295-4 1770 2-06 * 209-5 2320 1-98 129-5 3180 1-82 
271-5 1900 2-04 190-0 2490 1-95 112-0 3400 1-75 
249-0 1980 2-02 170-0 2680 1-92 101-5 3640 1-73 
230-0 2170 2-00 149-0 2190 1-87 


* w’en, (B.M.) 2-31. 


Osmium pentafluoride is prepared in two other ways. Iodine reduces osmium hexa- 
fluoride quantitatively to OsF, in iodine pentafluoride solution provided the hexafluoride 


* By direct measurement. From measurements of vapour pressure (by G. B. H.), the b. p. is 225°5°. 


1 Weinstock and Malm, J. Amer. Chem. Soc., 1958, 80, 4466. 

2 Hargreaves and Peacock, Proc. Chem. Soc., 1959, 85. 

3 Robinson and Westland, /., 1956, 4481. 

* Weinstock, Claussen, and Malm, J. Amer. Chem. Soc., 1957, 79, 5832. 
®* Bartlett and Lohmann, Proc. Chem. Soc., 1960, 14. 

® Ruff and Tschirch, Ber., 1913, 46, 929. 

7 Hargreaves and Peacock, /., 1960, 1099. 
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is in excess: 100sF, + I, —» 100sF, + 2IF;. If sufficient iodine is present the reaction 
goes further and a black, non-volatile solid is formed with a composition near that of an 
jodotetrafluoride OsIF,. 

Irradiation of the hexafluoride with ultraviolet light at 25° gives solid pentafluoride 
and free fluorine. After a time, if the photolysis is carried out in a closed vessel, no more 
pentafluoride is formed even though some of the hexafluoride is still present, showing that 
the system has reached a stationary state. 

Osmium Tetrafluoride—A small amount of the tetrafluoride, mixed with metallic 
osmium, is left behind when the residue from the osmium hexafluoride-tungsten carbonyl 
reaction has been warmed to 120° under a good vacuum to remove the pentafluoride. 
When the temperature is raised to 280—300° the tetrafluoride distils as a yellow, viscous 
liquid. The liquid sets below 200° to a glass which crystallises with great difficulty. The 
partially crystalline material melts at about 230°. The compound is sensitive to moisture 
and dissolves in water to form a clear yellow solution. 

Discussion.—The properties of osmium pentafluoride are sufficiently close to those of 
Ruff’s ‘“‘ OsF, ” to be sure that they refer to the same substance. The chief difference, the 
greater reactivity of Ruff’s compound towards glass and silica, is clearly due to the presence 
of moisture or hydrogen fluoride in his material. We have not obtained any of the black 
material which Ruff claimed to be the tetrafluoride, but the properties he ascribes to it 
might be expected for an oxydifluoride or a trifluoride. , 

Liquid osmium pentafluoride, like the other transition-metal pentafluorides, is viscous 
just above its melting point and must be highly polymerised. The distinct and character- 
istic change of colour as the temperature is raised is presumably connected with the breaking 
down of the polymeric chains or rings. 

The effective magnetic moment of the solid is very much smaller than that required 
for 3 unpaired spins (3-88 B.M.), and a simple 5-covalent molecular structure is ruled out. 
Whether the quenching takes place owing to metal—fluorine—metal links or direct metal- 
metal bonds is an interesting question but the answer will have to await a complete 
structural determination. 

Osmium tetrafluoride has properties which lie between those of the surprisingly volatile 
iridium tetrafluoride and the involatile platinum tetrafluoride. No detailed comparison 
is possible because of our slight knowledge of the compounds, especially of platinum 
tetrafluoride which has obviously been frequently confused in the past with PtF;. So far 
as external appearance goes there is a break in properties between these three compounds 
and the tetrafluorides of the neighbouring elements rhenium and rhodium which may well 
be a reflection of a change in structural type. 


EXPERIMENTAL 


Reagents.—Osmium hexafluoride and iodine pentafluoride were prepared from the elements. 
Tungsten hexacarbonyl (from V. A. Howe and Co., Limited, London) was resublimed under a 
vacuum before use. During the preparation of the osmium hexafluoride the concurrent 
formation of a very small amount of a golden-yellow solid (subliming at 90° in a vacuum) was 
noticed (cf. PtOF,*). This material was blackened by moisture and dissolved in water to give 
a black precipitate and a yellow solution. The osmium content was near that required by the 
oxytetrafluoride (Found: Os, 67-0. Calc. for OsOF,: Os, 67-4%). 

Reduction with Tungsten Carbonyl.—Excess of osmium hexafluoride was condensed in a 
reaction bulb containing a weighed quantity of tungsten carbonyl. The bulb was allowed to 
warm so that the hexafluoride just began to melt. At this stage a vigorous reaction set in 
which was controlled by judicious use of a vacuum flask containing liquid oxygen. When 
reaction was complete, the volatile hexafluorides were pumped off, and the apparatus was kept 
under a high vacuum while the temperature was gradually raised. At 120° a blue-green liquid 
appeared above the surface of the hot bath. This was collected in a separate vessel and proved 
to be osmium tetrafluoride (Found: Os, 66-5; F, 33-4. OsF, requires Os, 66-7; F, 33-3%). 
At 280—300° a little osmium tetrafluoride distilled (Found: Os, 71-7; F, 26-3%). OsF, requires 
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Os, 71-5; F, 285%). The remaining grey-black solid in the bulb contained little fluorine and 
was shown to be metallic osmium by a Debye X-ray powder photograph. 

Reduction with Iodine.-—Excess of osmium hexafluoride and five times the volume of iodine 
pentafluoride were condensed on a weighed quantity of iodine in a borosilicate-glass bulb. The 
bulb was allowed to reach room temperature in order to start the reaction, which was completed 
by warming to 50°. After the excess of osmium hexafluoride and iodine pentafluoride had been 
pumped off, the green pentafluoride was purified by vacuum-distillation (Found: Os, 67-1; 
F, 32-8%). If the hexafluoride was not in excess the product contained iodinc, and when a 
large excess (100%) of iodine over osmium hexafluoride was used the product had a composition 
approaching that of OsIF, (Found: Os, 50-5; I, 34-7; F, 19-6. Calc. for OsIF,: Os, 48-4; 
I, 32:3; F, 19-3%). 

Photolysis —Osmium hexafluoride (2 g.) in an evacuated silica bulb was irradiated at 25° 
with ultraviolet light. In a few hours it was coated with grey crystals whose quantity did not 
perceptibly change with further exposure. This proved to be OsF,; (identified by its physical 
properties). The liberated fluorine was identified by its smell and chemical properties. 

Magnetic Moment.—The moment of osmium pentafluoride was determined by the Gouy 
method. The powdered solid was introduced into the sample tube in a dry-box. 

Debye X-Ray Photographs.—Specimens were mounted in evacuated Pyrex capillaries and 
photographed in Cu-K, filtered radiation on a 19 cm. camera. 

Analyses.—Compounds were decomposed in saturated sodium hydrogen carbonate solution. 
Osmium was precipitated as a mixture of metal and dioxide by hydrazine hydrate in alkaline 
solution and estimated as metal after filtration and reduction. This method was tedious but 
reliable. Fluorine was determined in the filtrate from the osmium determination by distillation 
of an aliquot part followed by precipitation as lead chlorofluoride and titration of the chloride 
equivalent by the Volhard procedure. Iodine was determined gravimetrically as silver iodide. 


We are indebted to Imperial Chemical Industries Limited for the loan of a fluorine cell and 
to the Department of Scientific and Industrial Research for a maintenance grant (to G. B. H.). 
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527. The Sulphito-compounds of Palladium(n). 
By G. A. EARWICKER. 





The sulphito- and sulphito-ammine complexes of palladium(11) have been 
examined. They show strong similarities to known thiosulphato- but little 
to sulphato-complexes. It is concluded that they probably all contain 
sulphur-to-metal bonds. It is tentatively suggested that the anions of the 
disulphitopalladates are polymeric. The marked reactivity with carbon 
monoxide shown by some of these compounds appears to depend on the 
presence of readily replaceable aquo-groups. 


THE sulphito-complexes of palladium have received little attention and only two com- 
pounds, Na,{Pd(SO,),],2H,O and (NH,),{[PdSO,Cl,], have been reported.4? Since 
Werner’s time it has been generally assumed that sulphur—metal bonds are involved in 
such compounds, which may thus be regarded as salts of metal-sulphonic acids. Although 
there is little reason to doubt this for mercury or for most of the platinum-metal sulphites, 
yet the constitution of such compounds as Na,Pt(SO,),, in which the sulphito-groups 
apparently each occupy two co-ordination positions, remains puzzling, particularly for 
those metals which show a strong tendency to form M-S bonds. Sidgwick * suggested 
that these compounds contain the group (I) and that even when the sulphito-groups each 
! Frerichs and Wohler, Annalen, 1872, 164, 179. 


2 Rosenheim and Itzig, 7. anorg. Chem., 1900, 23, 28. 
* Sidgwick, ‘‘ Chemical Elements and their Compounds,” Oxford, 1950, p. 910. 
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occupy only one position it is not possible to decide definitely between the formule (II) 
and (III). 
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This remains true, but the evidence to be adduced for sulphitopalladium(11) complexes, 
which show close affinities to the thiosulphato-complexes of palladium and platinum 
described by Riabtschikov ¢ and but little to the few known sulphato-compounds, strongly 
favours the M-S view. 

Sulphitotriaquopalladium(tt) and its Ammine Derivatives.—The following series of com- 
pounds has been prepared (their molecular conductivities A in 0-001m-solution at 25° being 
shown) : 

[Pd(SO5)(H,0),3], [Pd(SO,)(H,0),(NH,)}, [Pd(SO,)(HzO)(NH,)3], and [Pd(SO,)(NH,)s] 
A 34 I 9 14 


Tetramminepalladium(i) sulphite could not be isolated. 

Sulphitotriaquopalladium(t1) crystallises well but is thermally unstable and slowly 
decomposes at room temperature to palladium and sulphuric acid. The thermal stability 
in the series increases regularly with increasing ammine content, the triammine being 
stable in air at 200°. The stepwise replacement of aquo- by ammine-groups can be 
followed by titrating sulphitotriaquopalladium(I) with ammonia, both conductometrically 
(Fig. 1) and potentiometrically (Fig. 2). The parallel course (Fig. 1) of the curve for 
the addition of ammonia to water, with that for the addition of ammonia in excess of the 
triammine stage, shows that there is no tendency for the sulphito-group to be displaced 
to form tetramminepalladium(1) sulphite. 

The existence of this series demonstrates that any tendency for a sulphito-group to 
assume a chelate arrangement must be feeble indeed, because to achieve this it would be 
necessary only to replace an aquo-group from each of the first three of the series, but water 
could not be removed without causing total decomposition. Moreover, since ammonia 
is unable to displace the sulphito-group, the single bond between this group and palladium 
is strong, in marked contrast to that between palladium and sulphato-groups in which 
oxygen-to-metal bonds must be assumed. Sulphatoaquodiamminepalladium(1) dis- 
sociated instantly on dissolution and hydrolysed rapidly. Its molecular conductivity in 
freshly prepared 0-001m-solution was about 200 mho, but sulphitoaquodiammine- 
palladium(11) has a molecular conductivity of 9 mho and its aqueous solutions may be 
boiled for hours without a trace of decomposition. It therefore seems reasonable to assume 
that the single link holding the sulphito-group to palladium is sulphur-to-metal in the 
above series. 

The Disulphitopalladates—The structure of the long-known series of compounds ap- 
parently having the general formula M',M"(SO,), has never been satisfactorily explained. 
Palladium also forms such complexes: ¢.g., K,Pd(SO,). and Na,Pd(SO,),,H,O. These 
salts are slightly soluble in water but cannot be recrystallised from it. The conductivity 
of the solutions indicates dissociation into three ions, but the solutions are always slightly 
acidic at about pH 5-5. That this acidity is not caused by an impurity follows from 
potentiometric titration (Fig. 3), by use of a glass electrode, of palladous sulphite with 
sodium sulphite. A sharp end-point at about pH 5-5 was obtained when 1 molar equiv. of 
sodium sulphite had been added, corresponding to the disulphito-stage. There was also 
a less distinct end-point at the tri- but no trace of one at the tetra-sulphito-stage, although 
a solid tetrasulphitopalladate is known. Similar curves were obtained on using a 
palladium electrode. 


* Riabtschikov, Compt. rend. Acad. Sci. U.R.S.S., 1938, 18, 38; 1940, 27, 690; 1943, 40, 229; 1943, 
40, 169; ibid., p. 209. 
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In solution, the disulphitopalladates behave as monobasic acids, pK, = 9, and can be 
smoothly titrated potentiometrically with alkali (Fig. 4). This strongly suggests that in 
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solution the anion contains at least one aquo-group and possibly two, dissociating as 
follows : 


[2H,O,Pd(SOg)2]*- = [(OH)H,O,Pd(SO;),]*- -++ H+ 


That no inflexion corresponding to a second dissociation was found is not surprising because 
it would correspond to the fourth dissociation of the acid H,[(OH),Pd(SO,)9]. 

Since anions containing aquo-groups are rare, this again suggests that, if chelate 
sulphito-groups are present in the solid, one of the bonds must be extremely feeble. It 
seems that the ion [Pd(SO,),]*~ may not exist as such in solution and there is no proof that 
it does in the solid. It is tentatively suggested that, in the solid, the anions are polymeric, 
each sulphito-group forming a bridge between two palladium atoms, one being attached 
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through sulphur and the other by oxygen. Lebedinskii and Shenderetskaya,® in their 
work on rhodium sulphito-complexes, commented on the enormous disparity in the 
strengths of the two bonds where chelate groups were assumed. This led them to postulate 
one link through sulphur and the other through oxygen. This, however, requires an 
improbable 3-ring arrangement with 60° valency angles for both sulphur and oxygen, 
which had been earlier rejected by Sidgwick.* 

The Disulphitodiamminepalladates.—The disulphitodiamminepalladates(11) were found 
to exhibit cis—-trans-isomerism in the anion. Tetramminepalladium dichloride reacts with 
excess of sodium sulphite, probably giving disodium #rans-disulphitodiamminepalladate, 
Na,{Pd(SO3)2(NH3)2],6H,O, A. = 220 mho. This, in cold solution, with one molar 
equiv. of tetramminepalladium dichloride immediately precipitates (presumably) trans- 
[Pd(NHg)4|(Pd(SO3).(NH3)2],13H,O as fine needles, A. = 285 mho. This compound 
precipitates Vauquelin’s salt from sodium chloropalladate(11) solution, showing the presence 
of the tetramminepalladium cation. 

Apart from water of crystallisation, trans-[Pd(NHj),][Pd(SO,),(NH,).] has the same 
empirical composition as the non-electrolyte, sulphitotriamminepalladium and is rapidly 
transformed into it in hot solutions. The change can be followed conductometrically at 
25°. The molecular conductivity could be obtained only by following the decrease in 
conductivity and extrapolation to zero time. This change would be helped by the mutual 
trans-effect of the sulphito-groups, which, by making them labile, facilitates their attack 
on the tetramminepalladium cation: 


[Pd(NHs3)q][Pd(SO3)2(NHg)2] = 2[PdSO3(NHs)s] 


Dipotassium disulphitopalladate(I1) reacts with ammonia to give (probably) cis-di- 
sulphitodiamminepalladate(11), K,{[Pd(SO,),(NH3) 9]. This again with tetramminepallad- 
ium dichloride gives a salt [Pd(NH,),|[Pd(SO),(NH,),] as pale yellow granular anhydrous 
crystals, A. = 280 mho. The X-ray powder diagram is quite different from that of the 
trans-salt. It also changes to [PdSO,(NHs)g] in solution but much more slowly, since the 
trans-effect of the sulphito-groups would tend to make NH, groups labile. In confirm- 
ation of this, the pH values of 0-005m-solutions of dipotassium cis-disulphitodiammine- 
palladate and disodium ¢vans-disulphitodiamminepalladate were 8-7 and 8-0, respectively. 

It can now be seen that the sulphito-chemistry of palladium is largely co-extensive with 
that of platinum, although crystalline sulphitotriaquoplatinum(I1) and the corresponding 
monammine have not yet been reported. Sulphito- and thiosulphato-complexes of both 
palladium and platinum, having the following general formule are known: 


MI[M!X], M™[M™X,], ME[MEX,(NHg)2], ((H,O)M™X(NHs)9] and [M™X(NHs)s] 


where M! is usually K, Na, or NH,, M" is Pd or Pt, and X is SO, or S,0,. The close 
similarity of the sulphito- and thiosulphato-complexes is striking. On the other hand, 
only a few sulphato- and no dithionato-compounds have been reported. Diammine- 
platinous sulphate and triammineplatinum sulphate were re-examined by King,’ who 
showed the sulphato-groups to be loosely bound and completely replaced by aquo-groups 
in solution. As already mentioned, this is also true of diamminepalladous sulphate. 
With these ligands derived from sulphur oxyacids, it seems that strong links to the metal 
atom are only formed when there is a possibility of a sulphur-to-metal bond. Whatever 
may be true for sulphito-complexes of other elements, with palladium there is nothing 
inconsistent (notwithstanding alternative possibilities for the disulphito-palladates) with 
the view that a sulphito-group is never attached to the same palladium atom by more than 
one bond and, except where brjdging between two palladium atoms may occur, this bond 
is sulphur-to-metal. 

Reaction with Carbon Monoxide.—The original purpose of this investigation was to find 
an explanation for the exceptionally rapid reaction of potassium disuliphitopalladate 


®* Lebedinskii and Shenderetskaya, J. Inorg. Chem. U.S.S.R., 1957, 2, 1768. 
* King, J., 1938, 1338; 1948, 1912. 
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solutions with carbon monoxide. The sulphito-complex, absorbed on silica gel, had been 
used successfully as a detector for carbon monoxide. It was originally tried because, as 
pointed out by Welch,’ sulphur-to-metal bonds are in general very susceptible to carbon 
monoxide. It now appears that, apart from any specific effect of the S-M link a major 
factor is the ability of sulphito-groups to stabilise weakly bound, and therefore readily 
replaceable, aquo-groups. 

A comparison of the rates of reaction with carbon monoxide of solutions of the various 
compounds described showed that aquo-groups are most probably concerned. To complete 
the series, potassium disulphitoethylenediaminepalladate was included, because, with this 
strongly bound ligand, exchange with aquo-groups should not occur, as appears to happen 
with NH, groups. 

The following order of decreasing reactivity towards carbon monoxide was found: 


[PdSO,(H,©)3] > [PdSO,(NH,)(H,O),] = Na,Pd(SO,), = KgPd(SO,). > [PdSO,(H,O)(NHs)] > 
trans- [Pd(SO )3(NHg)s]*~ = cis-[Pd(SO,)4(NH,),]?~ > [PdSO,(NH;)3] = 
[Pd(NH,),]Cl, > [PdSO,(NH,)s] plus excess NH, > Nag[Pd (en) (SO,),}. 


The range of reactivity was so wide that it was easy to place these in order by visual 
inspection alone. The first nine showed some reduction to metal as soon as the gas was 
passed, reduction of the first being extremely rapid. There was a delay of several minutes 
with the triammine in the presence of excess of ammonia and of } hr. with the ethylene- 
diamine complex before any change could be seen. 

The position in the series of the disulphitopalladates supports the view that in solution 
the anion is [Pd(SO,).(H,O),|*~, while the effect of excess of NH, in suppressing dissociation 
of the trans-NH, in [PdSO,(NHg),] is of interest. It was not, however, possible to 
distinguish between cis- and trans-[Pd(SO,).(NHj).]**, although one would have expected 
the cis-form to be the more reactive. In general, the results confirm that with those 
compounds that show extreme reactivity with carbon monoxide, the first step in the 
reaction is the replacement of an aquo-group to form a transient sulphito-carbonyl 
complex. 


EXPERIMENTAL 

(For molar conductivites A of the first four compounds in 0-001 m-solution at 25°, see p. 2621.) 

Sulphitotriaquopalladium(1).—Method 1. Palladous chloride (5 g.) was ground with 
water (5 ml.), silver sulphite (9 g.) being slowly added. More water (35 ml.) was stirred in, and 
the whole left overnight. The solids were filtered off and washed with a little cold water, and 
the combined filtrates were evaporated under reduced pressure over silica gel. 

Method 2. Palladous hydroxide, precipitated from a solution of palladous chloride (2 g.) by 
a slight excess of sodium hydroxide, was washed by decantation and suspended in acetone 
(100 ml.). The mixture was saturated with sulphur dioxide, with cooling, left overnight, and 
then evaporated to dryness by sucking off the solvent at or below room temperature. If the 
product was tarry, the addition of more acetone and sulphur dioxide and re-evaporation gave a 
dry residue, which was broken up and stirred until the smell of sulphur dioxide had gone. The 
solid was extracted with cold water and crystallised as in method 1. Yields of thick orange 
needles were 70% by both methods but the first method was less tedious {Found: Pd, 44:3; 
S, 13-2. [PdSO,(H,O,)] requires Pd, 44-3; S,13-3%}. Freezing-point depression in water gave 
molecular weights of 198 in 0-0163M- and 208 in 0-052m-solution (Calc.: 240-8). 

Sulphitodiaquoamminepalladium(t1).—Sulphitotriaquopalladium(11) (2 g.) was dissolved in 
cold water (15 ml.), and 4-5n-ammonia (1-75 ml., 0-95 equiv.) added. Golden-yellow needles 
(1-7 g.) separated and were recrystallised from hot water {Found: Pd, 44:5; NH, 68. 
[PdSO,(NH,)(H,O),] requires Pd, 44-5; NH;, 7-1%}. Excess of ammonia (12%) raised the 
ammonia content to 7-4%. This compound was too insoluble to give a satisfactory freezing- 
point depression; the best result indicated a molecular weight of 190 (Calc.: 239-8). 

Sulphitoaquodiamminepalladium(11).—Method 1. Dichlorodiamminepalladium(1) (4 g.) and 
silver sulphite (6 g.) were ground together in water (10 ml.) to a smooth paste. Water (60 ml.) 
was added, and the whole stirred for 20 min. on a boiling-water bath and filtered hot. The 


7 Welch, Ann. Reports, 1941, 38, 76. 











~~ 


-_ -_— = + «- ' 


— 2 es DP 


Rn «sf -— = ek | DD WwW 


mre Of; @D 


——o = wo 


rwor 








ni 


on 
oT 


ly 











[1960]  Earwicker: The Sulphito-compounds of Palladium(u). 2625 


residue was extracted twice with hot water (20 ml.) and the combined filtrates were evaporated 
to half bulk and cooled. Sulphitoaquodiamminepalladium(1) separated as yellow crystals 
(3-6 g.) (Found: Pd, 44-9; NH,, 14:3. [PdSO,(NH;),(H,O)] requires Pd, 44-7; NH, 143%}. 

Method 2. Sulphitotriaquopalladium(m) (1-12 g.) was dissolved in water (10 ml.), and 
9-31N-ammonia (4 ml.) added. The mixture was heated with more water until all dissolved, 
filtered hot, and allowed to cool (Found: NHsg, 14-4%). 

Method 3. Sulphitotriamminepalladium(1) (2-9 g.) in water (200 ml.) was steam-distilled 
until all had dissolved and the volume was about 150 ml. This took several hours. The 
solution was filtered hot and allowed to cool. The product (1-2 g.) was slightly paler than that 
from the other methods (Found: NHs;, 14:5%). The diammine was stable at 100° but 
decomposed at 150°. It dissolved in dilute sulphuric acid to give yellow solutions becoming 
orange when heated, without loss of sulphur dioxide, but in hydrochloric acid sulphur dioxide 
was evolved on heating, to give [PdCl,(NH;).]. 

Sulphitotriamminepalladium(11).—Method 1. Sulphitotriaquopalladium(m) (1 g.) was dis- 
solved in water, and ammonia added until the yellow colour was discharged. The white 
precipitate was dissolved in boiling water (200 ml.) containing excess of ammonia, and the 
solution allowed to cool and crystallise {Found: Pd, 44-7; NH;, 21-3. [PdSO,(NH;)5] requires 
Pd, 44-9; NHsz, 21-5%}. 

Method 2. Dichlorodiamminepalladium(11) (2 g.) was dissolved in water (10 ml.) by adding 
ammonia in slight excess. To the solution of tetramminepalladium dichloride thus obtained 
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sodium sulphite heptahydrate (2-5 g.) was added, and the mixture warmed. The triammine 
separated as a white powder (2 g.) and was recrystallised from hot water (400 ml.) to which 
ammonia (d 0-880; 20 ml.) was added to give ivory-white, granular crystals (1-3 g.) (Found: Pd, 
44-8; NH,, 21-4%). The dry solid was stable up to 200°. The pH ofa 0-001m-solution at 25° was 
8-9. The rate of loss of ammonia from a boiling solution of the triammine (0-1953 g. in 200 ml.) 
was measured by titrating the distillate with hydrochloric acid (0-1003N). Loss of one NH, from 
the triammine should have required 8-19 ml. of acid. In Fig. 5 the plot of log (8-19 — x) against 
time, where x is the volume of acid consumed at a given time, is a straight line for most of its 
course, showing that the rate of loss of ammonia is proportional to the remaining triammine. 

Sodium Disulphitopalladate(1).—Sulphitotriaquopalladium(11) (1 g.) in water (10 ml.) and 
sodium sulphite heptahydrate (1 g.) in water (5 ml.) were mixed. Addition of acetone 
precipitated an oil which solidified when stirred. The yellow powder (1-5 g.), dried im vacuo 
over silica gel, lost 6-6°%, when heated to constant weight at 100°, and was then analysed [Found: 
Pd, 32-3; Na, 13-6. Na,Pd(SO,),,H,O requires Pd, 32-25; Na, 139%]. A at 25° in 0-001m- 
solution was 191 mho, the pH value being 5-66. 

Potassium Disulphitopalladate(11)—Method 1. Palladous chloride (2 g.) and potassium pyro- 
sulphite (5 g.) were stirred together in water (20 ml.) until dissolved. The filtered solution was 
heated on a water-bath until no more sulphur dioxide was evolved, and the yellow precipitate 
(3-5 g.) washed with water and acetone and dried in vacuo [Found: K, 22-6; Pd, 30-5; S, 18-1. 
K,Pd(SO,), requires K, 22-67; Pd, 30-9; S, 18-6%]. 

Method 2. Sulphitotriaquopalladium(1) (2 g.), dissolved in water (20 ml.), was mixed with 
potassium sulphite (1-5 g.), dissolved in a little water, to give a yellow precipitate (Found: K, 
22:8; Pd, 305%). A at 256° in 0-001m-solution was 240 mho. In the preparation by method 1, 
an acid impurity was present which could not be removed by washing. 
trans-Sodium Disulphitodiamminepalladate(1)—Dichlorodiamminepalladium(1) (2 g.) was 
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converted into [Pd(NH,),]Cl, in water (20 ml.) by adding ammonia. Sodium sulphite in excess 
(>5 g.), dissolved in water (10 ml.), was added. Any initial precipitate was dissolved by warm- 
ing, and the whole allowed to crystallise. trans-Sodium disulphitodiamminepalladate(1) 
separated as large, pale yellow tablets {Found: Na, 10-2; NH3;, 7-4; Pd, 23-4; H,O, 23-7, 
Na,[Pd(SO,),(NH;).],6H,O requires Na, 10-1; NHg, 7-5; Pd, 23-4; H,O, 23-75%}. A at 25° 
0-001m-solution was 199 mho, and A,, was 220 mho. 

trans-Tetramminepalladium Disulphitodiamminepalladate(i1).—Method1. Dichlorodiammine- 
palladium(11) (5 g.) was converted into [Pd(NH,),]Cl, in water (25 ml.) by adding ammonia, 
Finely ground disodium sulphite heptahydrate (6 g.) was stirred into the cold solution. Pale 
yellow needles (3-1 g.) separated, which were filtered off, washed with a little cold water and 
acetone, and dried in vacuo {Found: Pd, 42-5; NH;, 20-4. [Pd(NH3),][Pd(SO,),(NHs),],1-5H,O 
requires Pd, 42-45; NHsz, 20-3%}. 

Method 2. Dichlorodiamminepalladium(t1) (1 g.) was dissolved in water (5 ml.) by adding 
ammonia and mixed with a solution of Na,[Pd(SO,).(NH;).],6H,O (2-2 g. in 25 ml.). Similar 
crystals separated (Found: NH, 19-9; H,O, 5-2. [Pd(NH3),][Pd(SO ),(NHs3).],1-5H,O requires 
NH,, 20-3; H,O, 5-4%). Since this salt changes in solution to a non-electrolyte, the triammine, 
in order to find the molecular conductivity it was necessary to follow the change in conductivity 
and extrapolate to zero time. The plot of A against (concentration) °® gave A,, = 285, and 
250 mho in 0-001m-solution. 

cis-Potassium Disulphitodiamminepalladate(1).—Potassium disulphitopalladate(i1) (1-9 g.) 
was suspended in water (5 ml.) and dissolved by adding 1-54N-ammonia (7:2 ml.). The filtered 
solution was precipitated with acetone. cis-Potassium disulphitodiamminepalladate(t1) (2 g.) 
separated as nearly colourless needles that lost water of crystallisation readily {Found: K, 
18-8; NH, 7-95; Pd, 24-9; H,O, 9-5. K,[Pd(SO,).(NH;).],2H,O requires K, 18-8; NH,g, 8-2; 
Pd, 24-7; H,O, 8-7%}. A at 25° was 260 mho in 0-001m-solution, and A,, was 290 mho. 

cis-Tetramminepalladium Disulphitodiamminepalladate(11).—Dichlorodiamminepalladium(11) 
(1 g.) was converted into the tetrammine in water (5 ml.) by adding a slight excess of ammonia 
and mixed with cis-K,[Pd(SO,).(NHs).] (1-8 g.) dissolved in water (5 ml.) at 0°. cis-Tetrammine- 
palladium disulphitodiamminepalladate(t1) separated as short, pale yellow prisms (2 g.) {Found: 
Pd, 44:6; NH, 21-2. [Pd(NH,),][Pd(SO,).(NH,).] requires Pd, 44-9; NHg,, 21-5%}. At 25° 
the change to the triammine was slow and was ignored in determining the conductivity: 
Ayooo = 206, A. = 280 mho. The change in molecular conductivity with concentration was 
greater with the cis- than with the trans-salts. Possibly the overall dipole moment of the 
cis-anions favours association. 

Sodium Disulphitoethylenediaminepalladate(11).—Ethylenediamine rapidly displaces am- 
monia from sulphitodiamminepalladates. Na,{Pd(SO,),(NH3),.],6H,O (2 g.) and ethylenediamine 
(0-27 g., 1: 1) were dissolved in water (3-5 ml.) by warming. On cooling, yellow crystals of 
sodium disulphitoethylenediaminepalladate separated {Found: Na, 10-5; Pd, 24-0; H,O, 16-15. 
Na, [Pd(SO,),(en)],4H,O requires Na, 10-3; Pd, 24-0; H,O, 16-2%}. 

Sulphatoaquodiamminepalladium(t1).—Dichlorodiamminepalladium(11) (6 g.) and _ silver 
sulphite (9 g.) were ground together in water. The precipitated silver chloride was filtered off, 
and acetone added to precipitate sulphatoaquodiamminepalladium(11) (5 g.) as a yellow powder 
{Found: NH, 13-3; Pd, 42-4; SO,, 36-2. Calc. for [PdSO,(NH,),(H,O)]: NH, 13-6; Pd, 
41-9; SO,, 37-7%}. It gave clear yellow solutions in cold water that slowly precipitated 
palladium hydroxide. A freshly made 0-001m-solution had A = 196 mho which increased to 
200 mho after 24 hr. The pH remained unchanged during this period at 4-43. 

Electrochemical Measurements.—These call for little comment except that most were made 
in an atmosphere of nitrogen. Platinised electrodes could not be used for conductance determin- 
ations because the readings drifted, there being some local action. Bright platinum electrodes 
with a current of frequency 1 kc./sec. gave no trouble. 

X-Ray Powder Diffraction Photographs.—These, taken for most of the compounds, mainly to 
establish identity or otherwise of compounds prepared by different procedures, were taken in a 
19 cm.-diam. camera with Cu-K, radiation. 


The author thanks his former colleague Dr. J. D. Main-Smith for his encouragement and 
interest in this work, and Mr. G. B. Greenough for taking and interpreting the X-ray powder 
photographs. 
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528. Steroids of Unnatural Configuration. Part II.* Reduction 
Products of Lumisterol: Hexahydro-compounds. 


By J. CasTELLs, G. A. FLETCHER, E. R. H. Jones, 
G. D. MEAKINs, and R. SWINDELLs. 


Lumisterol (I; R =H) is reduced by sodium in liquid ammonia to a 
A?*2-dihydro-compound (II), hydrogenation of which gives successively a 
trans-A/B-A’-tetrahydro-compound and the known fully saturated lumistanol 
A. Catalytic reduction of lumisterol gives lumistanol A and a cis-a/B-A’- 
tetrahydro-compound (III) which can be hydrogenated to a new lumistanol B. 
A third saturated alcohol (lumistanol C) has been obtained by hydrogenating 
a A*%*)tetrahydro-compound (IV). 

Elucidation of the stereochemistry of these lumistanols has shown that 
they arise from the A’- and A%4)-compounds (III), (IV), and (V) by front- 
wise (8-face) addition of hydrogen. 


ALTHOUGH the reduction products of ergosterol have been studied in detail, only preliminary 
work on the reduction of lumisterol (I; R = H)! is recorded. Three reduction products 
are known: dihydrolumisterol, obtained by treating lumisterol with sodium and alcohol, 
afforded a saturated hexahydrolumisterol on catalytic reduction ? while hydrogenation of 
lumisteryl acetate produced the acetates of lumistanol (identical with hexahydrolumisterol) 
and lumistenol (a tetrahydro-compound).? Neither the structures nor the stereochemistry 
of dihydrolumisterol and lumistenol were studied, and only one proposal ¢ (shown in the 
sequel to be incorrect) for the stereochemistry of lumistanol has appeared. In continuing 
the study of steroids with unnatural stereochemistry we have established the structures 
of these and several new reduction products. The results together with parallel investig- 
ations ® on 9a-lumisterol (pyrocalciferol) and 98-ergosterol (isopyrocalciferol) clarify the 
the course of catalytic and chemical reduction of steroid ring B diene systems. 
Nomenclature. At the Editor’s suggestion systematic nomenclature is based on the 
name lumistane for the C,, hydrocarbon with the skeleton of ergosterol in which (i) the 
stereochemistry at positions 8, 13, 14, and 17 is as usual in steroids (88-H, 18$-methyl, 
14a-H, 178-side chain), (ii) the stereochemistry at positions 9 and 10 is the opposite to that 
usual in steroids (?.e., in lumistane, 19«-methyl and 98-H), and (iii) the stereochemistry at 
position 5 must be stated in each individual name as 5« or 58 (as now obligatory in other 
steroid nomenclature also). Variations from this stereochemistry and the presence of 
double bonds or substituents are shown in the usual way; thus, lumisterol (I; R = H) is 
lumista-5,7,22-trien-36-ol, lumistenol (III; R =H) is 5a-lumist-7-en-36-ol, and lumi- 
stanols A, B, and C have the systematic names shown for formule (VI), (VII), and (VIII), 
respectively. The new trivial names tetrahydrolumisterol and lumistanols B and C are 
introduced to distinguish these compounds from previously known isomeric reduction 
products, viz., lumistenol and lumistanol (to the latter of which the letter A is now added). 
To simplify discussion and to avoid undue repetition of cumbrous systematic names 
the structures and trivial names of the reduction products are shown at the outset. The 
sodium-alcohol reduction, of lumisterol (I; R =H) to dihydrolumisterol (II; R = H) 
was greatly improved by conducting the reaction in liquid ammonia. Reduction of the 
side chain in dihydrolumisterol was best achieved by hydrogenating the acetate (III; 
R = Ac) in ethyl acetate-acetic acid. Hydrolysis gave a new compound, tetrahydro- 
lumisterol (V; R =H), the acetate of which was reduced in ethyl acetate containing a 


* Part I, J., 1959, 1159. 


1 Castells, Jones, Meakins, and Williams, J., 1959, 1159. 

* Windaus, Dithmar, and Fernholz, Annalen, 1932, 498, 259; Ahrens, Fernholz, and Stoll, ibid., 
1933, 500, 109. 
* Heilbron, Moffet, and Spring, J., 1937, 411. 
* Cole, J., 1952, 4969. 
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little perchloric acid to lumistanol A (as acetate, VI; R= Ac). Both double bonds in 
dihydrolumisterol could be hydrogenated in ethyl acetate containing a little perchloric 
acid to give lumistanol A directly. 

C5Hi7 














H 
(11) ;R’= CoHy7 
4 | 
(V);R'= CyHis | 
4 CoHi9 | CoHis CoHig 
| 








RO (VI) RO : (VII) RO (VIII) 
H H H 
lumistanol A lumistanol B lumistano C 
58-lumistan-3f-ol 5a-lumistan-38-ol 5a,148-lumistan-3f-ol 


Reagents: 1, Na-EtOH. 2, Naor Li-NH,-EtOH. 3, H,-Ptin EtOAc. 4, H,-Pt in EtOAc + 
little HCIO,. 5, H,-Pt in AcOH + little HCIO,. 6, H,-Ptin ACOH. 7, HBr—AcOH. 


Catalytic reduction of lumisteryl acetate (I; R = Ac) under a variety of conditions 
gave a mixture of lumistanyl A and lumistenyl acetates (VI and III; R = Ac) which was 
extremely difficult to separate. Although lumistenyl acetate could be obtained by 
interrupting the hydrogenation, isolation of lumistanyl A acetate from the product of 
complete reduction was achieved in only very poor yield. A more effective method was to 
reduce lumisterol in ethyl acetate containing perchloric acid at increased temperature and 
pressure, and then to oxidise the mixture of products. This procedure gave lumistanone 
A (XII) * in 60% yield. 

Saturation of the A’-bond in lumistenyl acetate (III; R = Ac) was slow, and the 
product after hydrolysis consisted of two new lumistanols, the major one being lumistanol 
B (VII; R=H). The minor product, lumistanol C (VIII; R =H), was more con- 
veniently obtained (as acetate) by reducing the A®%*”-tetrahydro-compound (IV; R = Ac), 
itself prepared by acidic isomerisation 5 of lumistenyl acetate (III; R = Ac). 

The remainder of this communication deals with the stereochemistry of the lumistanols, 
proof of the structures shown here for the partial reduction products being deferred’ 
Although the arguments relating to the various centres are interdependent and cannot be 
entirely separated from each other a convenient starting point is a discussion of the 
C-configuration of lumistanol A. 
§ Forthcoming papers in this series. 
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Reaction of tetrahydrolumisterol (V; R = H) with osmium tetroxide and dehydration 
of the resulting triol (IX) with methanolic sulphuric acid ® afforded a 7-oxo-compound (X). 
Since the reaction probably proceeds through the (A’) enolic form, the ketone (X) should 
have the more stable configuration at position 8. Ketone (X) was unaffected by boiling 
ethanolic potassium hydroxide, and on Wolff—Kishner reduction afforded lumistanol A 
(VI; R= H). 






! ’ 
<—— (V);R=—CgHis 


Lumistanol B (VII) Lumistanol C (VIII) 






H H ’ H 
(XVI) (XVII) Br (XIX) (XX) 
| ef é 
rT St, 
R 
OH (XX) H ~~ (XXIl) OA (XX 


Reagents: 1, OsO,. 2, H,SO,-MeOH. 3, Wolff-Kishner reduction. 4, CrO, in Me,CO at 20°. 5, 
Na-ROH. 6, Br, in AcOH. 7, Dehydrobromination via the 2,4-dinitrophenylhydrazone. 8, 
Li-NH,-EtOH. 9, CrO, in AcOH at 60°. 10, Pyrolysis of barium salt. 


TABLE 1. Conformations of lumistanols arising from variations at positions 5 and 8. 
(The configurations at other asymmetric centres are as shown in lumisterol (I; R = H).] 


Configuration at Conformation 38-Hydroxyl group 
“2 "<i 

a a Ring c boat Equatorial 

B a Ring c boat Axial 

a B All-chair Equatorial 

B B All-chair Axial 


In the reduction of lumisterol, asymmetry is created at positions 5 and 8, and four 
structures are thus possible for lumistanol A. However only two of these (see Table 1), 
each with an 8$-configuration, allow all-chair forms. The second route to lumistanol A 
through an intermediate [the ketone (X)] allowing stabilisation at C;g) therefore establishes 
the 8-configuration at this position. 

* Meakins and Stephenson, /., 1958, 526. 
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A similar conclusion (88-configuration) for lumistanol B (VII; R = H) follows from 
conversion of this stanol into lumistanone A (XII) by a sequence in which only the Cg 
centre can be inverted. Thus oxidation of lumistanol B [to (XV)], bromination [to (XIV)], 
dehydrobromination [to (XIII)], and reduction with lithium in ammonia gave lumistanone 
A (XII). (The structures of the intermediates are discussed below.) Lumistanols A and B 
are therefore 88-compounds, epimeric at position 5. 


TABLE 2. Spectroscopic data for compounds derived from 58- and 5a-lumistan-3-ones, 


(Infrared frequencies (cm.~) refer to carbon disulphide solutions: ultraviolet maxima (A) 
of 2,4-dinitrophenylhydrazones (DNP) refer to chloroform solutions, and those of conjugated 
ketones to ethanolic solutions. | 


Infrared Ultraviolet Infrared Ultraviolet 
Olefin Olefin 
Cc=0 CH C=O CH 
58- stretch- bend- 5a-  stretch- bend- 
Series ing ing Amen. € Series ing ing Anon, € 
Parent ketones (XII) 1715 (XV) 1714 
DNP 3670 25,800 DNP 3670 25,200 
Bromo-ketone (XVII) 1732 (XIV) 1735 
Dehydrobromin- (XXI) 1682 777 2320 =8,000 (XIII) 1674 860 2420 18,600 
ation product DNP 3840 30,200 DNP 3940 30,900 
Other compounds (XTX) 1759 
(XXIII) 1683 770 2320 12,700 
DNP 3860 31,300 


Reference data (for derivatives of cholestanone and coprostanone).* 


Infrared Infrared 
Olefin Olefin 
Cc=0 CH = C=O CH 
stretch- bend- Ultraviolet stretch- bend- Ultraviolet 
5a-Series ing ing = Amax. € 5B-Series ing ing 0 At € 
Th 
o™ i a ai 
R=H 1718 R=R’=H 1716 
R = Br 1733 R=H,R’=Br_ 1733 
R = R’ = Br 1756 
ch 1684 778 2300 10,700 ey 1674 863 2410 16,600 
DNP 3830 28,600 DNP 3920 31,200 


* Leading references: R. N. Jones and his co-workers, J. Amer. Chem. Soc., 1955, 77, 651, and 
previous papers; Henbest, Meakins, Nicholls, and Wilson, J., 1957, 997; Dorfman, Chem. Rev., 1953, 
53, 47. 


Study of the 3-ketones (XII) and (XV) was expected to reveal the C;,)-orientations 
since the direction of enolisation of 3-oxo-steroids is known to depend on the nature of the 
A/B ring fusion. Monobromination of lumistanone A (XII) gave a single bromo-ketone 
(XVII) which was dehydrobrominated to a conjugated ketone (XXI) via its 2,4-dinitro- 
phenylhydrazone. Although the final ketone (XXI) could not be obtained crystalline the 
light absorption (see Table 2) of these compounds shows that bromination at Cy) and 
dehydrobromination to a A1-3-ketone had occurred. (The distinction between A?- and 
A‘-3-ketones and between corresponding derivatives by their ultraviolet absorption is 
supplemented by the difference between the ketones in the olefinic CH bending region of 
the infrared spectrum.) 
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Bromination of lumistanone B (XV) was more complicated. With two mols. of bromine 
the dibromo-ketone (XIX) was formed in high yield, but one mol. of bromine produced a 
mixture from which the C;,4-monobromo-ketone (XIV) and the dibromo-ketone (XIX) were 
isolated after chromatography on silica gel. Dehydrobromination of the monobromo- 
ketone (XIV) afforded a product shown by its light absorption (Table 2) to be a A*-3-ketone 
(XIII). When the material in the mother liquors from the crystallisation of the mono- 
bromo-ketone (XIV) was dehydrobrominated a third conjugated ketone, the A!-3-ketone 
(XXIII) (light absorption shown in Table 2) was obtained. This presumably arises from 
the presence of a small amount of a C,)-bromo-ketone (XX) in the original bromination 
mixture: the alternative, that the Al-3-ketone (XXII) is formed from the C,y-bromo- 
ketone (XIV) by Cy)—» Cy) bromine migration during dehydrobromination, seems 
unlikely in that the C,)-bromo-ketone gives the dinitrophenylhydrazone of the A‘-3-ketone 
(XIV) in high yield. [The carbonyl stretching frequencies of the bromo-ketones (XIV), 
(XVII), and (XIX) derived from lumistanones A and B together with the light absorption 
properties of the dehydrobromination products establish the positions and conformations 
of the bromine substituents. The configurations of the bromine atoms are, however, 
dependent upon the C;,)-orientations in these compounds. ] 





90 


Fic. 1. Methylene scissoring bands 





(in carbon tetrachloride) of *CH,*CO: 3 

groups in five-membered rings. oak so 
2 
A-Nor-5f-lumistan-2-one (XXII; g 
R = O), full line. : 
A-Nor-5f-lumistane (XXII; R = H,), = 
dotted line. <x 

10F- 








1 L 
1500 1450 1400 1/350 


Wove numbers (cm-") 





Perturbed methylene € (mole. 1..cm.~) at Ymax. of Ae 
Ketone band, Ymax. (cm.~) ketone hydrocarbon ketone-hydrocarbon 
A-Nor-5f-lumistan-2-one 
(XXII; R= O)......... 1416 75 ll 64 
A-Norcholestan-2-one ... 1413 75 10 65 
A-Norcoprostan-3-one ... 1413 46 ll 35 


Enolisation of lumistanone A (XII) towards position 2 was confirmed by showing that 
oxidative fission produced a 2,3-seco-diacid (XVIII), converted into an A-nor-ketone with 
a 2-oxo-structure (XXII; R=). (Enolisation to C4) would have produced a 3-oxonor- 
ketone via a 3,4-seco-diacid.) Proof of the 2-oxo-structure for the nor-ketone (XXII; 
R = 0) is based on the characteristic infrared absorption near 1410 cm.~! shown by the 
a-methylene group of a cyclopentanone.”? From the spectrum of the norlumistanone (see 
Figure 1) it is clear that the intensity (¢ = 75) of the perturbed methylene band at 1416 
cm. is enhanced by contributions from neighbouring CH bending bands. To allow for 
this the intensity (ec = 11) of the non-selective absorption in the corresponding hydrocarbon 
(XXII; R = H,) was subtraeted to give a more correct representation (e = 64) of the 
absorption due to perturbed methylene groups. Comparison with the data for authentic 
A-nor-2- and -3-ketones (Figure 1) establishes the presence of two a-methylene groups in 
the norlumistanone, which must be (XXII; R=O). 


7 R.N. Jones and Cole, J. Amer. Chem. Soc., 1952, 74, 5648, 5662. 
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The direction of enolisation of a 3-oxo-steroid is largely determined by two factors,810 
the non-bonded interactions that are modified by enolisation and the strain caused by the 
introduction of a double bond into ring A. With 58- and 5«-lumistanones the consequences 
of enolisation closely resemble those occurring with cholestanone and coprostanone, 
respectively. [See Fig. 24 and 6 where 58-lumistanone is represented so as to show its 
general relation to cholestanone.] From this the identification of lumistanone A (enolising 
to the A*-position) as the 58(¢rans-a/B)-compound and lumistanone B (enolising pre 
dominantly to the A%-position) as the 5a(cis-A/B)-isomer follows. The optical rotatory 
dispersion curves of the ketones," kindly determined by Professor C. Djerassi, strongly 
support these proposals. 





Fic. 2. 
CeHi7 
9Hig 
CoHig 
SS 
H Aco L 
oO . 
(a) (0) , c 
5B-lumistanone cholestanone 38-acetoxylumist-8(14)-ene (IV) 


Table 1 shows that the 3$-hydroxyl groups in lumistanols A and B (VI and VII; 
R =H) should adopt axial and equatorial conformations, respectively. The infrared 
spectra of the alcohols and acetates conform with these predictions, as does the formation 
of epilumistanol A (XI; R = H) in 80% yield in the sodium-isopropyl alcohol reduction 
of lumistanone A (XII). Cole’s suggestion * for the structure of lumistanol A (as a 
5«,88,9a-stanol) was based largely on the axial nature of the 36-hydroxyl group and on 
the supposition that lumistanol A differs from hexahydro-9a-lumisterol (hexahydro- 
pyrocalciferol) only in stereochemistry at position 9. {Hexahydro-9«-lumisterol has been 
obtained 14 from both dehydrolumisterol {lumista-5,7,9(11)-trien-36-ol] and 9a-lumi- 
sterol (pyrocalciferol).} | This representation for lumisterol A is invalidated by the 96- 
configuration of lumisterol and its derivatives established recently ! and by the 58-orient- 
ation now proved for the A series of reduction products. Hexahydro-9«-lumisterol is in 
fact the Cy)-epimer of lumistanol B.® 

With lumistanol C, formed (a) (as acetate) by hydrogenation of the A®%*)-compound 
(IV; R = Ac) and (6) as the minor product in the reduction of lumistenyl acetate (III; 
R = Ac), stereochemical assignment is less certain. The A*-bond in compound (IV; 
R = Ac) is clearly more accessible from the $- than from the «-face of the molecule (see 
Fig. 2c): cis-hydrogenation then leads to the 88,148-structure (VIII; R = Ac) provisionally 
assigned to lumistanyl C acetate. [This assumes that the 8,14 double bond in compound 


§ Dreiding, Chem. and Ind., 1954, 1419. 

* Corey and Sneen, J. Amer. Chem. Soc., 1955, 77, 2505. 

1@ Turner, Meador, and Winkler, J. Amer. Chem. Soc., 1957, 79, 4122. 

1! Forthcoming publication with Professor C. Djerassi. 

12 Fieser and Fieser, ‘‘ Natural Products related to Phenanthrene,” Reinhold Publ. Co., New York, 
1949, p. 173. 

13 Dimroth, Ber., 1936, 69, 1123. 

4 Busse, Z. physiol. Chem., 1933, 214, 211. 
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(IV; R = Ac) is hydrogenated directly, without prior isomerisation to the 8,9 or 14,15 
positions. Compound (IV; R= Ac) is stable to treatment with pre-reduced Adams 
catalyst: acidic reagents cause slow isomerisation to the A*-isomer (38-acetoxy-5a,148- 
lumist-8-ene) which is unchanged under the conditions used to reduce compound (IV; 
R= Ac J 

he analysis of structure (VIII) shows the somewhat unexpected result that 
two all-chair forms are possible. In the first the 38-substituent is equatorial and the c/p 
ring fusion “ unfavourable ” (in Dreiding’s sense *) while the 3$-substituent is axial and 
the ring fusion “‘ favourable ” in the second. Chemical evidence, isolation of lumistanol C 
in high yield from the reduction of lumistanone C (XVI) by sodium-isopropyl alcohol, 
indicates the adoption of the first form, and the equatorial nature of the 38-substituent is 
confirmed by the infrared spectra of lumistanol C and its acetate (VIII; R = Ac). 

On the basis of these results the hydrogenation of lumisterol can be represented as 
follows, the nature of the 38-group, hydroxyl or acetoxyl, not being specified. Reduction 
of the A®- and A®*-bonds proceeds quickly, giving a mixture of cis- and trans-A/B-compounds 
which differ markedly in the rate at which the remaining (A’) double bond is hydrogenated. 
The trans-A/B-compound, tetrahydrolumisterol (V), is not isolated in the direct reduction 
of lumisterol since it passes easily into lumistanol A (VI). Reduction of the cis-a/B- 
compound, lumistenol (III), to a mixture of lumistanols B and C, is much slower and unless 
the hydrogenation is prolonged an appreciable amount of lumistenol persists in the reaction 
mixture. Lumistanol B (VII) arises from direct reduction of the A?-bond in lumistenol 
but formation of lumistanol C (VIII) involves prior isomerisation of the double bond to 
the 8,14 position, the opportunity for migration arising because of the slowness of the direct 
reduction. 

It is to be noted that the lumistanols are formed from the A’- and A®%®-compounds by 
attack on the $-faces of the molecules. [Similar hydrogenation of A?’-bonds was first 
encountered in certain ergosterol derivatives which, as in the present examples, possessed 
the 98-configuration: #8 the occurrence of $-face reduction was shown to be a consequence 
of the stereochemical changes attending inversion at position 9 (cf. 9«-A’-steroids in which 
the A’-bonds cannot be directly reduced).] That the reduction of the cis-A/B-A’-com- 
pound (III) is slower than that of the trans-a/B-A’-isomer (V) agrees with the geometry 
of these compounds. Inversion at position 5 from the 8- to the «-configuration increases 
the extent to which ring A projects above the general plane of the molecule, thus causing 
more hindrance to approach from the 8-side. This subject will be discussed further after 
the reduction products of 9«-lumisterol (pyrocalciferol) and 98-ergosterol (isopyrocalciferol) 
have been described. 


EXPERIMENTAL 


For general directions see J, 1958, 2156. Spectroscopic data for compounds marked * are 
shown in Table 2. 

Lumisterol (1; R = H) and Derived Esters—Lumistery] 3,5-dinitrobenzoate was obtained 
as bright yellow plates, m. p. 140—142°, [aJ,, +21° (c 0-9), after several crystallisations from 
benzene. Hydrolysis with ethanolic potassium hydroxide gave lumisterol which crystallised 
from ethanol as needles, m. p. 118—120°, [a],, +192° (c 0-8), Amax, 2720 (¢ 9290) and 2800 A 
(c 8780). Lumisteryl acetate, prepared with acetic anhydride—pyridine, was first obtained as 
needles, m. p. 100—101° after crystallisation from ethanol or acetone—methanol, [a],, + 127° 
(c 1-1). Subsequent preparations gave hexagonal plates, m. p. 109—111°, [aJ,, + 123° (c 1-2). 
The two forms had identical infrared and ultraviolet spectra, and were interconverted by the 


8 Dreiding, Chem, and Ind., 1954, 992. 

* Castells and Fletcher, J., 1956, 3245. 
4 Windaus and Vibrig, Ber., 1914, 47, 2384; Windaus and Dalmer, ibid., 1919, 52, 162; Lettré, 
Z. physiol. Chem., 1933, 221, 73. 


* Bladon, Henbest, Jones, Lovell, Wood, Woods, Elks, Evans, Hathway, Oughton, and Thomas, 
J., 1953, 2921. 
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usual seeding procedure. (Windaus e¢ a/.* report similar constants, but they obtained only 
the lower-melting form of the acetate.) 

58-Lumistan-38-ol (Lumistanol A) (VI; R = H).—(a) By reduction of 58-lumista-7,22-dien- 
38-ol (dihydrolumisterol) (II; R =H). A solution of the lumistadienol ° (20 g.) in ethyl acetate 
(600 c.c.) and perchloric acid [0-7 c.c. of a solution made from 60% aqueous perchloric acid 
(10 c.c.) and ethyl acetate (90 c.c.)] was shaken in hydrogen with Adams catalyst (1-3 g.) for 
1-5 hr. After filtration and addition of ether the solution was washed with aqueous sodium 
carbonate and then water, dried, and evaporated. Crystallisation of the residue from ethanol 
afforded 58-lumistan-38-ol (16-5 g.), m. p. 126—128°, [a],, +8° (c 1-0) (Found: C, 83-3; H, 12-6, 
Calc. for CygH,;,O: C, 83-5; H, 12-5%), vmax, 3617 and 1010 cm. (hydroxyl), which gave no 
colour with tetranitromethane. Treatment with acetic anhydride—pyridine afforded 36-acetoxy- 
58-lumistane as cubes (from ethanol), m. p. 82—84-5°, [a],, +9° (c 1-0) (Found: C, 80-7; H, 12-0, 
Calc. for CygH;,0,: C, 81-0; H, 11-8%), vmax, 1733, 1247, and 1231 (complex acetate band), and 
1117 cm.. (The m. p. and [a], figures for the lumistanol and its acetate are close to those 
recorded by Ahrens ? and Heilbron * and their collaborators.) 58-Lumistan-38-yl 3,5-dinitro- 
benzoate, prepared in the usual manner and crystallised from chloroform-—ethanol, had m. p. 
176-5—177-5°, [a], +21° (c 1-4) (Found: C, 70-5; H, 8-75; N, 4-7. C,;H;,0,N, requires 
C, 70-4; H, 8-8; N, 47%). 

(b) By reduction of 3B-acetoxy-58-lumist-7-ene (tetrahydrolumisteryl acetate) (V; R = Ac). 
The acetate > (700 mg.) in ethyl acetate (52 c.c.) containing perchloric acid (0-1 c.c. of the 
reagent described above) was hydrogenated over Adams catalyst (70 mg.). After the com- 
pletion of hydrogen absorption (30 min.) the mixture was treated as in the preceding experiment 
and yielded 3$-acetoxy-58-lumistane (550 mg.), m. p. 80—82°, [a], +8° (c 0-9), identified by 
mixed m. p. and comparison of infrared spectra with an authentic specimen. 

(c) By the sequence involving hydroxylation of 3-acetoxy-5B-lumist-7-ene (V; R = Ac). 
Solutions of osmium tetroxide (2 g.) in dry ether (30 c.c.) and the acetate (1-7 g.) in dry ether 
(30 c.c.) and pyridine (6 c.c.) were mixed and refluxed for 1 hr. The residue obtained by 
evaporating the solution at 20 mm. was dissolved in tetrahydrofuran (30 c.c.) and refluxed for 
30 min. with an excess of lithium aluminium hydride. Standard manipulation was followed 
by adsorption of the product (1-7 g.) on deactivated alumina (120 g.). Elution with benzene- 
ether (4: 1; 250c.c.) gave 58-lumist-7-en-38-ol 5 (V; R = H) (0-6 g.), m. p. 127—131°. Ether- 
methanol (50:1; 500 c.c.) gave 58-lumistan-36,7&,8&-triol (IX) (1 g.), m. p. 80—85° after 
crystallisation from aqueous methanol, [a],, +-23° (c 1-2) (Found: C, 77-2; H, 11-3. C,.H,90, 
requires C, 77-4; H, 11-:5%). 

A solution of the triol (1-0 g.) in methanol (75 c.c.) was warmed with 10% methanolic sulphuric 
acid (75 c.c.) to 60°, then kept at 20° for 2hr. Water was added and the product isolated by 
filtration was dried and chromatographed on deactivated alumina (70 g.). Benzene-ether 
(3:1; 100 c.c.) eluted material (0-35 g.) which after crystallisation from methanol afforded 
56-lumista-8,14-dien-38-ol,5 m. p. 132-5—133-5°. Further elution with the same solvent 
mixture (250 c.c.) gave 38-hydroxy-58-lumistan-7-one (X) (0-6 g.) which after crystallisation 
from methanol had m. p. 131—134°, [a],, + 105° (c 0-6) (Found: C, 80-7; H, 11-7. C,sH,0; 
requires C, 80-8; H, 11-55%), vmax, 3610, 1019 (hydroxyl), and 1712 cm. (ketone). This 
ketone was recovered unchanged (m. p., mixed m. p., and comparison of infrared spectrum with 
starting material) after being refluxed for 30 min. with 5% ethanolic potassium hydroxide. 

The above ketone (200 mg.) was reduced by the standard Huang-Minlon procedure, and the 
product chromatographed on deactivated alumina (20 g.). The material eluted with light 
petroleum-benzene (3:2; 250 c.c.) crystallised from methanol to give 5f-lumistan-3$-0l 
(130 mg.), m. p. 125—127°, ja, +5° (c 0-5), identified by mixed m. p. and comparison of infrared 
spectra with authentic material. 

58-Lumistan-3-one (Lumistanone A) (XII).—(a) From 58-lumistan-36-ol (VI; R =H). A 
solution of the lumistanol (4 g.) in acetone (250 c.c.) was titrated with a solution of chromic 
acid in dilute sulphuric acid (8N with respect to active oxygen) until the supernatant liquid 
became yellow. The mixture was poured into iced water (1 1.), and the insoluble material 
collected, dried, and crystallised from acetone to give 58-lumistan-3-one * (3-2 g.), m. p. 123— 
125°, [aJ,, —11° (c 1-3) (Found: C, 83-65; H, 11-9. Calc. for C,,H,,O: C, 83-9; H, 12-1%). 
Heilbron ef al.? record m. p. 121—122°, [a], —17-5°. The 2,4-dinitrophenylhydrazone * 
crystallised from chloroform-ethanol as yellow granules, m. p. 214—216° (Found: C, 70-2; 
H, 8-9; N, 9-95. C,,H;,0,N, requires C, 70-3; H, 9-0; N, 9-65%). 
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(b) From lumisterol (1; R =H). A solution of lumisterol (6-3 g.) in ethyl acetate (100 c.c.) 
and perchloric acid (0-25 c.c. of the standard reagent) was stirred in hydrogen at 100°/70 atm. 
with Adams catalyst (500 mg.) for 6 hr. After being worked up as in the previous experiments 
the product was dissolved in acetone (200 c.c.) and oxidised with 8N-chromic acid (6 c.c.). 
Dilution with water and extraction with ether afforded material which was chromatographed 
on alumina (200 g.; Grade H). The fraction (4-5 g.) eluted with benzene was crystallised from 
ethanol to give 58-lumistan-3-one (3-8 g.), m. p. 121-5—123°, [aj,, —9° (c 0-9), identified by 
mixed m. p. and comparison of infrared spectra with an authentic sample. 

(c) From lumist-4-en-3-one (XIII). Lithium (250 mg.) was added to a solution of the 
lumistenone (36 mg.) in dry ether (10 c.c.) and liquid ammonia (20 c.c.). After the lithium 
had dissolved absolute ethanol was added slowly until the blue colour was discharged. The 
ammonia was allowed to evaporate, water was added, and the ether layer was separated and 
washed with dilute hydrochloric acid and then water. Evaporation of the dried ether solution 
gave a residue which was dissolved in acetone (5 c.c.) and treated for 2 min. with 8n-chromic 
acid (0-2 c.c.). The product, isolated by dilution with water and extraction with ether, was 
chromatographed on alumina (2 g.; Grade 0). The material eluted with benzene-ether (3: 1; 
5 c.c.) was crystallised from ethanol to give 58-lumistan-3-one (25 mg.), m. p. 123—125°, 
identified as in experiment (b). 

Sodium—Isopropyl Alcohol Reduction of 58-Lumistan-3-one (XII).—Sodium (10 g.) was added 


‘during 3 hr. to a refluxing solution of the lumistanone (1 g.) in isopropyl alcohol (150 c.c.). 


Dilution with water and extraction with ether gave material (1 g.) which was adsorbed 
on deactivated alumina (70 g.). Light petroleum—benzene (2:1; 400 c.c.) eluted 58-lumistan- 
38-ol (VI; R = H) (220 mg.), m. p. 124—126° after crystallisation from methanol. 

Further elution with the same solvent mixture afforded 58-lumistan-3a-ol (XI; R = H) 
(780 mg.) which after crystallisation from methanol had m. p. 78—82°, [aJ,, +10° (c 1-1), Vmax. 
3600 and 1035 cm. (hydroxyl). Acetylation of this compound with acetic anhydride—pyridine 
at 20° afforded 3«-acetoxy-58-lumistane (XI; R = Ac), m. p. 67—69°, [a], +18° (c 0-6), Vmax. 
1736 and 1244 (simple band) cm. (acetate). (Ahrens e¢ al.* record m. p. 86—95°, [aj,, + 10°, for 
the alcohol, and m. p. 64—65°, [a],, +-20°, for the acetate.) 

5a-Lumistan-38-ol (Lumistanol B) (VIL; R = H) and 5a,148-Lumistan-38-ol (Lumistanol C) 
(VIII; R = H).—Two procedures, experiments (a) and (6), for the reduction of 36-acetoxy-5a- 
lumist-7-ene (lumistenyl acetate) (III; R = Ac) are described, together with the reduction, 
experiment (c), of 36-acetoxy-5«-lumist-8(14)-ene (IV; R= Ac). Experiment (a) gives both 
lumistanols but is extremely laborious: experiment (b) leading to lumistanol B, and experiment 
(c) leading to lumistanol C are more convenient methods. 

Hydrogenation of 38-Acetoxy-5a-lumist-7-ene (Lumistenyl acetate) (III; R= Ac). (a) A 
suspension of the acetate (9-49 g.) in glacial acetic acid (450 c.c.) at 40° was allowed to cool 
while being shaken in hydrogen with Adams catalyst (3-5 g.). After 30 min. all the organic 
material had dissolved, and hydrogenation was continued for 23 hr. at 20°. Filtration of the 
solution and removal of solvent at 15 mm. afforded a gum which was dissolved in ethanol 
(90 c.c.) and refluxed for 30 min. with a solution of potassium hydroxide (9 g.) in water (10 c.c.). 
The solution was concentrated by distillation and poured into ice-water. The material 
collected by filtration was dried, dissolved in ether, and adsorbed on alumina (800 g.; grade H). 
After elution with ether (36 x 100 c.c. portions) and removal of solvent the specific rotation 
of the material in each fraction was determined. The [a], values decreased steadily, and this 
was used as a basis for combining the fractions into five main materials. 

3,5-Dinitrobenzoyl chloride (500 mg.) was added to material 1 (428 mg., comprising fractions 
1—5 with [x], values of +-100° to +37°) in pyridine (5 c.c.), and the solution kept for 12 hr. 
at 20°. The dinitrobenzoate, isolated by dilution with water and benzene extraction, crystal- 
lised from ethyl acetate—ethanol to give coarse needles (215 mg.) the m. p. of which, 98—140°, 
was not improved by further crystallisation. 

Material 2 (1-441 g., fractions 6—13 with [a], values between +27° and + 26°) in pyridine 
(15 c.c.) was esterified with 3,5-dinitrobenzoyl chloride (1-5 g.). The product was dissolved in 
benzene and the solution filtered through a short column of deactivated alumina. Removal of 
solvent and 3 crystallisations of the residue from ethyl acetate—ethanol gave 5a, 148-/umistan-38-yl 
3,5-dinitrobenzoate as needles (721 mg.), m. p. 141-5—142-5°, [a],, —5° (c 1-0) (Found: C, 70-7; 
H, 8-6; N, 4-7. C,,H,,0,N, requires C, 70-4; H, 8-8; N, 4:7%). Hydrolysis of the ester with 
alkaline alumina 1° afforded 5a,148-/umistan-38-ol (lumistanol C) (VIII; R = H), m. p. 75—78° 
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after crystallisation from light petroleum, (a],, +23° (c 1-3) (Found: C, 83-6; H, 12-5. C,,H,,0 
requires C, 83-5; H, 12-5%), vmax, 3630 and 1035 cm. (hydroxyl), negative tetranitromethane 
test. 38-Acetoxy-5a,148-lumistane (lumistanyl C acetate) (VIII; R= Ac), prepared in the 
usual way, crystallised from ethanol as needles, m. p. 70—72°, [a], —7° (c 0-5) (Found: C, 81-1; 
H, 11-9. CygH;,0, requires C, 81-0; H, 11:8%), vmax, 1732 and 1239 (simple band) cm~ 
(acetate). 

Material 3 (1-286 g., fractions 14—19 with [a],, + 23° to + 15°) was esterified with 3,5-dinitro. 
benzoyl chloride—pyridine, and the product in benzene was filtered through deactivated alumina, 
The residue obtained on evaporation crystallised from ethyl acetate—ethanol to give crystals 
(1-48 g., m. p. 145—168°) presumed to be a mixture of the esters of lumistanols Band C. From 
the mother liquor pure lumistanyl C 3,5-dinitrobenzoate was obtained as needles (120 mg), 
m. p. 140—142°. 

Material 4 (1-875 g., fractions 20—26 with [a], +-13° to + 9°) was esterified as above. Three 
crystallisations of the product from ethyl acetate-ethanol gave 5a-lumistan-38-yl 3,5-dinitro- 
benzoate as fine needles (1-29 g.), m. p. 190—190-5°, [a], —9° (c 1-1) (Found: C, 70-25; H, 8-7; 
N, 4:75. C35;H;,0,N, requires C, 70-4; H, 8-8; N, 4:7%). Hydrolysis in the usual way % 
afforded 5a-lumistan-38-ol (lumistanol B) (VII; R = H) as needles (from methanol), double 
m. p. 87—90° and 115—118°, [aJ,, +5° (¢ 1-0) (Found: C, 83-6; H, 12-7. C,ygHs5O requires 
C, 83-5; H, 12-5%), vmax, 3600, 1065, and 1030 cm. (hydroxyl), no colour with tetranitro- 
methane. 38-Acetoxy-5a-lumistane (lumistanyl B acetate) (VII; R = Ac) crystallised from 
methanol as plates, m. p. 83—85°, [a], —12° (c 1-1) (Found: C, 81-0; H, 12-05. C,,H,,0, 
requires C, 81-0; H, 11-8%), Vmax, 1241 (simple band) cm. (acetate). 

Material 5 (2-52 g., fractions 27—36 with [a],, ca. +-5°) was dissolved in methanol. After 
being seeded the solution deposited 5a-lumistan-3f-ol (VII; R = H) as needles (1-47 g.), m. p 
88—91°, [a|,, +5° (¢ 1-5). Identification of this material was confirmed by comparing its infrared 
spectrum with that of authentic material; the double m. p. of lumistanol B was observed only 
with specimens obtained via the pure dinitrobenzoate. 

(b) 38-Acetoxy-5«-lumist-7-ene (III; R = Ac) _(200 mg.) in acetic acid (10 c.c.) was 
hydrogenated at 20° in the presence of Adams catalyst (40 mg.). Absorption of hydrogen 
ceased after 1 hr. (uptake 18 c.c.). More catalyst (40 mg.) was added and the hydrogenation 
was continued for 4 hr. at 80°. The filtered solution was evaporated at 15 mm. and the residue 
hydrolysed with ethanolic potassium hydroxide. Esterification of the product with 3,5-dinitro- 
benzoyl chloride—pyridine and three crystallisations of the ester from ethyl acetate-ethanol 
yielded 5a-lumistan-36-yl 3,5-dinitrobenzoate (66 mg.), m. p. and mixed m. p. with authentic 
material, 188—190°, [a],, —8° (c 0-7). 

(c) 38-Acetoxy-5a-lumist-8(14)-ene 5 (IV; R = Ac) (220 mg.) in warm acetic acid (11 c.c) 
was shaken in hydrogen with Adams catalyst (90 mg.) for 22 hr. Hydrolysis of the residue 
obtained after removing catalyst and solvent, and treatment of the product with 3,5-dinitro- 
benzoyl chloride—pyridine gave a crude ester which was adsorbed on deactivated alumina (3 g)). 
The fraction eluted with benzene was thrice crystallised from ethyl acetate—ethanol to give 
5a,148-lumistan-38-yl 3,5-dinitrobenzoate as needles (98 mg.), m. p. and mixed m. p. with 
authentic material, 139—142°, [a],, —4° (c 1-6). Hydrolysis afforded 5a,148-lumistan-3$-0l 
(VIII; R = H), m. p. 76—78°, [a], +24° (c 1-6). 

Lumistan-3-one (Lumistanone B) (XV).—A solution of 5«-lumistan-36-ol (VII; R =H) 
(1-2 g.) in acetone (20 c.c.) was titrated with 8N-chromic acid until the supernatant liquid 
became yellow (ca. 2 c.c. of chromic acid solution required). ‘The material precipitated by 
addition of water was collected, washed with aqueous sodium hydrogen carbonate and then 
water; it crystallised from ethanol to give 5a-l/umistan-3-one * as needles (0-9 g.), m. p. 895— 
91°, [a], +38° (c 0-7). Reproducible analyses on different specimens (e.g., Found: C, 82+; 
H, 11-9%) indicated the presence of solvent of crystallisation (C,,H,,O requires C, 83-9; H, 121. 
C,,H,,0,0-5H,O requires C, 82-1; H, 12-1%), but even after sublimation at 100°/0-4 mm. 
satisfactory values were not obtained (Found: C, 82-55; H, 12-0%), vmax (Nujol) of sublimed 
specimen 3575 (hydroxyl) as well as 1703 cm.*! (ketone). The 2,4-dinitrophenylhydrazone® 
crystallised from ethyl acetate-ethanol as orange-yellow needles, m. p. 178—180° (Found: 
C, 70-4; H, 8-9; N, 9-85. C,,H,,0,N, requires C, 70-3; H, 9-0; N, 9-65%). 

5a,148-Lumistan-3-one (Lumistanone C) (XV1).—5a,148-Lumistan-38-ol (VIII; R=) 
(1-5 g.) in acetone (35 c.c.) was oxidised with 8N-chromic acid in the usual way. ‘The product 
crystallised from acetone-methanol to give 5a,146-lumistan-3-one (1-2 g.), m. p. 84—86°, [aly 
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427° (c 0-7) (Found: C, 84-2; H, 12-2. CygH,,O requires C, 84-0; H, 12-0%), Vmax, 1718 cm. 
ne). 

eee of 5a,148-Lumistan-3-one (XVI) with Sodium—Isopropyl Alcohol,—Sodium (5 g.) 
was added during 3 hr. to a refluxing solution of the lumistanone (500 mg.) in isopropyl alcohol 
(100 c.c.). Dilution with water and extraction with ether gave material (490 mg.) which was 
adsorbed on deactivated alumina (40 g.). The material eluted with light petroleum—benzene 
(1:1; 200 c.c.) crystallised from pentane to give 5a,148-lumistan-38-ol (VIII; R = H) (410 
mg.), m. p. 76—78°, [a], +26° (c 0-8). 

28-Bromo-58-lumistan-3-one (XVII).—A 0-98M-solution of bromine in acetic acid (4 c.c.) 
and a 50% solution of hydrogen bromide in acetic acid (0-15 c.c.) were mixed and added to a 
solution of 58-lumistan-3-one (XII) (1-5 g.) in acetic acid (100c.c.), ‘ine mixture was warmed 
on the steam-bath for 3 min. and then kept at room temperature for 12 hr. The precipitate 
was collected and crystallised from ethyl] acetate to give 26-bromo-58-lumistan-3-one * as needles, 
m. p. 201—203°, [a], —39° (c 0-8) (Found: C, 70-25; H, 10-0; Br, 17-1. C,,H,,OBr requires 
C, 70-1; H, 9-9; Br, 16-7%). 

This compound was recovered unchanged after treatment with hydrogen bromide in warm 
acetic acid. In attempts to introduce a second bromine substituent starting material was 
recovered in low yield but no other crystalline products were obtained. 

58-Lumist-l-en-3-one (XXI).—A solution of 2,4-dinitrophenylhydrazine (165 mg.) and 
28-bromo-58-lumistan-3-one (400 mg.) in acetic acid (25 c.c.) was refluxed under nitrogen 
for 5 min. 56-Lumist-l-en-3-one 2,4-dinitrophenylhydrazone * was precipitated from the cold 
solution and after crystallisation from chloroform—ethanol formed orange-red needles (331 mg.), 
m. p. 208-5—209-5° (Found: C, 70-4; H, 8-8; N, 10-0. C,,H590,N, requires C, 70-55; H, 8-7; 
N, 9-7%). The dinitrophenythydrazone (300 mg.) was refluxed under nitrogen for 45 min. with 
a mixture of acetone (65 c.c.) and 10N-hydrochloric acid (1-6 c.c.), stannous chloride (1-6 g.) in 
10N-hydrochloric acid (6 c.c.) was added, and the refluxing continued for 40 min. After 
removal of acetone under reduced pressure and dilution with water the mixture was thoroughly 
extracted with benzene. The extract was washed with dilute hydrochloric acid and then 
water, dried, and filtered through alumina (20 g.; grade 0). Evaporation of the solution 
afforded 58-/umist-1-en-3-one * as an oil (171 mg.), [a], +32° (¢ 1-1) (Found: C, 84-0; H, 11-3. 
CygH,,O requires C, 84-35; H, 11-6%). 

Bromination of 5a-Lumistan-3-one (XV).—(a) With 2 mols. of bromine. A 1-03m-solution 
of bromine in acetic acid (1-3 c.c.) and a 50% solution of hydrogen bromide in acetic acid 
(0-01 c.c.) were added to the lumistanone (250 mg.) dissolved in acetic acid (2 c.c.), and the 
mixture was kept at 20° for 12 hr. The precipitate was collected and crystallised from ethyl 
acetate, giving 2«,48-dibromo-5a-lumistan-3-one * (XIX) as needles (300 mg.), m. p. 202—203° 
(decomp.), [a], +23° (c 0-8) (Found: C, 60-2; H, 8-2. C,H, OBr, requires C, 60-2; H, 
83%). 

(b) With 1 mol. of bromine. Solutions of bromine in acetic acid (1-56 c.c.; 1-03m), hydrogen 
bromide in acetic acid (0-02 c.c., 50%), and 5a-lumistan-3-one (600 mg.) in acetic acid (5 c.c.) 
were mixed and kept at 20° for 12 hr. Dilution with water and extraction with light petroleum 
gave a product (751 mg.) which was dissolved in benzene and adsorbed on silica gel (75 g.; 
B.D.H. chromatographic grade). Elution with benzene (2 x 100 c.c.) and evaporation of 
solvent gave two fractions. The first (65 mg.) crystallised from ethyl acetate affording 2a,4- 
dibromo-5a-lumistan-3-one (XIX) (27 mg.), m. p. 199—203° (decomp.), [a], +21° (c 0-6), 
further identified by its characteristic infrared spectrum. 

The second fraction (570 mg.) was crystallised three times from ethanol-ethyl acetate 
(9: 1) to give 4a-bromo-5a-lumistan-3-one * (XIV) (174 mg.), m. p. 194—197°, [a], +-21° (c 0-8) 
(Found: C, 69-95; H, 10:15. C,,H,,OBr requires C, 70-1; H, 99%). The material obtained 
by evaporating the mother-liquors from these three crystallisations was again crystallised from 
ethanol-ethyl acetate (9:1). Impure 4«-bromo-5«-lumistan-3-one (23 mg.), m. p. 189—194°, 
was collected and the filtrate retained for the preparation of 5a-lumist-l-en-3-one (XXIII) 
described below. 

5a-Lumist-l-en-3-one (X XTII).—The filtrate obtained in the crystallisation of 4«-bromo-5a- 
lumistan-3-one (preceding experiment) was evaporated and the residue dissolved in acetic acid 
(15 c.c.). 2,4-Dinitrophenylhydrazine (190 mg.) was added, and the mixture heated at 100° 
under nitrogen for 45 min., diluted with water, and extracted with benzene. The extract was 
washed with aqueous sodium carbonate and then water, dried, and filtered through a column of 
4Q 
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alumina (20 g.; grade H). Evaporation of the solvent and repeated crystallisation of the 
residue from chloroform-ethanol gave 5a-lumist-1-en-3-one 2,4-dinitrophenylhydrazone * ag 
orange-red granules (83 mg.), m. p. 183—185° (Found: C, 70-3; H, 8-8; N, 9-6. C,,H;,0,N, 
requires C, 70-55; H, 8-7; N, 9-7%). 

The dinitrophenylhydrazone (40 mg.) was hydrolysed by the hydrochloric acid—stannous 
chloride—acetone method [see details described in the preparation of 58-lumist-1-en-3-one (XX]I)}, 
Evaporation of the benzene solution so obtained gave 5a-lumist-l-en-3-one as an oil (22 mg; 
not analysed), [a], —29° (c 0-3). This material was converted in high yield into the 2,4-dinitro- 
phenylhydrazone, m. p. 183—185°, for which correct analytical figures had already been 
obtained. 

Lumist-4-en-3-one (XIII).—A solution of 2,4-dinitrophenylhydrazine (45 mg.) and 4«-bromo- 
5a-lumistan-3-one (XIV) (97 mg.) in acetic acid (10 c.c.) was refluxed under nitrogen for 5 min. 
The mixture was diluted with water and extracted with benzene, and the dried benzene solution 
passed through a short column of alumina (Grade H). Evaporation of solvent and crystal- 
lisation of the residue from chloroform-ethanol gave /umist-4-en-3-one 2,4-dinitrophenyl- 
hydrazone * as orange-red blades (65 mg.), m. p. 207—-209° (Found: C, 70-9; H, 8-7; N, 9-5, 
CygHspO,N, requires C, 70-55; H, 8-7; N, 9-7%). The dinitrophenylhydrazone (65 mg.) 
was hydrolysed with hydrochloric acid—-stannous chloride—acetone, as described previously. 
Lumist-4-en-3-one was obtained as an oil (38 mg.; not analysed), [#], —124° (c 0-7). The 
compound was converted quantitatively into the 2,4-dinitrophenylhydrazone, m. p. 207—209°, 
which gave satisfactory analytical results. 

2,3-Seco-58-lumistan-2,3-dioic Acid (XVIII).—Chromium trioxide (22 g.) in water (20 c.c.) 
and acetic acid (200 c.c.) was added during 1 hr. to a stirred solution of 58-lumistan-36-ol 
(VI; R = H) (9 g.) in acetic acid (180 c.c.) at 60° and the stirring continued for a further hour, 
Sulphur dioxide was passed through the solution and most of the acetic acid removed by 
distillation at 20 mm. Water was added and the mixture extracted with ether. The ether 
solution was washed with water and then extracted with 2N-sodium hydroxide solution 
(2 x 50c.c.). The alkaline extract was warmed to remove dissolved ether, cooled, and slowly 
added to stirred 4n-hydrochloric acid (200 c.c.) at 0°. After 30 min. the precipitate was 
collected, dried, and crystallised several times from ethyl acetate to give the seco-diacid (XVIII) 
as blades (1-12 g.), m. p. 223—226°, [a], +25° (c 1-2) (Found: C, 74-6; H, 10-8. Calc. for 
CysHyO: C, 74-95; H, 10-8%). Heilbron et al.* record m. p. 208—210°, [a], +24-6°. 

A-Nor-58-lumistan-2-one (XXII; R = O).—A solution of the above seco-diacid (1-5 g.) in 
ethanol (36 c.c.) and water (4 c.c.) was gently refluxed for 4 hr., the condensed liquid returning 
to the boiling solution through a small funnel containing barium hydroxide (1-6 g.). Filtration 
of the cooled mixture gave precipitate (containing the seco-acid and its barium salt) and filtrate 
(containing some seco-diacid). The precipitate was washed with ether, and the residue obtained 
by evaporating the ether washings was combined with the alcoholic filtrate which was then 
re-treated with barium hydroxide as described above. This process was repeated until a portion 
of the alcoholic filtrate no longer gave a precipitate on dilution with water. The combined 
precipitates were dried, finely ground, and heated at 300—350°/0-03 mm. in a glass retort. 
The distillate (800 mg.) was adsorbed from benzene (5 c.c.) on alumina (50 g.; grade 0). 
Elution with benzene (150 c.c.) gave the nor-ketone which crystallised from acetone—methanol 
as plates (631 mg.), m. p. 983—96°. After several crystallisations from acetone the compound 
had m. p. 97-5—99°, [aJ,, —116° (c 1-0) (Found: C, 83-8; H, 11-9. C,,H,,O requires C, 83-9; 
H, 12-0%), vmax. 1750 cm."! (ketone). The 2,4-dinitrophenylhydrazone crystallised from benzene 
in small orange needles, m. p. 214—216° (Found: C, 69-75; H, 9-0; N, 10-0. (C,,H;90,N, 
requires C, 69-9; H, 8-9; N, 99%), Amax, (in chloroform) 3660 A (e 24,100). 

A-Nor-58-lumistane (XXII; R = H,).—The preceding nor-ketone (250 mg.) was reduced 
by the standard Huang-Minlon procedure, and the product chromatographed on alumina 
(15 g., grade 0). Elution with light petroleum (100 c.c.) gave A-nor-58-lumistane which crystal- 
lised from acetone as plates (205 mg.), m. p. 65—68°. The pure product had m. p. 69—7I°, 
[a], +27° (c 0-8) (Found: C, 87-1; H, 12-7. C,,Hy, requires C, 87-0; H, 13-0%). 

Reference Compounds in Table 2.—The methods described above for the lumisterol derivatives 
were found to be more efficient than the published ones !” for the preparation of these known 
compounds. Satisfactory analytical results were obtained in each case, and the observed 
constants were: 2,3-secocholestane-2,3-dioic acid, m. p. 197—200°, [a],, +34° (c 1-1); A-nor- 
cholestan-2-one, m. p. 101—102°, [aJ,, + 147° (c 1-4); a-norcholestane, m. p. 81—82°, [a], +27° 
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(c 1-0); 3,4-secocoprostane-3,4-dioic acid, m. p. 255—256°, [a],, +57° (c 0-6); a-norcoprostan- 
3-one, m. p. 78—80°, [a], +131° (¢ 0-9); a-norcoprostane, m. p. 47—51°, [a], +28° (¢ 1-1). 
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529. The Colour Isomerism and Structure of Some Copper Co-ordin- 
ation Compounds. Part III. The Structure of NN’-Disalicylidene- 
propane-1,2-diaminecopper Monohydrate. 

By F. J. LLEWELLYN and T. N. WATERS. 


A two-dimensional X-ray analysis of NN’-disalicylidenepropane-1,2- 
diaminecopper monohydrate has shown that the copper atom is quinque- 
covalent. The ligands are arranged in pyramidal configuration with four 
“normal” planar bonds and a fifth copper-water bond, of length 2-53 A, 
perpendicular to this plane. 

The quinquecovalency is in accord with previous observations on the 
colour and spectra of a number of similar copper complexes. 


A RECENT investigation! of some salicylaldehyde and 2-hydroxy-l-naphthaldehyde 
complexes of copper indicated that the metal had a co-ordination number greater than 
four in the green compounds. An X-ray examination of the green, NN’-disalicylidene- 
propane-1,2-diamine copper monohydrate has supported this observation. This com- 
pound was chosen for study as likely to throw light on the connection between colour and 
co-ordination number because the presence of a water molecule and the difference in colour 
from the violet anhydrous complex suggested a copper covalency of five or six (cf. 
tetramminecupric sulphate monohydrate ”). 


EXPERIMENTAL 

The preparation and characterisation of the complex have been described.1_ The crystals 
employed were dark green needles elongated along the [a] axis and showing well developed 
{001} and {011} faces. The crystal data were: C,,H,,0,N,Cu, M = 361-5, orthorhombic, 
a = 5-15 + 0-02, b = 13-22 + 0-05, c = 22-66 + 0-08 A, U = 1543 A’, D,, = 1-51 g./c.c. by 
flotation, Z = 4, D, = 1-556 g./c.c., F(000) = 748. Space group, P2,2,2, (D,*, No. 19). Cu-K, 
radiation, single-crystal rotation, and oscillation photographs. Intensities were recorded for 
the h0/ and Ok/ zones by using the multiple-film technique, the relative intensities being measured 
by visual comparison with a standard scale and converted into structure amplitudes. Small 
sections of crystal were used and no absorption corrections were made. 

As all the atoms are in general positions the copper co-ordinates were determined from two- 
dimensional Patterson functions sharpened with a factor similar to that applied by Donohue 
and Trueblood.* The (100) and (010) projections were then analysed by application of the 
heavy-atom method. As an aid, a model with accepted ideas of bond lengths and angles was 
used. This model is shown in Fig. 1 (in which the bond lengths determined are given), but the 
position of the water molecule, O(3), was not known in the initial stages. The structure-factor 
machine designed by Llewellyn ¢ was used and the syntheses were computed at 6° intervals 
with Robertson’s stencils. All the two-dimensional co-ordinates were referred to a screw 

? Part I, J., 1959, 1200; Part II, J., 1959, 1203. 

® Mazzi, Acta Cryst., 1955, 8, 137. 

* Donohue and Trueblood, Acta Cryst., 1952, 5, 414. 


* Llewellyn, J. Sci. Instr., 1951, 28, 229. 
® Robertson, J. Sci. Instr., 1948, 25, 28. 
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axis as the effective centre of symmetry. Extensive use was made of difference syntheses at an 
early stage and before all the atomic positions were known. These syntheses usually gave a 


c(2) 


Fic. 1. The model used as a guide, 
showing the numbering of the atoms and 
the calculated bond lengths. 





Fic. 2. Calculated bond angles. 


Additional angles 
O(1)-—Cu-—O(2) 93° O(1)-Cu-O(3) 89° 
O(2)—Cu-N(2) 93° O(2)-—Cu-O(3) 99° 
N(2)-Cu-N(1) 83° N(2)-Cu-O(3) 102° 
N(1)-Cu-O(1) 90° N(1)-Cu-O(3) 93° 





clear indication of the positions of atoms not yet found and almost always showed where atoms 
had been incorrectly placed. At the same time an improvement in the known atomic para- 
meters and the temperature factors was brought about. Although the aim, as in the refinement 
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Fic. 4. Electron density along the [b| 
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of a structure, was to produce zero electron density everywhere in the cell, this was not done 
in detail at this stage. The difference map was altered by adding or withdrawing atoms at 
points of large positive or negative density and by making large adjustments in the known 
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atomic co-ordinates. A particular value of this approach was that it incorporated planes 
whose observed structure amplitudes were zero and which would not otherwise have been used 
to give useful information in the initial stages. Eventually the signs of nearly all the observed 
reflections were found. The atomic scattering factors due to Berghius et al/.* were used for the 
light atoms and Thomas—Fermi ? values for copper, with initial temperature factors of B = 3 A? 
and 1 A?, respectively. 

After the observed amplitudes had been scaled to the absolute value by applying Wilson’s * 
method between cycles, an average temperature factor of B = 2-8 A?, calculated by the least- 
squares method for well-resolved carbon atoms, was applied to all the light atoms. A value 
of B = 1-4 A? was similarly found by the least-squares method for the copper atom. 

Refinement of the projection was continued by successive difference cycles until the 
reliability factor of the observed planes was 0-16 (omitting the 020 reflection which appeared 
to have suffered extinction). No attempt was made to introduce individual or anisotropic 
temperature factors. The electron density map finally resulting is shown in Fig. 3. 

The electron density in the (010) projection was determined in a similar manner by using 
the z co-ordinates found in the early stages. Here again difference syntheses were used before 





Fic. 5. Intermolecular distances, Structure 
viewed along the [a] axis. 
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all the atomic positions were known. They proved particularly valuable in placing atoms in 
the region near the copper atom where considerable overlapping occurs (Fig. 4). With the 
initial aid of the previous z co-ordinates it was possible to locate all the atomic positions in 
this projection without use of a model. Several difference cycles were then computed with 
the atomic-scattering curves and temperature factors given above. The scaling factor was 
obtained by comparing the 00/ structure amplitudes with those of the (100) projection. The 
reliability factor of the observed planes was brought to 0-18. Again individual or anisotropic 





TABLE 1. 

* y Zz Atom x ¥ z 
0-178 0-039 0-044 COT} . .ocesesis —0-204 —0-027 —0-182 
0-008 0-122 0-103 CHEF | ncvescise — 0-334 0-058 — 0-163 

— 0-048 0-083 —0-016 2 eer —0-276 0-089 —0-106 
0-525 0-173 0-034 C(10) ......... —0-089 0-043 — 0-068 
0-349 — 0-026 0-101 2: ee 0-090 0-143 0-153 
0-318 — 0-069 — 0-005 C(12) ......... —0-015 0-227 0-186 
0-290 —0-213 0-097 CURE) 200000000 0-073 0-250 0-239 
0-477 —0-127 0-088 C(14) ......... 0-278 0-207 0-264 
0-548 0-120 0-019 C(15) ......... 0-359 0-122 0-233 
0-252 —0-087 —0-058 C(16) ........- 0-296 0-089 0-179 
0-046 — 0-045 — 0-090 C(17) .....0006 0-411 0-005 0-154 

— 0-033 — 0-069 —0-146 





temperature factors were not employed. The resulting electron density map is shown in 
Fig. 4. The (001) projection was not analysed because poor resolution was expected. Observed 
structure amplitudes and calculated structure factors for the two analysed projections are 
listed in Table 2. 


* Berghius, Haanappel, Potters, Loopstra, MacGillavry, and Veenendaal, Acta Cryst., 1955, 8, 478. 
* Thomas and Fermi: as compiled in Internationale Tabellen, Vol. II, 1935, 572. 
* Wilson, Nature, 1942, 150, 152. 
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| Fobs. | Fale. 
525 —382 
453 —381 
$21 267 
426 308 
<83 —35 
155 —26 
392 —336 
567 —491 
381 326 
442 387 
464 —453 
442 —386 
381 402 
216 231 
309 +=—303 
<119 -—17 
<119 —16 
260 160 
547 —459 
321 220 
403 303 
94 87 
94 —29 
94 129 
414 —360 
525 —478 

403 35 
486 450 
5625 —455 
321 —246 
392 319 
271 245 
381 —347 
122 58 
155 —136 
166 —15 
166 157 
166 185 
<119 —128 
188 —233 
359 299 
216 —217 
619 —511 
414 366 
381 365 
829 —799 
403 —284 
558 469 
497 431 
155 —37 
133 —76 
144 —s4 
177 —68 
426 411 
105 70 
392 —284 
227 —229 
238 224 
122 173 
359 —422 
216 lll 
lll 51 

1 Fovs.| Feate. 

181 75 
432 490 
<131 —16 
3038 382 
233 73 
210 103 
105 5 
496 —404 
261 216 
840 —802 
146 —150 
915 —906 
367 —382 
618 —622 
397 —337 
181 —107 
432 —314 


420 321 
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TABLE 2. Observed structure amplitudes and calculated structure factors for the Okl and h0l 
The atomic co-ordinates have been referred to an effective centre for the 
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The final atomic co-ordinates, referred to an origin midway between the three non-inter- 
secting screw axes, are set out in Table 1. Where there was disagreement between the z 
co-ordinates in the two projections, the value for the (100) projection was taken as correct 
because of the better resolution available. The greatest discrepancies were 0-005 for C(4) and 
0-004 for C(12) and C(16) (expressed in fractional co-ordinates). 

The numbering of the atoms is shown in Fig. 1. 

It is obvious that a two-dimensional analysis of this molecule which is poorly resolved in 
one projection will not give accurate atomic positions. As an indication of the errors involved, 
the standard deviations of a few resolved atoms were obtained by Cruickshank’s method,® but 
these somewhat over-estimate the accuracy of the analysis. The R.M.S. deviations are: 

Atomic co-ordinates 6, = 0-029 A for light atoms and = 0-0049 A for the copper atom. 

Bond lengths og = 0-041 A for light atom-light atom bonds, and 0-029 A for light atom- 
copper atom bonds. 

Bond angles og = 1-7° for light atom-copper-light atom angles and 2-3° for other angles. 

The measured bond lengths and angles are shown in Figs. 1 and 2, respectively. Application 
of the test for significant differences in bond lengths and angles ® shows that the calculated 
deviations are a reasonable guide. 


DISCUSSION 


The ligands are arranged about the quinquecovalent copper atom in a pyramidal 
configuration. The length of the copper—water bond, 2-53 A, suggests that it is appreciably 
covalent and this is reflected in the fact that the copper atom is 0-2 A above the plane 
through the co-ordinating atoms O(1), O(2), N(1), N(2) (themselves co-planar to within 
0-03 A) in the direction of the water molecule. The other copper-ligand bonds are of 
normal length so that, in accord with the Jahn-Teller effect, the fifth out-of-plane bond 
is longer than the four planar ones. The copper—ethylenedi-imine ring system is non- 
planar. The carbon atom C(4) is —0-2 A from the plane through N(1), Cu, and N(2), and 
C(3) is +0-4 A from this plane. Distances measured away from the origin, not itself in the 
plane, are positive. The ethylenedi-imine bridge is thus in the gauche form already 
observed in co-ordination compounds.+!27_ Buckling of the bridge may also occur to avoid 
a too close approach of the methyl carbon atom C(1) to a neighbouring water molecule, 
see Fig. 5. Both benzene rings are planar within 0-1 A but the whole molecule does not 
lie in one plane. This condition may arise from the distorting effect of the gauche 
N-C-C-N bridge which tends to prevent the nitrogen atoms being co-planar with the 
molecule, and to the methyl group which, projecting from the molecule plane, prevents 
efficient packing. 

This structure is in accord with the previous suggestion 1 that green compounds of this 
type should exhibit a co-ordination number greater than four. Five co-ordination is 
unusual for copper but not unknown.!* It is probably accounted for here by the con- 
straint exercised on the packing of the molecules by the methyl groups. Small voids 
thereby left in the structure facilitate the attachment of a solvent molecule at one of the 
octahedral co-ordinating positions of the metal atom. 


CHEMISTRY DEPARTMENT, UNIVERSITY OF AUCKLAND, NEW ZEALAND. 
[PRESENT AppDRESSES.—(F. J. L.) UNIVERSITY OF CANTERBURY, CHRISTCHURCH, NEW ZEALAND. 
(IT. N. W.) Cuemistry Division, A.E.R.E., HARWELL, 

Berks, ENGLAND.] [Received, November 2nd, 1959.]} 


* Cruickshank, Acta Cryst., 1949, 2, 65. 

10 Jahn and Teller, Proc. Roy. Soc., 1937, A, 161, 220. 

11 Scouloudi, Acta Cryst., 1953, 6, 651. 

#? Nakahara, Saito, and Kusoya, Bull. Chem. Soc. Japan, 1952, 25, 331. 
8 Corbridge and Cox, J., 1956, 594. 
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530. The Colour Isomerism and Structure of Some Copper Co-ordin- 
ation Compounds. Part IV.* The Structure of NN’-Disalicylidene- 
ethylenediaminecopper. 


By D. Hatt and T. N. WATERs. 


A two-dimensional X-ray analysis has shown that NWN’-disalicylidene- 
ethylenediaminecopper is dimeric, with two copper—oxygen bonds of length 
2-41 A binding the two units of the dimer in a manner similar to that recently 
found in copper dimethylglyoxime. There is some distortion of the molecuie 
to allow formation of the dimer while maintaining van der Waals contact 
distances between non-bonding atoms. 

The configuration about the quinquecovalent copper atoms is pyramidal in 
accordance with previous observations on the colour and spectra of similar 
copper complexes. 


As a further check on the explanation put forward! for the colour isomerism of some 
copper complexes the co-ordination arrangement of NN’-disalicylidene-ethylenediamine- 
copper has been ascertained by X-ray methods. 


EXPERIMENTAL 


Crystals previously prepared! were recrystallised from nitrobenzene, giving dark green 
plates. The crystal data were: C,,H,,O,N,Cu, M = 329-9, monoclinic, a = 26-55 + 0-1, 
b = 6-93 + 0-02, c= 14-604 0-05 A, 8B = 97-5° + 0-5° (values previously reported ? are 
a = 26-50 + 0-1, b = 7-05 + 0-1, c = 14-80 + 0-15 A, B = 82-1°), U = 2663 A’, D,, = 1-61 
g./c.c. by flotation, Z = 8, D, = 1-644 g./c.c., F(000) = 1352. Space group, C?(C%,, No. 15). 
Cu-K, radiation, single-crystal oscillation, and rotation photographs. The space group C? 
was chosen after the statistical test due to Howells, Phillips, and Rogers * showed the (010) 
projection to be centrosymmetric. Intensity data were collected for the hk0, h0/, and hl zones, 
the multiple-film method being used. Relative intensities were estimated by visual com- 
parison against a standard scale. Absorption corrections were not applied as small sections 
of crystals were used. 

Although a postulated structure, derived from consideration of the packing of the molecules, 
was available,? an independent analysis was made. The co-ordinates of the copper atom were 
first determined from two-dimensional Patterson functions, sharpened according to the method 
of Donohue and Trueblood,* and the heavy-atom method was then applied. It was assumed 
that the heavy-atom co-ordinates obtained from the Patterson functions were accurate and 
that the signs of the structure factors were those of the copper contributions in most instances. 
The first electron-density map was computed for the (001) projection and as in the previous 
analysis * initial atomic positions were tentatively established by means of a model (shown in 
Fig. 1 with the numbering of the atoms) and by computing a number of difference cycles. An 
approximate scaling factor was used together with the atomic scattering and temperature 
factors determined for NN’-disalicylidenepropane-1,2-diaminecopper monohydrate.’ The 
co-ordinates were then refined by means of four difference-cycles, the same scattering and 
temperature factors being used and with F,,, brought to the absolute scale by successive 
least-squares adjustments. At this stage the reliability factor was 0-20 for all observed planes, 
and the refinement was stopped. The final electron-density map is shown in Fig. 3. 

The (010) projection was analysed similarly. For the first electron-density map, based on 
the heavy-atom contribution, 193 of 215 observed planes were used. The model was then 
placed on this map and the z-co-ordinates of the atoms estimated. With the *-co-ordinates 
from the previous projection these atomic positions gave a reliability factor of 0-28 for all 


Part III, preceding paper. 


. 
1 Part I, J., 1959, 1200; Part II, J., 1959, 1203. 

* von Stackelberg, Z. anorg. Chem., 1947, 258, 136. 

* Howells, Phillips, and Rogers, Acta Cryst., 1950, 3, 210. 
* Donohue and Trueblood, Acta Crvst., 1952, 5, 414. 

® Part III, preceding paper. 
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observed planes. Two difference cycles were computed by using the same atomic scattering 














in- factors and temperature factors as before. The reliability factor was then 0-18 for observed 
ne- planes and the refinement was stopped, the final electron-density map being shown in Fig. 4. 
Fic. 1. The model used as a guide, showing the numbering of the atoms and the calculated bond 
lengths. 
cv4) cvs) cia) 
ces C(4) 
i In order to determine whether the (010) projection had been referred to an origin at a centre 
as of symmetry or at a two-fold axis, h11 structure factors were calculated for both these possibili- 
ties. A comparison with the observed amplitudes, brought to the absolute scale through 
common reflections, showed: 
(i) reliability factor for origin at a centre of symmetry = 0-13, 
yan and (ii) reliability factor for origin at a two-fold axis = 0-83. 
D1 
ie Fic. 2. Calculated bond lengths. 
“61 
15). 
C 
10) Additional angles 
1es, O(2)-Cu-O(1) 89° 
- O(1)-Cu-N(1) 90° 
mad N(l)-Cu-N(2) 82° 
N(2)-Cu-O(2) 95° 
les, 
ere 
10d 
ned 
ind : he Bia ‘ 
i Observed structure amplitudes and calculated structure factors are listed in Table 2. The 
an atomic co-ordinates referred to an origin at a centre of symmetry are given in Table 1 as 
o fractions of the unit translations. 
An Where the x-co-ordinates disagreed between projections those of the (010) projection were 
ure . 
Phe TABLE 1. 
ind Atom * y z Atom x y Zz 
ive Or ..ic.... 0-233 0-202 0-098 tea 0-142 0-062 0-172 
les, ss 0-184 0-405 0-088 CHEN ccccesecs 0-219 — 0-146 0-198 
Of2) eee... 0-285 . 0-392 0-062 ro eae 0-260 —0-225 0-140 
a A 0-189 0-032 0-157 , 0-330 0-023 0-146 
Me capepsss< 0-284 — 0-023 0-130 0-362 0-186 0-125 
1en aa 0-137 0-414 0-100 0-420 0-208 0-159 
tes . ae 0-100 0-539 0-082 0-445 0-378 0-135 
all 4 a 0-051 0-558 0-087 0-415 0-519 0-106 
‘ CD. cits... 0-032 0-385 0-129 0-362 0-528 0-073 
: . ae 0-060 0-231 0-151 0-340 0-369 0-093 
GE stuetss. 0-117 0-250 0-143 


taken because of the better resolution. The greatest disagreements were 0-011 for C(8), 
0-007 for C(10), 0-006 for N(1), and 0-004 for C(12) and C(15) (numbered as in Fig. 1). 
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The standard deviation in atomic positions has not been assessed but the poor resolution 
attained and the discrepancies between the x-co-ordinates suggest that the derived parameters 
cannot be very accurate. This view is reflected in the calculated bond lengths and angles 
shown in Figs. 1 and 2, respectively. 


TABLE 2. Observed structure amplitudes and calculated structure factors (x 10). 


hOl and AOl zones 
nOl hol nol hol hol hol 
Plane | Fobs.| Featc. | Fovs.| Feale. Plane | Fobs.| Fealc. | Fobs.| Featc. Plane | Fobs.| Fealc. | Fobs.| Featc, 
000 not 13520 32 164 284 436 536 00,12 852 700 
2 obs. —3612 34 472 —588 2 804 —712 —40 
496 644 852 640 4 —784 
2072 —1760 006 1844 —1596 768 —792 556 
356 2 1680 1300 1572 1496 688 636 —672 
1208 —1: 1244 —924 1016 —720 948 —1020 
392 1220 1028 404 1112 1300 


436 
532 1112 —1020 888 —712 1112 —804 


332 1324 1152 640 —428 580 680 
640 2 356 —280 <156 § 448 —520 
768 248 236 <172 284 472 
1112 i 392 992 q <120 —8 
688 2 <212 1112 2 
212 <212 1112 
272 416 
496 <212 
416 472 <212 
416 448 2 <212 
on 416 <212 
52 2 <200 
1492 188 —144 <196 
604 <84 —12 472 368 
1716 7: 1052 788 2 616 448 
1136 <108 530 888 308 
2024 2 1844 780 1552 416 
< i on 744 1584 284 
680 580 1868 
1372 1516 768 : 1868 
1052 1408 768 84 
864 1372 828 7 1552 
852 1420 580 992 
688 700 640 640 616 
436 7 <212 532 720 2 2 496 
308 <208 248 <212 520 
224 <176 368 <192 7 332 
368 3 <148 3 2 284 <172 <152 
<56 2 3 248 616 
3832 852 i 68 
a 2 v 2 4 
1844 1584 768 f 1300 —1440 5 
1160 K 368 4 688 1268 972 
752 1740 5 436 1052 —908 
272 36 1256 520 1016 1016 
828 1880 496 76 604 —428 
272 688 2 <212 640 308 
828 1268 <212 <212 332 
1052 1572 356 <212 284 
A. po 332 <212 212 
00 393 532 4 276 
1208 <212 804 284 
744 496 248 292 472 
472 <212 268 700 
= 188 744 
284 


hkO zone 
Plane | Fobs.| Plane | Fobs.| Plane Fobs.| Fale. é . Fovs.|  F calc. Plane | Fobs. 

110 237 b 18 504 29 <84 514 456 
20 340 ‘ 31 144 556 —516 

22 <113 381 360 

24 5 § 040 576 504 —614 

26 391 é 710 679 

28 5 g 782 —886 

30 y 7 556 667 

33 2 23 484 —402 

268 172 

30 


1 
3 35 5 196 — 29 
b : ’ 422 —262 
7 J 3 2 168 
B48 5 —129 
95 
61 
212 
112 
—265 
30 
--122 
98 
7 
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DISCUSSION 


The complexity of the atomic arrangement in the (001) projection where there are four 
overlapping molecules can be seen from Fig. 3. The disposition in the (010) projection 
is displayed in Fig. 4 which also gives calculated values for some of the intermolecular 
distances. The asymmetry of the benzene rings as they appear in Fig. 3 arises from errors 
in the refinement, but the regularity of the rings in Fig. 4 indicates that more reliance can 


Fic. 3. Electron density along the [c] axis. 








le 


Copper contours are at arbitrary intervals; other contours are at 1 eA-* intervals, the lowest at 7 eA-*. 


be placed on the atomic positions in this projection. From this it would appear that the 
non-planarity of the central co-ordinated group is probably real. Equally evident from 
Fig. 4 is the twist in the ethylene bridge and the bending of the ends of the molecule away 
from its neighbour across the centre of symmetry. 

The explanation for these distortions can be deduced from the intermolecular distances 
shown in Fig. 4. The close approach, to within 2-41 A, of an oxygen atom, O(2), of one 
molecule and the copper atom of another indicates covalent bonding between them. The 
geometry of the arrangement (Fig. 5) shows that the bond is towards one of the octahedral 
co-ordinating positions of the copper atom. The other octahedral position is close to a 


Fic. 4. Electron density along the (b] axis and intermolecular distances. Contours as in Fig. 3 
but lowest at 5 eA. 








carbon, C(9), of a neighbouring ethylene bridge which has been distorted to maintain the 
copper—carbon distance at 3°84 A. Calculation shows that the bridge atom, C(8), is 
+0-1 A from the plane through N(1), Cu, and N(2), and that C(9) is —0-6 A from this 
plane. (Positive distances are measured away from the origin which is not in the plane.) 
Even after allowance for the low accuracy of the analysis these figures suggest some distor- 
tion. Thus deviations from overall planarity seen in the (010) projection are undoubtedly 
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due to the close intermolecular approach and the twisting of the ethylene bridge. In 
particular the molecules must be bent to allow the almost parallel benzene rings of the 
close neighbours to be kept a van der Waals contact distance apart. The centres of the 
molecules approach to a distance of 2-41 A but this increases to more than 4-0 A at the 
extremities, which illustrates the strength of the intermolecular bond. 

The compound can best be described as dimeric with two long copper—oxygen bonds 
between the two halves of the dimer. This situation is similar to that found in copper 
dimethylglyoxime where dimers are formed by two long copper-oxygen bonds ° of 2-43 A. 
Each copper atom is five co-ordinated with a pyramidal arrangement of ligands in agree- 
ment with the earlier suggestion } that green salicylaldehyde complexes of copper have a 
covalency greater than four. The bond hybridisation of the copper is presumably dsp* 
with the promotion of one electron to a higher level, and the bond geometry of the unusually 
bound oxygen suggests normal sf* hybridisation (to give two normal intramolecular bonds 
and a lone pair) with the unhydridised # orbital taking part in the third long bond. 

The close stacking in the crystal of this essentially planar molecule contrasts with that 
of its propane-1,2-diamine analogue ® where the projecting methyl group introduces voids 


Fic. 5. The geometry of the copper-oxygen bonds. 


into the structure. This difference accounts for the higher density of crystals of the 


ethylenediamine complex and is the probable explanation of the fact that this compound, 
in contrast to its analogue, does not form a hydrate. 

The structure found differs in detail only from that proposed by von Stackelberg ? on 
packing considerations. The present analysis has, however, disclosed the dimeric nature 
of the compound. The main orientations of the molecules proposed by von Stackelberg 
have been verified. 


Grateful acknowledgment is made to the Research Grants Committee of the University 
of New Zealand for financial assistance. 


(D. H.) CHemMistry DEPARTMENT, UNIVERSITY OF AUCKLAND, NEW ZEALAND. 
(T. N. W.) CuEemistry Division, A.E.R.E., HARWELL, 
BERKS, ENGLAND. [Received, November 2nd, 1959.] 


* Frasson, Bardi, and Bezzi, Acta Cryst., 1959, 12, 201. 
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531. Antituberculous Sulphur Compounds. Part I. New 
Mercapto-derivatives of Alkanols, Sulphides, and Hydroxy-sulphides. 


By E. P. Apams, F. P. Doyte, D. L. Hatt, D. O. HoLtanp, W. H. Hunter, 
K. R. L. MAnsForpD, J. H. C. NAYLER, and A. QUEEN. 


Three general methods have been used to prepare eight new dimercapto- 
alkanols and also 1,3,4-trimercaptobutan-2-ol and «-hydroxy-8-mercapto-«- 
mercaptomethylpropionic acid. A number of mercapto-derivatives of 
aliphatic sulphides and hydroxy-sulphides have been prepared by the action 
of suitably substituted thiols on propylene sulphide or 3-mercaptopropylene 
sulphide. The compounds have been tested for antituberculosis activity. 


An investigation in these laboratories some years ago showed that 2,3-dimercapto- 
propan-l-ol (BAL) had slight but significant antituberculosis activity in mice. This had 
in fact been noted earlier from tests 1 in vitro and was also subsequently confirmed in vivo.® 
We also found that the known isomer, 1,3-dimercaptopropan-2-ol was too toxic to be 
tested in mice whilst the known 3-mercaptopropane-1,2-diol and 1,2,3-trimercaptopropane 
had little or no activity. Many simple thiols, dithiols, and hydroxy-thiols were similarly 
tested, but appreciable activity was found only in ethanethiol and closely related com- 
pounds, a group of antituberculosis agents that is now well-known.** In an attempt 
to find compounds more active than BAL itself we have now prepared a series of 
dimercapto-alkanols, the only other representatives of this class to have been prepared 
hitherto being 1,3-dimercaptopropan-2-ol, 3,4-dimercaptobutan-l-ol,45 and 4,5-di- 
mercaptopentan-1-ol.® 

BAL is most conveniently prepared by the reaction of 2,3-dibromopropan-l-ol with 
alcoholic sodium hydrogen sulphide,’ and similar treatment of 3,4-dibromobutan-2-ol gave 
3,4-dimercaptobutan-2-ol in good yield. However, we confirmed an earlier report * that 
2,3-dimercaptobutan-l-ol could not be prepared from 2,3-dibromobutan-l-ol by this 
method, and we were likewise unable to obtain any dithiol from 2,3-dibromo-2-methyl- 
propan-l-ol and alcoholic sodium hydrogen sulphide under a variety of conditions. The 
only pure product isolated from 1,4-dibromobutan-2-ol and alcoholic sodium hydrogen 
sulphide was 3-hydroxythiophan, characterised as the a-naphthylurethane, but this was 
not entirely unexpected since Hall and Reid ® obtained only a poor yield of dithiol from 
tetramethylene dibromide owing to thiophan formation. The preparation of 3-hydroxy- 
thiophan from 1,4-dichlorobutan-2-ol and sodium sulphide has since been reported.® 

We further found that certain dimercaptoalkanols can be prepared more conveniently 
from halogenoalkylene oxides than from dibromo-alcohols. Thus, 1,3-dimercaptopropan- 
2-ol was obtained in 60% yield when epichlorohydrin was kept overnight with alcoholic 
sodium hydrogen sulphide at room temperature, whereas a similar preparation’ from 
1,3-dibromopropan-2-ol required a reaction period of four days. 1,3-Dimercaptopropan- 
2-ol was characterised as a crystalline triacetyl derivative and a liquid isopropylidene 
derivative. Oxidation of the latter with hydrogen peroxide in acetic acid gave the 
crystalline cyclic disulphone (I), which differed from the oxidation product (II) of the 


1 Anderson and Chin, Science, 1947, 106, 643. 

* Kushner, Dalalian, Bach, Centola, Sanjurjo, and Williams, J. Amer. Chem. Soc., 1955, 77, 1152. 

* Brown, Matzuk, Becker, Conbene, Constantin, Solotorovsky, Winsten, Ironson, and Quastel, /. 
Amer. Chem. Soc., 1954, 76, 3860; Davies, Driver, Hoggarth, Martin, Paige, Rose, and Wilson, Brit. J. 
Pharmacol., 1956, 11, 351. 

* Pavlic, Lazier, and Signaigo, J. Org. Chem., 1949, 14, 59. 

5 Miles and Owen, J., 1952; 817. 

® Fitt and Owen, J., 1957, 2240. 

? Stocken, J.; 1947, 592. 

* Hall and Reid, J. Amer. Chem. Soc., 1943, 65, 1466. 

- Arbuzov and Ovchinnikov, Doklady Akad. Nauk S.S.S.R., 1957, 117, 813; Chem. Abs., 1958, 52, 
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corresponding derivative of 2,3-dimercaptopropanol. The formation of 1,3-dimercapto- 
propan-2-ol rather than 2,3-dimercaptopropan-l-ol from epichlorohydrin represents the 
normal fission of unsymmetrical alkylene oxides under neutral or alkaline conditions. 
By analogy, a product from the oxide (IV; X = Br) was formulated as (V; R = H). 


CH,*OH 
CH—SO, 


ScMe 
cH,-s6, 
(11) (IIT) 


The solid benzylidene derivatives (III; R = H and Me), like that of 2,3-dimercapto- 
propan-l-ol,"!2 were obtained as mixtures of geometrical isomers. The two forms of 
compound (III; R =H) were fairly readily separated by crystallisation, only the less 
soluble form having been reported hitherto,’ but separation of the homologue (III; R = 
Me) proved more difficult and only one constituent was obtained pure. 

In view of the limitations of the sodium hydrogen sulphide route the possibility of 
preparing dimercaptoalkanols via their SS-dibenzyl derivatives was next examined. 
Although 2,3-dibromo-2-methylpropan-1l-ol had failed to react satisfactorily with sodium 
hydrogen sulphide, it readily gave a dibenzylthio-compound on treatment with the sodium 
derivative of toluene-w-thiol in alcohol at room temperature. The product, however, was 
the t-butanol derivative (V; R = CH,Ph) since on reduction with sodium and ethanol in 
liquid ammonia it gave the corresponding dithiol, characterised as the benzylidene deriv- 
ative (III; R = Me) which was identified by mixed melting point with the single isomer 
described above. Also, the dithiol gave no evidence of the presence of vicinal mercapto- 
groups in the manganous acetate colour reaction. The rearrangement, like the previously 
reported formation of 1,3-dibenzylthiopropan-2-ol from 2,3-dibromopropan-1-ol,!4% 
doubtless proceeds via an epoxide (IV; X = Br or S°CH,Ph). In agreement with this 
view, substitution of the oxide (IV; X = Br) for 2,3-dibromo-2-methylpropan-1-ol in the 
reaction with the sodium derivative of toluene-w-thiol gave the same product. 


CH,°OH Hyc\ CH,°SR 
fe) 


Me-C-Br SE ae M 4 od Me-C-OH 


CH,Br CH,X CH,’SR 
(IV) (V) 


The rearrangement to give non-vicinal dibenzylthio-compounds appears to be complete 
or very nearly so, as would be expected on the assumption that the intermediate epoxides 
undergo “ normal” ring-opening. The reaction of 3,4-dibromobutan-2-ol with the sodium 
derivative of toluene-w-thiol, proceeding through the intermediate (VI; X = Br or 
S°CH,Ph) with alkyl substituents on both carbon atoms of the oxide ring, appeared to give 
the two dibenzylthiobutanols (VII and VIII). The product was clearly not pure 3,4-di- 
benzylthiobutan-2-ol (VII) since, unlike an authentic specimen prepared by benzylation of 
the dithiol, it failed to give a crystalline «-naphthylurethane. Debenzylation yielded a 
mixture of 1,3- and 3,4-dimercaptobutan-2-ol, the comparatively weak green colour 
developed with manganous acetate suggesting that the vicinal dithiol was probably only a 
minor constituent. 

In the reactions of 1,4-dibromobutan-2-ol and 1,6-dichlorohexan-2-o0l with the sodium 


#® Winstein and Henderson in ‘‘ Heterocyclic Compounds,” Vol. 1, Chapter 1, ed. Elderfield, Wiley, 
New York, 1950. 
11 Miles and Owen, /., 1950, 2938. 
Roberts and Cheng, J. Org. Chem., 1958, 28, 983. 
Rosenblatt and Jean, Analyt. Chem., 1955, 27, 951. 
Johary and Owen, J., 1955, 1302. 
Doyle and Nayler, Chem. and Ind., 1955, 714. 
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derivative of toluene-w-thiol rearrangement appeared improbable since it would involve 
“abnormal” opening of the hypothetical epoxide intermediates, and the resulting 
dibenzylthio- and dimercapto-compounds were formulated accordingly. The same 


CH, Hy 


CH*OH CH*S*CH3Ph 


+ 
CH*S*CH,Ph CH*OH 


CH,*S*CH,Ph CHy*S*CH,Ph 
(VII) (VII) 


applies to the trithiol prepared from 1,3,4-trichlorobutan-2-ol and the dibenzylthio-com- 
pound obtained from §$-chloro-«-chloromethyl-«-hydroxypropionic acid. «-Hydroxy-f- 
mercapto-«-mercaptomethylpropionic acid was obtained in moderate yield by treating 
the dibenzyl compound with sodium in liquid ammonia, although the conditions were 
critical. Hydrogenolysis of the dibenzylthio-ester offered no advantage since the ester 
group suffered hydrolysis under the conditions of the reaction. Crystalline acetyl 
derivatives of both 1,3,4-trimercaptobutan-2-ol and the dimercapto-acid have been 
repared. 

7 Treatment of 2,3-dibromobutan-l-ol with the sodium derivative of toluene-w-thiol in 
ethanol at room temperature gave sodium bromide, dibenzyl disulphide, and unidentified 
products. Thompson 7 has previously reported the formation of disulphides and olefins 
from mercaptans and vicinal secondary dibromides. 

Synthesis of dimercapto-alkanols by reduction of suitable carboxylic acid derivatives 
was next investigated. Claeson’s method!’ for the preparation of methyl «y-di(acetyl- 
thio)butyrate from the corresponding dibromo-ester was extended to ethyl «3-dibromo- 
valerate and, with slight modification, to methyl 2,11-dibromoundecanoate. On treat- 
ment with lithium aluminium hydride the three aw-diacetylthio-esters gave good yields 
of 2,4-dimercaptobutan-1-ol, 2,5-dimercaptopentan-1-ol, and 2,11-dimercaptoundecan-1-ol. 
Application of similar methods to the preparation of hydroxy-dithiols containing vicinal 
mercapto-groups was limited by difficulties in the preparation of the dimercapto-carboxylic 
acid derivatives. Thus heating ethyl «$-dibromobutyrate with potassium thioacetate 
in ethanol gave a little ethyl §-(acetylthio)butyrate but no pure «-di(acetylthio)- 
butyrate. In a similar reaction methyl «$-dibromo-a«-methylpropionate gave only a low 
yield of $-acetylthio-ester. The same two dibromo-esters, treated at room temperature 
with the sodium derivative of toluene-w-thiol in ethanol, gave only the §-benzylthio- 
esters, accompanied by dibenzyl disulphide. All four reactions may be pictured, at least 
formally, as involving the elimination of bromine from the dibromide, addition of part of 
the thiolating agent to the hypothetical unsaturated intermediate, and probably oxidation 
of the remainder of the thiolating agent by the bromine. Analogy (cf. Hurd and 
Gershbein 18) suggests that addition of thiolating agent has been assumed to proceed in 
the anti-Markownikoff sense; in agreement, methyl «$-dibromopropionate and the sodium 
derivative of toluene-w-thiol gave some methyl «$-di(benzylthio)propionate but more 
— 8-(benzylthio)propionate (which was rigorously characterised) and much dibenzyl 

isulphide. 

Ethyl «8-di(acetylthio)butyrate was eventually obtained by a route similar to Pavlic’s 
synthesis of methyl «§-di(acetylthio)propionate, although more vigorous conditions 
were required. Ethyl «-bromocrotonate was heated with thioacetic acid to give 
ethyl f-acetylthio-«-bromobutyrate, which with a further quantity of thioacetic acid 


1© Thompson, U.S.P., 2,553,797. 
7 Claeson, Acta Chem. Scand., 1955, 9, 178. 


18 Hurd and Gershbein, J. Amer. Chem. Soc., 1947, 69, 2328. 
” Pavlic, U.S.P., 2,408,094. 
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in pyridine gave the diacetylthio-compound. Reduction with lithium aluminium hydride 
then gave 2,3-dimercaptobutan-1-ol. 

An interesting hydroxy-trithiol, in which the alkyl chain is interrupted by a sulphur 
atom, was obtained by Miles and Owen ° by the action of cold aqueous sodium hydroxide 
on 2,3-diacetylthiopropyl acetate. It apparently arose by interaction of 2,3-dimercapto- 
propan-l-ol, which was also isolated, with another primary reaction product (IX or its 


HO SH SH S HO SH SH SH 
(IX) (X) 


a bi te + sa al ——e CH -CHCH,S*CHy*CH-CH, 
\ 


acetate), and was therefore formulated as (X). It was tacitly assumed that the episulphide 
ring had been attacked by the primary rather than the secondary thiol group of 2,3-di- 
mercaptopropan-l-ol and that ring-opening occurred in the “ normal” manner,” the 
episulphide sulphur retaining its link with Cy. An apparently similar product has now 
been obtained, together with polymeric material, by direct addition of 2,3-dimercapto- 
propanol to 3-mercaptopropylene sulphide (IX) in the presence of aqueous sodium 
hydroxide. In agreement with structure (X) the compound gave a positive result in the 
manganous acetate test 1 for vicinal dithiols, whereas the branched structure which would 
have resulted from “ abnormal ” ring-opening would contain only non-vicinal thiol groups. 

In order to prepare simpler analogues, we examined the addition of four hydroxy- 
thiols, two dithiols, and 1,2,3-trimercaptopropane to propylene sulphide in the presence 
of a base. Structures analogous to (X) were assigned to the products, but in addition the 
dithiols and the trithiol gave compounds derived from reaction with two molecules of 
episulphide. As in similar reactions with propylene oxide and cyclohexene oxide ™ the 
mono- and the di-adducts were separable by fractional distillation. We also prepared 
2,3-dimercaptopropyl 3-mercaptopropyl sulphide, from 3-rhercaptopropylene sulphide and 
1,3-dimercaptopropane. Interaction of propylene oxide and 1,2,3-trimercaptopropane 
gave 2,3-dimercaptopropyl 2-hydroxypropyl sulphide which, like the corresponding 
product from cyclohexene oxide," could not be distilled without decomposition and was 
isolated as its triacetyl derivative. 

Finally, 2,3-dimercaptopropyl /-tolyl sulphide was prepared by a method similar to 
that used by Hach ™ for the f-tolyl ether. The sodium derivative of thio-p-cresol was 
allowed to react with 2,3-benzylidenedithiopropyl chloride, and the protecting benzylidene 
group was cleaved from the product by means of silver nitrate. 

The compounds described in this paper were tested against experimental human-type 
(H37Rv) tuberculosis in mice, but only 2,3-dimercaptopropyl 3-mercaptopropyl, 2- 
mercaptoethyl 2-mercaptopropyl, and 3-hydroxy-2-mercaptopropyl 2-mercaptopropyl 
sulphide showed significant activity. Details of the biological results will be reported by 
Mr. D. M. Brown and his colleagues. 


EXPERIMENTAL 


1,6-Dichlorohexan-2-ol.—Reppe’s method * for converting butane-1,2,4-triol into 1,4-di- 
chlorobutan-2-ol was applied to hexane-1,2,6-triol. Dry hydrogen chloride was passed into a 
stirred mixture of hexane-1,2,6-triol (134 g.) and acetic acid (3 ml.) at 110—120° for 7 hr., the 
increase in weight amounting to 43-5 g. The mixture was distilled and the fraction of b. p. 
116—140°/12 mm. collected. Refractionation gave moderately pure 1,6-dichlorohexan-2-ol 
(61 g., 36%), b. p. 64—74°/0-1 mm. A specimen, distilled once more, had b. p. 68— 
70°/0-05 mm., m,,'* 1-4821 (Found: C, 42-0; H, 6-9. C,H,,OCI, requires C, 42-1; H, 7-1%). 

3-Bromo-2-methylpropylene Oxide.—A stirred mixture of 2,3-dibromo-2-methylpropan-1-ol 

2 Cf. Davies and Savige, J., 1950, 317. 

*1 Owen and Smith, J., 1951, 2973. 

#2 Hach, Chem. Listy, 1953, 47, 227. 

*3 Reppe, Annalen, 1955, 596, 140, 141, 
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(116 g.) and water (100 ml.) was treated with calcium hydroxide (45 g.) and distilled as in the 
preparation ** of epibromohydrin from 1,3-dibromopropan-2-ol. After the aqueous phase of 
the distillate had been recycled the organic material was separated by ether-extraction, washed, 
dried, and distilled, to give the crude product (41-6 g.), b. p. 35—51°/20 mm., together with 
5-7 g. of unchanged 2,3-dibromo-alcohol, b. p. 90—100°/20 mm. The redistilled oxide had b. p. 
41°/23 mm., ”,** 1-4687 (Found: C, 31-3; H, 4:6; Br, 53-0. C,H,OBr requires C, 31-8; H, 
4:7; Br, 52-9%). 

Methyl 2,11-Dibromoundecanoate.—Thionyl chloride (130 ml.) and 11-bromoundecanoic 
acid *5 (185 g.) were refluxed for 6 hr., then the excess of thionyl chloride was removed in vacuo. 
The residual crude acid chloride was heated on the steam-bath under reflux whilst bromine 
(40 ml.) was added with stirring during 3 hr. and then for 4 hr. more. The resulting crude 
2,11-dibromoundecanoyl chloride was cooled in ice-water whilst dry methanol (90 ml.) was 
added during 30 min. The mixture was stirred for 3 hr., then diluted with ether and washed 
with sodium hydrogen carbonate solution and then with water. The dried ether solution was 
evaporated and the residue distilled to give methyl 2,11-dibromoundecanoate (192 g.), b. p. 154— 
158°/0-4 mm. A redistilled specimen, b. p. 125—130°/0-05 mm., ,*° 1-4922, was analysed 
(Found: C, 40-1; H, 6-5. C,,H,,O,Br, requires C, 40-2; H, 62%). 

Reactions of Alcoholic Sodium Hydrogen Sulphide.—(a) With 3,4-dibromobutan-2-ol. A 
solution of sodium hydroxide (50 g.) in methanol (1 1.) was saturated with hydrogen sulphide 
at 0°, treated with 3,4-dibromobutan-2-ol (46-4 g.), and set aside in a sealed vessel at room 
temperature for 10 days. The cooled and stirred mixture was then brought to pH 4—5 by 
means of hydrochloric acid, filtered, and concentrated in vacuo. Water was added and the 
product extracted into chloroform, washed, and dried. A little ammonium acetate was added 
as a stabiliser,2* the chloroform ‘was removed in vacuo, and the residual oil distilled to give 
3,4-dimercaptobutan-2-ol (20 g.), b. p. 65—66°/0-1 mm., ”,*4 1-5519 (Found: C, 35-1; H, 6-8; 
S, 46-2. C,H, OS, requires C, 34-7; H, 7-3; S, 46-4%). 

(b) With 1,4-dibromobutan-2-ol. Methanolic sodium hydrogen sulphide [1 1. prepared as 
in (a)] and 1,4-dibromobutan-2-ol (46-4 g.) were allowed to react in a sealed vessel at room 
temperature for 11 days. The main product (10-1 g.), isolated as in (a), had b. p. 57— 
58°/0-35 mm. Redistillation gave 3-hydroxythiophan, b. p. 51—52°/0-12 mm., ,"* 1-5433 
(lit.,° b. p. 84—85°/7 mm., m,,*° 1-5427) (Found: C, 45-8; H, 7-9; S, 30-7. Calc. for C,H,OS: 
C, 46-1; H, 7-7; S, 30-8%). The a-naphthylurethane, prepared in toluene (5 hours’ refluxing), 
crystallised from methanol in needles, m. p. 114—115° (Found: N, 5-2; S, 11-8. C,;H,,0,NS 
requires N, 5-1; S, 11-7%). 

(c) With epichlorohydrin. The sodium hydrogen sulphide solution (1 1.) and epichloro- 
hydrin (18-5 g.) were kept for 16 hr. in a sealed vessel at room temperature, then the mixture 
was worked up as above to give 1,3-dimercaptopropan-2-ol (15 g.), b. p. 52—54°/0-15 mm. 

(d) With 3-bromo-2-methylpropylene oxide. The sodium hydrogen sulphide solution (1 1.) 
and oxide (26 g.) were kept for 10 days in a sealed vessel at room temperature. Working 
up in the usual way gave 1,3-dimercapto-2-methylpropan-2-ol (5-46 g.), b. p. 54°/0-13 mm. 
(Found: C, 34-7; H, 7-1; S, 46-2. C,H,,OS, requires C, 34:7; H, 7:3; S, 46-4%). 

2-Acetylthio-1-(acetylthiomethyl)ethyl Acetate-——A mixture of 1,3-dimercaptopropan-2-ol 
(6 g.), acetic anhydride (30 ml.), and anhydrous sodium acetate (7-5 g.) was refluxed for 6 hr., 
cooled, and diluted with ether. Sodium acetate was removed with water, and the ether solution 
was dried and distilled. The oily product, b. p. 106—110°/0-03 mm., solidified under light 
petroleum to give the acetate (9-8 g.), which crystallised from light petroleum containing 
a little benzene in prismatic needles, m. p. 44—45° (Found: C, 43-1; H, 5-8. Calc. for 
C,H,,0,S,: C, 43-2; H, 56%). Johary and Owen ™ give m. p. 46—48°. 

1,3-Isopropylidenedithiopropan-2-ol (5-Hydroxy-2,2-dimethyl-1,3-dithian).—1,3-Dimercapto- 
propan-2-ol (24-8 g.) and acetone (15 ml.) in benzene (40 ml.) were treated with concentrated 
hydrochloric acid (4 drops), refluxed for 24 hr., and evaporated in vacuo. The residual oil was 
taken up in ether, washed with sodium hydroxide solution and then with water, dried, and 
distilled to give a straw-coloured oil (11-4 g.), b. p. 115—120°/11 mm. Redistillation gave 
colourless 1,3-isopropylidenedithiopropan-2-ol, b. p. 117—118°/11 mm., n,?" 1-5635 (Found: C, 
43-3; H, 7-8. C,H,,OS, requires C, 43-9; H, 7-4%). 

* Org. Synth., Coll. Vol. II, p. 256. 


%5 Jones, J. Amer. Chem. Soc., 1947, 69, 2352. 
* Cf. Rigby, U.S.P., 2,423,344. 


2654 Adams et al.: Antituberculous Sulphur Compounds. Part I. 


This product (5 g.) in acetic acid (15 ml.) was treated with 30% hydrogen peroxide (15 ml.) 
and cooled to moderate the exothermic reaction. After 30 min. further peroxide (5 ml.) was 
added and the solution was heated on the steam-bath for 1 hr. The disulphone (5-23 g.) 
separated on cooling and crystallised from water in needles, m. p. 258—260° (Found: C, 31-1; 
H, 5-1. C,H,,0,S, requires C, 31-6; H, 5-3%). 

2,3-Isopropylidenedisulphonylpropan-1-ol (4-Hydroxymethyl-2,2-dimethyl-1,3-dithiolan 1,1,3,3- 
Tetroxide).—Oxidation of 2,3-isopropylidenedithiopropanol? as described above gave the 
disulphone, m. p. 103—105° (from water) (Found: C, 31-3; H, 5-0. C,H,,0,;S, requires C, 
31-6; H, 5-3%). 

1,3-Benzylidenedithiopropan-2-ol (5-Hydroxy -2-phenyl-1,3-dithian).—1,3-Dimercaptopro- 
pan-2-ol (24 g.) and benzaldehyde (21 ml.) in benzene (60 ml.) were treated with concentrated 
hydrochloric acid (1 ml.) and set aside for 24 hr. The mixture was evaporated in vacuo and the 
residue triturated with benzene (30 ml.) to yield the known isomer of 1,3-benzylidenedithio- 
propan-2-ol (9-24 g.), needles, m. p. 141—142° (from benzene) (Stocken ? gives m. p. 142—143°) 
(Found: C, 56-9; H, 5-8. Calc. for C,sH,,0OS,: C, 56-6; H, 5-7%). The syrup obtained by 
evaporating the original benzene filtrate was triturated with light petroleum and the resulting 
solid was collected and freed from gum by admixture with light petroleum (75 ml.) and benzene 
(25 ml.). This material (22-8 g.; m. p. 64—76°) was extracted with boiling light petroleum 
(4 x 100 ml.; b. p. 60—80°), and the extracts were cooled to give needles (5-27 g.), m. p. 92— 
96°. Repeated crystallisation from benzene—light petroleum and then from methanol gave the 
second isomer as flat needles, m. p. 103—104° depressed on admixture with the other form 
(Found: C, 56-8; H, 5-7; S, 30-5. C,,9H,,OS, requires C, 56-6; H, 5-7; S, 30-2%). Neither 
product contained a free thiol group. 1,3-Dimercaptopropan-2-ol, prepared by the action of 
sodium and ethanol in liquid ammonia on pure crystalline 1,3-dibenzylthiopropan-2-ol,5 gave 
the same two benzylidene derivatives. 

1,3-Benzylidenedithio-2-methylpropan-2-ol (5-Hydroxy-5-methyl-2-phenyl-1 ,3-dithian) .—1,3- 
Dimercapto-2-methylpropan-2-ol (0-94 g.) and benzaldehyde (0-8 ml.) in benzene (5 ml.) were 
treated with a drop of concentrated hydrochloric acid and set aside for 3 days. Evaporation 
in vacuo, followed by trituration with a little ether, yieldéd a solid (0-60 g.), m. p. 121—134°, 
which on repeated recrystallisation from benzene-light petroleum gave one geometrical isomer 
of the dithian as needles, m. p. 145—146° (Found: C, 58-2; H, 5-8; S, 28-1. C,,H,,OS, requires 
C, 58-4; H, 6-2; S, 28-3%). Material from a second crop, m. p. 112—115°, also afforded a 
satisfactory analysis (Found: C, 58-3; H, 6-1%) and presumably consisted of a mixture of the 
geometrical isomers. Repeated recrystallisation of this material changed the m. p. only 
slightly, but there was no depression on admixture with the specimen of m. p. 145—146°. 

3,4-Dibenzylthiobutan-2-0l.—3,4-Dimercaptobutan-2-ol (2-78 g.) in liquid ammonia (150 ml.) 
was converted into the disodium derivative by means of sodium (0-93 g.). Benzyl chloride 
(5-1 g.) was added with stirring during 10 min. and, after the mixture had been stirred for a 
further 2 hr., the ammonia was allowed to evaporate. Water was added and the product was 
extracted into ether, washed, dried, and distilled (b. p. 155—163°/0-1 mm.; 3-26 g.). Redistil- 
lation gave 3,4-dibenzylthiobutan-2-ol, b. p. 165—167°/0-1 mm., u,,”° 1-6042 (Found: C, 67-9; H, 
7-1; S, 20-0. C,,H,,OS, requires C, 67-9; H, 7:0; S, 20-1%). The a-naphthylurethane, 
prepared in toluene (8 hours’ refluxing), crystallised from light petroleum in needles, m. p. 84— 
85° (Found: C, 71-5; H, 5-9; S, 13-1. C,,H,.O,NS, requires C, 71-4; H, 6-0; S, 13-1%). 

Preparation of Hydroxy-thiols via S-Benzyl Derivatives.—(a) 1,3-Dimercapto-2-methylpropan- 
2-ol. A solution prepared from ethanol (400 ml.) and sodium (11-5 g.) was treated with toluene- 
@-thiol (59 ml.) and cooled to 0°, then 2,3-dibromo-2-methylpropan-1l-ol (58 g.) was added with 
stirring during 20 min. After the mixture had been kept at room temperature overnight, 
sodium bromide was removed and the filtrate evaporated in vacuo to an oil, which was dissolved 
in ether, washed, and dried. The crude 1,3-dibenzylthio-compound which remained after 
removal of the ether was suitable for reduction to the dithiol, but a distilled specimen had b. p. 
172—174°/0-1 mm., »," 1-6047 (Found: C, 68-2; H, 7-0. C,,H,,OS, requires C, 67-9; H, 
70%). The crude dibenzyl compound in dry ether (150 ml.) containing ethanol (20 ml.) was 
stirred with liquid ammonia (800 ml.), and sodium (23 g.) was added portionwise until a 
permanent blue colour resulted. The colour was discharged with ammonium chloride and 
the ammonia allowed to evaporate, then the strongly cooled residue was treated with water and 
the layers were separated. The aqueous phase was extracted with ether and the combined 
organic layers were washed twice with sodium hydroxide solution, the washings being added to 
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the original aqueous solution. The ether solution was then discarded: it contained bibenzyl 
which, unless removed in this way, contaminated the final product and could not be separated 
from it by distillation. Finally the aqueous solution was cooled strongly and acidified with 
hydrochloric acid to liberate the dithiol, which was extracted into ether. Distillation of the 
washed and dried extracts gave the dithiol (17-6 g., 51% from the dibromide) as a yellow liquid, 
b. p. 49—59°/0:15 mm. A redistilled specimen had b. p. 50—52°/0-1 mm., ,* 1-5584 (Found: 
C, 35-0; H, 7-1; S, 46-7. Calc. for C,H,,OS,: C, 34:7; H, 7:3; S, 46-4%). 

Condensation of the dithiol with benzaldehyde as previously described gave the mixed 
isomers of the benzylidene derivatives, m. p. 117—133°. Repeated recrystallisation from 
benzene-light petroleum raised the m. p. to 145—146°, not depressed on admixture with the 
previous specimen. 

The same dithiol, characterised as the benzylidene derivative, was prepared in 62% yield 
from 3-bromo-2-methylpropylene oxide via the dibenzyl compound, which was not isolated. 

(b) 1,3- and 3,4-Dimercaptobutan-2-ol. 3,4-Dibromobutan-2-ol (23-2 g.) was allowed to react 
with the calculated quantity of the sodium derivative of toluene-w-thiol in ethanol as described 
under (a), to give a yellow oil (22-1 g.), b. p. 173—183°/0-1 mm. A redistilled specimen had 
b. p. 172—174°/0-06 mm. (Found: C, 67-7; H, 6-9. Calc. for C,,H,,OS,: C, 67-9; H, 70%). 
No crystalline product was isolated from the reaction of this mixture of 1,3- and 3,4-dibenzyl- 
thiobutan-2-ol with «-naphthy] isocyanate. 

The distilled dibenzyl compound (9-5 g.) was reduced by sodium and ethanol in liquid 
ammonia as above to a mixture of 1,3- and 3,4-dimercaptobutan-2-ol (4-18 g.), b. p. 48— 
52°/0-1mm. Two further distillations gave a colourless product, b. p. 53—54°/0-1 mm. (Found: 
C, 34:6; H, 7-6. Calc. for CgH,,OS,: C, 34:7; H, 7-°3%). Comparison of the colours which 
this sample and authentic 3,4-dimercaptobutan-2-ol gave with the manganous acetate reagent 18 
indicated that the present mixture probably contained not more than 15% of the vicinal 
dithiol. 

(c) 1,4-Dimercaptobutan-2-ol. 1,4-Dibromobutan-2-ol (12-7 g.) was allowed to react in the 
usual way with the sodium derivative of toluene-w-thiol to give a liquid (11-9 g.), b. p. 175— 
195°/0:03 mm. Redistilled 1,4-dibenzylthiobutan-2-ol had b. p. 195—197°/0-05 mm., ,* 
1-6030 (Found: C, 68-0; H, 6-9; S, 20-3. C,,H,,OS, requires C, 67-9; H, 7-0; S,20-1%). The 
a-naphthylurethane crystallised from benzene-light petroleum in needles, m. p. 83—84° (Found: 
C, 71-6; H, 6-1; S, 12-9 C,,H,,O,NS, requires C, 71-4; H, 6-0; S, 13-1%). 

The reaction was repeated with 69-6 g. af 1,4-dibromobutan-2-ol but, instead of distilling 
the 1,4-dibenzylthiobutan-2-ol, the crude intermediate was dissolved in dry ether (150 ml.) 
containing ethanol (15 ml.) and reduced with sodium (26-1 g.) in liquid ammonia. The product 
(25-0 g.), b. p. 67—71°/0-05 mm., was redistilled to give 1,4-dimercaptobutan-2-ol, b. p. 68— 
69°/0-02 mm., »,*° 1-5580 (Found: C, 34-8; H, 7-1; S, 46-5. C,H, OS, requires C, 34-7; H, 
7:3; S, 46-4%). 

(d) 1,6-Dimercaptohexan-2-ol. A solution of 1,6-dichlorohexan-2-ol (61 g.) in ethanol (150 
ml.) was added to a solution of the sodium derivative of toluene-w-thiol prepared from ethanol 
(325 ml.), sodium (16-4 g.) and toluene-«-thiol (84 ml.), and the mixture was refluxed for 5 hr., 
cooled, and filtered. Evaporation of the filtrate in vacuo left crude 1,6-dibenzylthiohexan-2-ol 
(127 g.) which solidified. A specimen, recrystallised with some difficulty from butan-1-ol—light 
petroleum, had m. p. 30—35° (Found: C, 69-1; H, 7-6; S, 18-2. Cy gH,,OS, requires C, 69-3; 
H, 7-6; S, 18-5%). 

The crude dibenzy! compound (127 g.) in dry ether (200 ml.) containing ethanol (25 ml.) 
was reduced with sodium (32-8 g.) in liquid ammonia. The product (37-2 g.), b. p. 92— 
101°/0-3 mm., was redistilled to give 1,6-dimercaptohexan-2-ol, b. p. 97°/0-005 mm., n,'* 1-5365 
(Found: C, 43-2; H, 8-5; S,38-0. C,H,,OS, requires C, 43-3; H, 8-5; S, 38-6%). 

(e) 1,3,4-Trimercaptobutan-2-ol. A solution of 1,3,4-trichlorobutan-2-ol % (16-8 g.) in 
ethanol (20 ml.) was added dropwise with stirring to a solution prepared from ethanol (60 ml.), 
sodium (6-9 g.), and toluene-w-thiol (35 ml.), the mixture becoming warm. After 30 min. the 
reaction was completed under reflux (45 min.). The cooled mixture was filtered and the filtrate 
evaporated in vacuo. Water was added and the crude 1,3,4-tribenzylthiobutan-2-ol was 
extracted into ether, washed, and dried. The ether solution (100 ml.) was added to liquid 
ammonia (500 ml.) containing ethanol (15 ml.), reduced with sodium, and worked up in the 
usual way to give 1,3,4-trimercaptobutan-2-ol (10-1 g.), b. p. 96—100°/0-0005 mm., n,” 1-6131 
(Found: C, 28-7; H, 6-0; S, 55-6. C,H, ,OS, requires C, 28-2; H, 5-9; S, 56-5%). 
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The trithiol (5 g.), acetic anhydride (25 ml.), and anhydrous sodium acetate (6 g.) were 
refluxed for 4 hr., cooled, and poured on to ice. The pale yellow solid was collected and crystal- 
lised from aqueous alcohol to give the tetra-acetate (9-9 g.), m. p. 76° (Found: C, 42-7; H, 565; 
S, 28-0. C,,H,,0,S, requires C, 42-6; H, 5-4; S, 28-4%). 

(f) «-Hydroxy-B-mercapto-a-mercaptomethylpropionic acid. Separate ethanolic solutions, one 
of §-chloro-«-chloromethyl-«-hydroxypropionic acid *’ (86-5 g.) and the other of sodium 
ethoxide (from 11-5 g. of sodium), were added simultaneously during 20 min. to a solution 
prepared from ethanol (400 ml.), sodium (23 g.), and toluene-w-thiol (118 ml.). During the 
reaction much solid separated and very vigorous stirring was required. After 6 hours’ stirring 
the mixture was set aside for 2 days and then acidified with concentrated hydrochloric acid, 
whereupon most of the solid redissolved. The bulk of the ethanol was removed in vacuo and 
the residue was diluted with water and extracted with ether. Evaporation of the dried extracts 
left @-benzylthio-a-benzylihiomethyl-a-hydroxypropionic acid (170 g., 98%) which crystallised 
from benzene in needles, m. p. 111—112° (Found: C, 61-8; H, 5-9; S, 18-4. C,.H,,0,S, 
requires C, 62-0; H, 5-8; S, 18-4%). The ethyl ester, prepared by 4Nn-ethanolic hydrogen 
chloride, crystallised from methanol-water in needles, m. p. 38—40° (Found: C, 63-3; H, 6-3; 
S, 16-9. C,9H,,0,S, requires C, 63-8; H, 6-4; S, 17-0%). 

The preceding acid (48 g.) in liquid ammonia (550 ml.) was stirred and treated portionwise 
with sodium (12-8 g., 4 equivs.; this quantity of sodium was insufficient to produce a permanent 
blue colour, but when more was used, or when ethanol was included, the yield of dithiol was 
reduced). When the ammonia had evaporated, the residue was dissolved in water (cooling) 
and extracted with ether. After being washed with dilute sodium hydroxide, the ether solution 
was discarded. The combined aqueous solutions were acidified (pH 1) with hydrochloric acid, 
and the product was extracted into ether, washed, and dried. Removal of the ether left a 
crude oil (22-5 g.) which was best purified by crystallisation from xylene, although the need iv 
reject much sparingly soluble gum made this tedious. (Similar difficulty has been reported * 
in purifying the hydrogenolysis product from $-benzy}thio-«-benzylthiomethylpropionic acid.) 
The yield of moderately pure a-hydroxy-acid, m. p. 70—74°, was 9-07 g. (39%). Further 
crystallisation from benzene gave needles, m. p. 74—77° (Found: C, 28-9; H, 4-5; S, 37-6, 
C,H,0,S, requires C, 28-6; H, 4-8; S, 38-1%). The acid was readily soluble in water and most 
organic solvents. 

This acid (11-1 g.), acetic anhydride (55 ml.), and anhydrous sodium acetate (14 g.) were 
refluxed for 4 hr., then poured into water (250 ml.) and set aside over the week-end. The 
mixture was brought to pH 1 by hydrochloric acid and extracted with ether. The extracts 
were washed, dried, and evaporated to a red oil (13-7 g.) which crystallised. Recrystallisation 
from water gave colourless platelets of triacetyl derivative, m. p. 113—114° (Found: C, 40-9; H, 
4-6; S, 21-3. C,)H,,0,S, requires C, 40-8; H, 4-8; S, 218%). Treatment with diazomethane 
in ether gave the methyl ester quantitatively, m. p. 59—60° (from aqueous alcohol) (Found: C, 
43-3; H, 5-3; S, 20-8. C,,H,,0,S, requires C, 42-8; H, 5:2; S, 20-8%). 

Ethyl a8-Di(acetylthio)valerate—A solution prepared from potassium hydroxide (44-6 g.) and 
thioacetic acid (60-5 g.) in methanol (150 ml.) was added with stirring and mild cooling 
during 30 mins. to ethyl «3-dibromovalerate ** (101 g.). The mixture was stirred for 2 hr., set 
aside for 2 days, and filtered. The filtrate was evaporated in vacuo and the residual oil dissolved 
in ether, washed with water, dried, and distilled. An amber liquid (62-7 g.), b. p. 137— 
143°/0-15 mm., was collected and redistilled to give pure ethyl a8-di(acetylthio)valerate, b. p. 140— 
141°/0-4 mm., ,*1 1-5091 (Found: C, 47-6; H, 6-5; S, 22-8. C,,H,,0,S, requires C, 47-5; H, 
6-5; S, 23-0%). 

Methyl 2,11-Di(acetylthio)undecanoate.—Methy] 2,11-dibromoundecanoate (47 g.) was added 
dropwise to a stirred solution of thioacetic acid (30-4 g.) in dry pyridine (70 ml.). After 
being stirred overnight, the mixture was cooled in ice and an excess of 5N-hydrochloric acid was 
added. The oily product was extracted into ether, washed, dried, and distilled twice to give 
methyl 2,11-di(acetyithio)undecanoate (31-2 g.), b. p. 166—176°/0-02 mm., ,*! 1-4986 (Found: 
S, 18-1. C,,H,,0,S, requires S, 18-4%). 

2,4-Dimercaptobutan-1-ol.—Lithium aluminium hydride (12 g.) in dry ether (450 ml.) was 
stirred under nitrogen whilst a solution of methyl wy-di(acetylthio)butyrate 1” (36-6 g.) in ether 

#7 Fourneau, Bull. Soc. chim. France, 1921, 29, 413. 


*8 Corse and Jansen, J]. Amer. Chem. Soc., 1955, '77, 6632. 
*® Merchant, Wickert, and Marvel, J. Amer. Chem. Soc., 1927, 49, 1828. 
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(150 ml.) was added at such a rate as to maintain gentle refluxing. Then the mixture was 
stirred for 1 hr., treated with water (50 ml.), and poured into ice-cold 6% sulphuric 
acid (600 ml.). The layers were separated and the aqueous phase was thoroughly extracted 
with ether. The combined ether solutions were washed, dried, and distilled in the presence of 
a little ammonium acetate ** to yield pale yellow 2,4-dimercaptobutan-1-ol (15-2 g.), b. p. 75— 
79°/0-05 mm. (Found: C, 34:7; H, 7:1; S, 46-4. C,H,OS, requires C, 34:7; H, 7-3; S, 
46-4%). 

5 CROLL EGE a§-di(acetylthio)valerate (24-6 g.) was reduced with 
lithium aluminium hydride (7-1 g.) as described for methyl ay-di(acetylthio)butyrate to give 
2,5-dimercaptopentan-1-ol (10-8 g.), b. p. 83—94°/0-1 mm. A redistilled specimen had b. p. 93— 
95°/0-3 mm., ”,*° 1-5492 (Found: C, 39-7; H, 7-7; S, 41-6. C,;H,,OS, requires C, 39-5; H, 
8-0; S, 42-1%). 

2,11-Dimercaptoundecan-1-ol.—Reduction of methy] 2, 11-di(acetylthio) undecanoate (45g.) with 
lithium aluminium hydride gave 2,11-dimercaptoundecanol (20-7 g.), b. p. 140°/0-005 mm., »,,** 
1-5096 (Found: C, 55-6; H, 10-5; S, 26-9. C,,H,,OS, requires C, 55-9; H, 10-2; S, 27-1%). 

Reactions with Vicinal Dibromo-esters——A mixture of ethyl a8-dibromobutyrate (26 g.) and 
potassium thioacetate (34-2 g.) in dry ethanol (250 ml.) was refluxed with stirring for 
6 hr., becoming red and finally almost black. Potassium bromide was removed, the filtrate 
evaporated in vacuo, and the residue treated with water. The mixture was extracted with ether 
(an insoluble tar being discarded), and the extracts were washed, dried, and distilled. The 
principal fractions were a mobile yellow liquid (2-5 g.), b. p. 56—61°/0-03 mm., and a red oil 
(6-0 g.), b. p. 97—120°/0-05 mm. Redistillation of the first fraction gave ethyl B-(acetylthio)- 
butyrate, b. p. 53°/0-05 mm., ,,'* 1-4730 (Found: C, 50-2; H, 7-8; S, 17-5. C,H,,0,S requires 
C, 50-5; H, 7-4; S, 169%). The second fraction was not identified, but it was not the desired 
ethyl «8-di(acetylthio) butyrate. 

The reaction of methyl a-bromo-«-bromomethylpropionate (26 g.) with potassium thio- 
acetate (34:2 g.) similarly gave, as only identifiable product, methyl ®-acetylthio-a-methyl- 
propionate (3-14 g.), b. p. 42—46°/0-2 mm., m,!" 1-4758 (Found: C, 47-7; H, 7-1; S, 18-4. 
C,H,,0,S requires C, 47-7; H, 6-9; S, 18-2%). 

Ethyl «8-dibromobutyrate (27-4 g.) was added during 15 min. to a stirred solution prepared 
from ethanol (400 ml.), sodium (4-6 g.), and toluene-w-thiol (24-8 g.). Next morning sodium 
bromide was removed and the filtrate evaporated im vacuo. The residue was taken up in ether, 
washed, dried, and distilled to give an amber liquid (10-9 g.), b. p. 95—110°/0-1 mm., and a 
pink oil, b. p. 120—150°/0-1 mm. Redistillation of the first fraction gave ethyl B-(benzylthio)- 
butyrate as a yellow liquid, b. p. 99—102°/0-03 mm., ,** 1-5301 (Found: C, 65-4; H, 7-6; S, 
13-7. C,3H,,0,S requires C, 65-5; H, 7-6; S, 13-5%). The second fraction afforded dibenzyl 
disulphide, identified by mixed m. p., when rubbed with methanol. 

Methyl «-bromo-«-bromomethylpropionate (26 g., 0-1 mole) was added in 15 min. with 
stirring and water-cooling to the sodium derivative of toluene-w-thiol (0-2 mole) in methanol 
(150 ml.), whereupon crystals rapidly separated. Next morning the solid was collected and 
washed with methanol and water, to leave dibenzyl disulphide (16-6 g.), m. p. and mixed m. p. 
68—70°. The methanol filtrate was evaporated in vacuo and the residue dissolved in ether, 
washed, dried, and distilled to give a liquid (10-8 g.), b. p. 88—98°/0-01 mm. Redistillation 
gave pale yellow methyl $-benzylthio-«-methylpropionate, b. p. 81°/0-01 mm., m,* 1-5340 
(Found: C, 64-0; H, 7-3; S, 14-4. Calc. for C,,H,,0,S: C, 64-3; H, 7-3; S, 143%). Hurd 
and Gershbein obtained this ester with b. p. 169-5°/13 mm., »,,%° 1-5323. 

Methyl «$-dibromopropionate (123 g., 0-5 mole) was added in 1 hr. with stirring and water- 
cooling to the sodium derivative of toluene-w-thiol (1 mole) in methanol (500 ml.). Next 
morning the mixture was diluted with an equal volume of water to dissolve the sodium bromide 
which had separated, and concentrated under reduced pressure to remove methanol. The oil 
was extracted into ether, and the extracts were washed, dried, and distilled. The two main 
fractions were a pale yellow mobile liquid (47-0 g.), b. p. 98—108°/0-1 mm., and a light red oil 
(42:5 g.), b. p. 163—180°/0-2 mm. There was also a considerable quantity of material of 
intermediate b. p., which crystallised when rubbed with methanol, yielding dibenzyl disulphide 
(26-5 g.). Redistillation of the low-boiling fraction gave methyl $-(benzylthio)propionate, 
b. p. 98—102°/0-1 mm., nm," 1-5492 (Found: C, 62-8; H, 6-6; S, 15-5. Calc. for C,,H,,0,S: 
C, 62:8; H, 6-7; S, 15-2%) (Hurd and Gershbein * give b. p. 173°/14 mm., m,% 1-5414). 
Redistillation of the high-'viling fraction gave methyl a®-di(benzylthio)propionate, b. p. 
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166—169°/0-15 mm. (Found: C, 64:7; H, 5-8; S, 20-1. C,gH»O,S, requires C, 65-0; H, 
6-1; S, 19-3%). 

The structure of the methyl 8-(benzylthio)propionate was established by acid hydrolysis * to 
8-(benzylthio)propionic acid which, after crystallisation from benzene-light petroleum and then 
from aqueous methanol, had m. p. and mixed m. p. 79—81°. Admixture with a-(benzylthio)- 
propionic acid *4 led to a large m. p. depression. Also, oxidation of the ester with hydrogen 
peroxide in acetic acid * gave methyl $-benzylsulphonylpropionate, m. p. and mixed m. p, 
99—100°. 

Ethyl 8-Acetylthio-a-bromobutyrate-—Ethyl «-bromocrotonate (57-9 g.) and_ thioacetic 
acid (33-1 g.) were refluxed for 18 hr., then distilled under reduced pressure. After a consider- 
able forerun, a yellow liquid (63-1 g.), b. p. 130—150°/17 mm., was collected. Redistillation 
gave ethyl 8-acetylthio-a-bromobutyrate, b. p. 142—146°/14 mm. (Found: C, 35-7; H, 4-8; §, 
11-9. C,H,,0,SBr requires C, 35-7; H, 4:9; S, 11-9%). 

Ethyl «8-Di(acetylthio)butyrate.—Ethyl B-acetylthio-«-bromobutyrate (42-4 g.) was added 
during 1 hr. to a stirred solution of thioacetic acid (16 g.) in pyridine (80 ml.) at 0—5°, 
The solution was then stirred at room temperature for 21 hr. and next heated on the steam- 
bath for 90 min. It was then cooled strongly, acidified with 5n-hydrochloric acid, and extracted 
with ether. The extracts were washed, dried, and distilled to give a pale yellow liquid (35-2 g)), 
b. p. 102—116°/0-1 mm. Redistilled ethyl «8-diacetylthiobutyrate had b. p. 108—110°/0-02 mm., 
n,** 1-5065 (Found: C, 45-2; H, 5-9; S, 24-0. C,9H,,0,S, requires C, 45-4; H, 6-1; S, 24-39%). 

2,3-Dimercaptobutan-1-ol.—Ethyl a$-di(acetylthio)butyrate (19-6 g.) was reduced with 
lithium aluminium hydride (6-5 g.) as described for methyl «y-di(acetylthio)butyrate to give 
2,3-dimercaptobutan-1-ol as a yellow liquid (5-05 g.), b. p. 69—76°/0-01 mm. After two further 
distillations the product was colourless and had b. p. 67—-69°/0-01 mm., m,'* 1-5540 (Found: 
C, 35-0; H, 7-6; S, 46-2. C,H,,OS, requires C, 34-7; H, 7-3; S, 46-4%). 

2,3-Dimercaptopropyl 3-Hydroxy-2-mercaptopropyl Sulphide.—3-Mercaptopropylene sulphide 
(5-3 g.) and 2,3-dimercaptopropan-l-ol (6-2 g.) were shaken for 16 hr. with 10% sodium 
hydroxide solution (2 ml.). The mixture, which contained a considerable quantity of polymer, 
was diluted with ether, washed with water, dried, and distilled. The main fractions were 
unchanged 2,3-dimercaptopropan-1l-ol (3 g.) and the sulphide (3 g.), b. p. 141—145°/0-0003 mm. 
(lit.,5 b. p. 150—160°/0-001 mm.) (Found: C, 31-8; H, 5-7; S, 56-0. Calc. for C,H,,OS,: ¢, 
31:3; H, 6-1; S, 55-7%). 

Reaction of Propylene Sulphide with Thiols.—In all experiments propylene sulphide (3-7 g, 
0-05 mole) was added to a cooled solution of the thiol (0-05 mole) in ethanol (50 ml.) containing 
a little sodium ethoxide (from ca. 50 mg. of sodium). Next morning, water (1 ml.) was added, 
the mixture was saturated with carbon dioxide and filtered, and the filtrate evaporated 
in vacuo. Fractionation of the residual viscous oil gave the following products: 

(a) 2-Mercaptoethanol gave 2-hydroxyethyl 2-mercaptopropyl sulphide (3-8 g.), b. p. 74°/0-05 
mm., #,°? 1-5369 (Found: C, 38-5; H, 8-0; S, 41-6. C,H,,OS, requires C, 39-4; H, 8-0; §, 
42-1%). 

(b) 3-Mercaptopropan-l-ol gave 3-hydroxypropyl 2-mercaptopropyl sulphide (1-0 g.), b. p. 
92—96°/0-15 mm., m,** 1-5324 (Found: C, 42-6; H, 8-2; S, 38-7. C,H,,OS, requires C, 433; 
H, &:5; S, 38-6%). 

(c) 2,3-Dimercaptopropan-l-ol gave 3-hydroxy-2-mercaptopropyl 2-mercaptopropyl sulphide 
(1-8 g.), b. p. 132—136°/0-005 mm., n,?° 15783 (Found: C, 35-6; H, 6-8; S, 48-2. C,H,,05, 
requires C, 36-3; H, 7-1; S, 48-5%). Refluxing for 3 hr. with acetic anhydride and anhydrous 
potassium acetate gave the triacetyl derivative, b. p. 140—149°/0-00005 mm., ,° 1-5338 (Found: 
C, 44-8; H, 6-3; S, 29-0. C,,.H.» O,S, requires C, 44-4; H, 6-2; S, 29-6%). 

(d) 1,3-Dimercaptopropan-2-ol gave 2-hydroxy-3-mercaptopropyl 2-mercaptopropyl sulphide 
(1-2 g.), b. p. 115°/0-0005 mm., m,** 1-5604 (Found: C, 36-8; H, 7-2; S, 48-7. CgH; 
requires C, 36-3; H, 7-1; S, 485%), and 1,3-di-(2-mercaptopropylthio)propan-2-ol (1-2 g), 
b. p. 172°/0-0002 mm., »,,** 15726 (Found: S, 46-9. C,H,,OS, requires S, 47-1%). 

(e) 1,2-Dimercaptoethane gave 2-mercaptoethyl 2-mercaptopropyl sulphide (2-8 g.), b. p. 70— 
75°/0-07 mm., n,,* 1-5728 (Found: C, 36-1; H, 7-3; S, 58-1. C,H,,S, requires C, 35-7; H, 72; 
S, 57-1%), and 1,2-di-(2-mercaptopropylthio)ethane (2-5 g.), b. p. 90°/0-07 mm., m,%% 1-578 
(Found: C, 39-3; H, 7-5. C,H,,S, requires C, 39-6; H, 7-5%). 

3° Szabo and Stiller, J. Amer. Chem. Soc., 1948, 70, 3667. 

*1 Owen and Sultanbawa, J., 1949, 3109. 
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(f) 1,3-Dimercaptopropane gave 2-mercaplopropyl 3-mercaptopropyl sulphide (1-8 g.), b. p. 
79°/0-05 mm., ”,** 1-5600 (Found: S, 53-5. C,H,,S3 requires S, 52°7%), and 1,3-di-(2-mercapto- 
propylthio) propane (1-6 g.), b. p. 100°/0-0001 mm., »,** 1-5660 (Found: C, 41-6; H, 7-6. 
CyH apg requires C, 42-1; H, 7-9%). 

(g) 1,2,3-Trimercaptopropane gave 2,3-dimercaptopropyl 2-mercaptopropyl sulphide (3-1 g.), 
b. p. 99—102°/0-00003 mm., ”,*° 1-6018 (Found: C, 33-5; H, 6-6; S, 59-7. C,H,,S, requires 
C, 33-6; H, 6-6; S, 598%), and 2-mercapto-1,3-di-(2-mercaptopropylthio)propane (1-4 g.), b. p. 
142—146°/0-0001 mm., 7," 15991 (Found: C, 36-8; H, 6-8; S, 55-8. C,H, S, requires C, 
37-4; H, 7-0; S, 55-5%). 

2,3-Dimercaptopropyl 1-Mercaptopropyl Sulphide.—Interaction of 3-mercaptopropylene 
sulphide and 1,3-dimercaptopropane as in similar experiments with propylene sulphide gave a 
small yield of the trimercapto-sulphide, b. p. 124°/0-004 mm., m,,** 1-6229 (Found: C, 34-3; H, 
6-2; S, 60-0. C,H,,S, requires C, 33-6; H, 6-6; S, 59-8%). 

2-Acetoxypropyl 2,3-Diacetylthiopropyl Sulphide.—1,2,3-Trimercaptopropane (7 g.) was added 
to ethanol (40 ml.) in which a trace of sodium had been dissolved. Propylene oxide (2-9 g.) was 
added with cooling and the mixture was set aside for 24 hr., then concentrated in vacuo. The 
oily residue was refluxed with acetic anhydride (50 ml.) and anhydrous sodium acetate (6 g.) 
for 8 hr., cooled, and diluted with ether. Sodium acetate was removed with water, and the 
organic layer was dried and distilled, to give the triacetyl derivative (4-1 g.), b. p. 133— 
136°/0-00002 mm., m,,™" 1-5289 (Found: C, 44-5; H, 6-2. C,,H O,S, requires C, 44-4; H, 
6-2%). 

2,3-Benzylidenedithiopropyl p-Tolyl Sulphide.—2,3-Benzylidenedithiopropyl chloride * (30 g.) 
in benzene (160 ml.) was added to a solution prepared from ethanol (200 ml.), sodium (3 g.), and 
thio-p-cresol (17 g.). The mixture was refluxed with stirring for 6 hr., cooled, and filtered. The 
filtrate was concentrated under reduced pressure to about 120 ml. whereupon a bulky precipitate 
separated. The cooled mixture was filtered and the crude tacky solid was crystallised from 
alcohol (charcoal) to yield moderately pure 2,3-benzylidenedithiopropyl p-tolyl sulphide (24-6 g.), 
m. p. 60—63°. Recrystallisation gave needles, m. p. 68—70° (Found: C, 64-2; H, 6:1. 
C,,7Hy,S; requires C, 64-2; H, 5-7%). 

2,3-Dimercaptopropyl p-Tolyl Sulphide.—The preceding benzylidene derivative (14 g.) was 
suspended in ethanol (160 ml.) and stirred at 60—65° whilst silver nitrate (17 g.) in water 
(80 ml.) was added during 30 min. The mixture was stirred at the same temperature for 3 hr. 
more, then cooled and filtered. The silvér derivative was washed successively with alcohol, 
boiling water, alcohol, and ether, a yellow powder (23 g.) remaining. This was suspended in 
methanol (150 ml.) and stirred vigorously whilst hydrogen sulphide was passed in for 3 hr. 
Silver sulphide was removed and the pale yellow filtrate and methanol washings were evaporated 
in vacuo under nitrogen. The residual oil was dissolved in ether, washed with sodium hydrogen 
carbonate solution and then with water, and dried. The solvent was removed and the product 
distilled to give 2,3-dimercaptopropyl p-tolyl sulphide as a pale yellow liquid (3-48 g.), b. p. 120— 
124°/0-1 mm., n,!*'1-6217 (Found: C, 52-5; H, 6-4. C, 9H,,S, requires C, 52-1; H, 6-1%). 


We thank Mr. J. B. Blackman and Mr. B. Hatt for experimental assistance. 
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BROCKHAM PARK, BETCHWORTH, SURREY. [Received, November 24th, 1959.] 
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532. Antituberculous Sulphur Compounds. Part II.* Some 
Cyclic Sulphides Derived from Dimercaptoalkanols. 


By F. P. Dove, D. O. HoLtanp, K. R. L. MANsForp, 
J. H. C. NAYLER, and A. QUEEN. 


A number of dimercaptoalkanols have been converted, through their 
triacyl derivatives, into acylthioalkylene sulphides. Cyclic sulphides have 
also been prepared by treating dimercaptoalkanols with hydrochloric acid 
followed, where necessary, by a weak base. The latter cyclisation procedure 
may, however, result in the formation of either three- or five-membered 
rings, depending on the relative positions of the functional groups. 


THE discovery of appreciable antituberculosis activity in 2,3-dimercaptopropanol (BAL) 
led us to examine some of its simple derivatives. The O-acetate,! di-S-acetate,? and 
triacetate 4 were found to possess considerable antituberculosis activity both in vitro and 
in vivo. The action of bases on these derivatives gives 3-mercaptopropylene sulphide 
(I; R =H) or its S-acetyl derivative (II; R = Me),** both of which have now been 
shown to be powerful antituberculosis agents in vivo. We therefore prepared analogous 
cyclic derivatives of other acylated dimercaptoalkanols. 

The tripropionate and tributyrate of 2,3-dimercaptopropanol were readily prepared 
by using the appropriate anhydride in the presence of sodium propionate and sodium 
butyrate respectively. However, application of Miles and Owen’s cyclisation procedure,? 
in which the ester is distilled with sodium hydrogen carbonate solution at about 60°/150 
mm., to these compounds was not as satisfactory as with the triacetate. The tripropionate 
slowly gave 3-propionylthiopropylene sulphide (II; R = Et), but much starting material 
distilled unchanged, and the tributyrate gave no more than a trace of 3-butyrylthio- 
propylene sulphide (II; R= Pr). In view of these results study of the cyclisation of 
triacyl derivatives of other dimercaptoalkanols was restricted to the acetates. 


a, Ree H,C———CH'CH,"S*COR H,C——CH*[CHg]n"SAc 
(I) Ss ¢89) S (IID 


All the dimercaptoalkanols described in Part I gave good yields of triacetates when 
heated with acetic anhydride and anhydrous sodium acetate. Distillation of the 
appropriate triacetates with sodium hydrogen carbonate solution in the usual way gave 
satisfactory yields of four new acetylthioethylethylene sulphides (i.e., III; = 2, and the 
three isomeric monomethy] derivatives of II; R = Me) and of two homologues (III; » = 3 
and 4). The presence of the ethylene sulphide ring in each product was confirmed by the 
isolation of trimethylsulphonium iodide upon treatment with an excess of methyl iodide at 
room temperature for some days.”> Under these cyclisation conditions, therefore, ethylene 
sulphides are apparently formed in preference to alternative structures containing larger 
rings. Although the triacetates of the two dithioglycerols differ markedly in their 
tendency to undergo cyclisation to 3-acetylthiopropylene sulphide,® (2-acetylthio- 
ethyl)ethylene sulphide (III; = 2) was obtained with equal facility from either 2,4-di- 
(acetylthio)butyl or 3-acetylthio-l-acetylthiomethylpropyl acetate. No acylthio-epi- 
sulphide could be isolated when the usual cyclisation procedure was applied to 2,11-di- 
(acetylthio)undecyl acetate, methyl «-acetoxy-8-acetylthio-«-acetylthiomethylpropionate, 


* Part I, preceding paper. 

1 Pavlic, Lazier, and Signaigo, J. Org. Chem., 1949, 14, 59. 
® Miles and Owen, J., 1952, 817. 

3 Evans, Fraser, and Owen, /., 1949, 248. 

* Harding and Owen, /., 1954, 1528. 

5 Culvenor, Davies, and Heath, J., 1949, 282. 

* Cf. Fitt and Owen, J., 1957, 2240. 
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or 2,3-diacetylthio-l-acetylthiomethylpropyl acetate, probably owing to the low solubility 
of these compounds. 

Both the previous synthesis ? from 2,3-dimercaptopropyl acetate and the alternative 
thermal dehydration of 2,3-dimercaptopropanol’ give rather poor yields of 3-mercapto- 
propylene sulphide (I; R =H) together with much polymer. In view of the anti- 
tuberculosis activity of the sulphide we tried to develop an improved and general synthesis. 
Better yields of 3-mercaptopropylene sulphide have now been obtained by a process 
similar to that of Coltof*® for simple ethylene sulphides. Treatment of 2,3-dimercapto- 
propanol with concentrated hydrochloric acid at room temperature for two days gave a 
chloro-dithiol, which in the presence of a base such as sodium hydrogen carbonate or 
calcium carbonate lost the elements of hydrogen chloride to give the episulphide: strong 
bases caused extensive polymerisation. Since Davies and Savige® obtained the same 
mercaptopropyl chloride from 2-mercaptopropan-l-ol and 1-mercaptopropan-2-ol, re- 
arrangement through a cyclic sulphonium ion could have occurred at the first stage. 
Consequently our intermediate may have been compound (IV) or (V) or a mixture of the 
two, and we failed to prove its structure. 3-Mercaptopropylene sulphide was similarly 
prepared from 1,3-dimercaptopropan-2-ol, but this alcohol was less reactive than its 
isomer towards hydrochloric acid and even when the mixture was heated the yield of 
chloro-dithiol, again unidentified, was comparatively low. The marked inferiority of 
1,3-dimercaptopropan-2-ol to 2,3-dimercaptopropan-l-ol as a source of 3-mercapto- 
propylene sulphide parallels the previously noted difference in the tendency of the derived 
triacetates to undergo cyclisation to 3-acetylthiopropylene sulphide in the presence of 
alkali. 


HS*CH,*CH(SH)*CH,°OH ? J : 
: ey \g PHS*CHyCH—CH, HS*CHy*CH(SH)CH,CI_ (IV) 
HCI | Na | and/or —s (I; R=H) 
SH 
HS*CH4*CH(OH)*CH,"SH HS*CHyCHCICH,SH (V) 


A dimercaptobutyl chloride of uncertain structure was readily obtained from 
] ,3-dimercapto-2-methylpropan-2-ol by means of cold concentrated hydrochloric acid: it 
gave the sulphide (I; R = Me) on treatment with sodium hydrogen carbonate. Both 
2,3-dimercaptobutan-l-ol and 3,4-dimercaptobutan-2-ol were similarly converted into 
mercapto-episulphides, but in these cases the structures of the end-products as well as 
those of the intermediates are equivocal. All the mercapto-episulphides gave trimethyl- 
sulphonium iodide when kept with an excess of methyl iodide, confirming the presence of 
the ethylene sulphide ring. The two thiols (I; R =H and Me) were characterised as 
crystalline phenylurethanes. 

The action of cold concentrated hydrochloric acid on 2,4-dimercaptobutan-l-ol (V1) 
differed from its action on the dimercaptoalkanols considered hitherto in that the product 
was, not a chloro-dithiol, but 3-mercaptothiophan (VII), characterised as the phenyl- 
urethane. Rather surprisingly, this product was also obtained from 1,4-dimercapto- 


CH,‘OH r HsC\G H,°SH 
H,C——CH'SH | SH 
spent ; “st CH:OH 
—> = H.C CH ~<~-— Sa 
CH, HCI sat 7 . fi HCl CH, 
S 
CH,*SH CH,'SH CH,*SH 
(VD (VID) (VIII (IX) 


butan-2-ol (IX) under similar conditions, presumably via the cyclic sulphonium ion (VIII). 
The preferential formation, by acid, of the five-membered ring contrasts with the conversion 
* Signaigo, U.S.P. 2,436,233. 


* Coltof, B.P. 508,932; U.S.P. 2,183,860. 
® Davies and Savige, J., 1950, 317. 
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of the derived triacetates into the three-membered ring structure (III; = 2) by the 
action of sodium hydrogen carbonate. With an excess of methyl iodide 3-mercaptothio- 
phan gave a crystalline methiodide, which with cold sodium hydrogen carbonate solution 
afforded a thiol-free product tentatively formulated as 3-methylthiothiophan. 

A cyclic sulphide was also formed when 2,5-dimercaptopentan-1l-ol was treated with cold 
concentrated hydrochloric acid. The product, characterised as the phenylurethane, is 
probably 2-mercaptomethylthiophan (X), in view of the apparent ease of formation of the 
thiophan ring. The six-membered ring of the alternative structure (XI) is not formed 
readily under such conditions: thus 1,6-dimercaptohexan-2-ol, which could theoretically 
give compound (XII) or (XIII), or a chloro-dithiol, reacted only sluggishly with cold 
concentrated hydrochloric acid and no pure product was isolated. 


CH, CH, H,c——CH, 
H,c——CH, H.C ‘Gass H.C CH, H,C CH:SH 
H,C CH+CH,SH H.C CH, HiC  CH*CH,'SH H.C CH, 
S s ‘s S 
(X) (XD (XID (XIID 


The deactivating effect of a carboxyl substituent was illustrated by the recovery of 
a-hydroxy-$-mercapto-«-mercaptomethylpropionic acid after a week in concentrated 
hydrochloric acid. No pure products were isolated from the action of hydrochloric acid 
on 2,11-dimercaptoundecan-l-ol or on 3-hydroxy-2-mercaptopropyl 2-mercaptopropyl 
sulphide. 

The new compounds described in this paper were tested against experimental human 
type tuberculosis (H37Rv) in mice. Several of the chloro-thiols, the mercaptoalkylene 
sulphides, the acylthioalkylene sulphides, and the triacyl derivatives of dimercapto- 
alkanols showed antituberculosis activity, to be reported by Mr. D. M. Brown and his 
colleagues. 

EXPERIMENTAL 

Triacyl Derivatives of Dimercaptoalkanols.—A mixture of the dimercaptoalkanol (0-1 mole), 
the acid anhydride (0-65 mole), and the anhydrous sodium salt of the corresponding acid (0-2 
mole) was refluxed for 8 hr., cooled, and diluted with ether. The sodium salt was removed 
with water, and the ether solution was dried and distilled. Details for individual ¢riacyl 
derivatives, all of which were colourless or pale yellow liquids, are given in Table 1. 

Reaction of Triacyl Derivatives with Sodium Hydrogen Carbonate Solution.—(a) A mixture 
of 2,3-dipropionylthiopropyl propionate (17-5 g.), sodium hydrogen carbonate (20 g.), and 
water (200 ml.) was distilled slowly under nitrogen at about 60°/150 mm., more water being 
added as required. After 22 hr. the condensate no longer contained oily drops, and distillation 
was stopped. The distillate was extracted with light petroleum, and the extracts were washed, 
dried, and distilled to give 3-propionylthiopropylene sulphide (3-7 g.) (see Table 2) and unchanged 
tripropionate (8 g.), b. p. 120—127°/0-01 mm. 

(6) 2,3-Dibutyrylthiopropyl butyrate (20 g.) was distilled with sodium hydrogen carbonate 
solution at about 70°/200 mm. for 20 hr. After being worked up as in (a), the distillate gave 
only a trace of 3-butyrylthiopropylene sulphide (see Table 2), but mainly unchanged tributyrate 
(17 g.). The tributyrate also distilled substantially unchanged when the experiment was 
conducted at atmospheric pressure. Distillation at 70°/200 mm. in the presence of ethylene 
glycol (added to increase the solubility of the tributyrate) gave some 6% of 3-butyrylthio- 
propylene sulphide, but the main product was non-volatile polymer. 

(c) Each of the triacetates (Nos. 3—9 in Table 1) was distilled with sodium hydrogen 
carbonate solution at about 70°/200 mm. as previously described. It was usually necessary 
to collect about 1 1. of distillate during about 7 hr. The distillate was extracted with light 
petroleum or chloroform, and the extracts were washed, dried, and distilled. All the acylthio- 
alkylene sulphides (sec Table 2) were colourless or pale yellow mobile liquids: no unchanged 
triacetate was found. 
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Action of Hydrochloric Acid on Dimercaptoalkanols.—(a) Addition of 2,3-dimercapto- 
propan-l-ol (100 g.) to concentrated hydrochloric acid (200 ml.) gave a clear solution, which 
after 5 min. began to deposit an oil. The mixture was stirred vigorously for 48 hr., then diluted 
with water and extracted with ether. The extracts were washed and dried, and the ether was 
removed, finally under reduced pressure, to leave the crude chloro-dithiol (104 g.) as an almost 
colourless foul-smelling liquid. A distilled specimen had b. p. 30—31°/0-1 mm. (Found: 
C, 25-1; H, 5-0; S, 45-7. Cale. for C;H,S,Cl: C, 25-3; H, 5-0; S, 44-9%). 

The crude chloro-dithiol (104 g.) was stirred vigorously for 2 hr. with sodium hydrogen 
carbonate (70 g.) in water (600 ml.), carbon dioxide being evolved. 3-Mercaptopropylene 
sulphide was then extracted into ether, washed, dried, and distilled; it had b. p. 61—65°/20 
mm., ”,”° 1-5813 (yield, 49 g., 57%) (Miles and Owen ? give b. p. 66—67°/20 mm., m,,!* 1-5810) 
(Found: C, 34:0; H, 5-4. Calc. for C;H,S,: C, 33-9; H, 5-7%). With phenyl isocyanate at 
room temperature it slowly gave the phenylurethane, m. p. 100° (from cyclohexane) (Miles and 
Owen ? give m. p. 102°) (Found: C, 53-3; H, 4-8; N, 6-5. Calc. for CygH,,ONS,: C, 53-3; 
H, 4:9; N, 6-2%). 

(b) A solution of 1,3-dimercaptopropan-2-ol (20 g.) in concentrated hydrochloric acid (60 ml.) 
was heated in a sealed tube at 70—80° for 18 hr., cooled, and diluted with water. The colourless 
viscous oil which separated was extracted into ether (some insoluble polymer being discarded), 
washed, dried, and distilled. The chloro-dithiol (5-94 g.) was collected at 33—40°/0-1—0-2 mm. 
There remained a large residue of viscous oil, but raising the bath-temperature above 80° caused 
very extensive decomposition. Redistillation of the chloro-dithiol, b. p. 35—36°/0-1 mm., 
was always accompanied by slight decomposition with loss of hydrogen chloride (Found: 
C, 25-7; H, 4:8; S, 45-9; Cl, 22-9. Calc. for C,H,S,Cl: C, 25-3; H, 4-9; S, 44-9; Cl, 24-9%). 

The chloro-dithiol (5-9 g.; once distilled) was shaken overnight with calcium carbonate 
(7 g.) and water (70 ml.) to give 3-mercaptopropylene sulphide (1-98 g.), b. p. 64—65°/22 mm., 
n," 1-5814, isolated as in (a). 

(c) The initially clear solution of 1,3-dimercapto-2-methylpropan-2-ol (10 g.) in concentrated 
hydrochloric acid (20 ml.) became turbid after a few minutes. It was shaken for 45 hr., diluted 
with water, and extracted with ether. Distillation of the washed and dried extracts gave the 
chlorodithiol (?) (5-08 g.), b. p. 44—46°/0-'9 mm. Redistillation gave a colourless mobile liquid, 
b. p. 30—31°/0-1 mm., ,° 15477 (Found: C, 30-6; H, 5-5; S,40-9. C,H,S,Cl requires C, 30-7; 
H, 5-8; S, 40-9%). 

The reaction was repeated, but instead of distilling the crude chloro-dithiol it was shaken 
with sodium hydrogen carbonate (8 g.) in water (80 ml.) for 2} hr. 1-Mercaptomethyl-1- 
methylethylene sulphide was isolated by ether-extraction and distilled as a colourless mobile 
liquid, b. p. 66—67°/17 mm., m,,** 1-5534 (4-71 g., 54%) (Found: C, 39-7; H, 6-5; S, 53-6. 
C,H,S, requires C, 40-0; H, 6-7; S, 53-3%). When kept with phenyl isocyanate for some days 
it gave the phenylurethane, platelets, m. p. 80—81° (from benzene-light petroleum) (Found: 
C, 55-1; H, 5-3; N, 6-1; S, 26-7. C,,H,,ONS, requires C, 55-2; H, 5-5; N, 5-9; S, 26-8%). 

(zd) A solution of 2,4-dimercaptobutan-l-ol (13-8 g.) in concentrated hydrochloric acid 
(20 ml.) became turbid after five min. The mixture was shaken for 3 days, then diluted with 
water and extracted with ether. Distillation of the washed and dried extracts gave 3-mercapto- 
thiophan (4-5 g.), b. p. 27—28°/0-04 mm. (Found: C, 39-7; H, 6-6; S, 53-1. .Calc. for C,H,S,: 
C, 40-0; H, 6-7; S, 533%). The phenylurethane separated from light petroleum in needles, 
m. p. 108—109°, alone or mixed with an authentic specimen ? kindly supplied by Dr. Owen 
(Found: N, 6-1. Calc. for C,,H,,ONS,: N, 5-9%). 

(e) A solution of 1,4-dimercaptobutan-2-ol (10 g.) in concentrated hydrochloric acid (20 ml.) 
became turbid rather slowly. After being shaken for 4 days, the mixture was worked up as 
in (d) to yield 3-mercaptothiophan (3-53 g.), b. p. 30°/0-3 mm. (Found: C, 39-9; H, 66%), 
identified as the phenylurethane, m. p. and mixed m. p. 107—109°. 

(f) 2,5-Dimercaptopentan-l-ol (5 g.) dissolved in concentrated hydrochloric acid (10 ml.) 
to give a clear solution, from which an oil began to separate after 5 min. The mixture was 
shaken for 48 hr. and 2-mercaptomethylthiophan (?) was isolated by ether-extraction and 
distilled to give a liquid (2-61 g.), b. p. 89—90°/12 mm., »,!* 1-5696 (Found: C, 44-4; H, 7:5. 
C,Hy)S, requires C, 44-7; H, 7:5%). The phenylurethane, prepared in boiling benzene, 
crystallised from benzene—light petroleum in prisms, m. p. 87—89° (Found: N, 5-3; S, 25-4. 
C,,H,,ONS, requires N, 5:5; S, 25-3%). 
3-Acetylthiothiophan.—A mixture of 3-mercaptothiophan (2:1 g.), acetic anhydride (8 ml), 
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and anhydrous sodium acetate (2 g.) was refluxed for 2} hr., cooled, diluted with water, and 
extracted with ether. Distillation of the washed and dried extracts gave 3-acetylthiothiophan 
(2-31 g.), b. p. 58—-60°/0-15 mm., 7,” 1-5569 (Found: C, 44-1; H, 6-1; S, 39-2. C,H, OS, 
requires C, 44-4; H, 6-2; S, 39-5%). In common with thiophan itself,’ this compound 
exhibited no strong infrared absorption peaks between 9 and 10 uw, whereas the isomeric 
(2-acetylthioethyl)ethylene sulphide, ethylene sulphide, propylene sulphide, and 3-acetylthio- 
propylene sulphide all absorb strongly at 9-5—9-6 4. The spectra of 3-acetylthiothiophan and 
(2-acetylthioethyl)ethylene sulphide also differ in several other respects, notably in the 7-6—8-3 
region. 

a of Cyclic Sulphides with Methyl Iodide.—(a) When 3-mercaptopropylene sulphide, 
1-mercaptomethyl-1-methylethylene sulphide, or any of the acylthioalkylene sulphides reported 
in Table 2 was kept for some days in an excess of methyl iodide at room temperature trimethy]l- 
sulphonium iodide was formed. It was identified by mixed m. p. after recrystallisation from 
ethanol. The m. p. of this iodide depends greatly on the rate of heating, but an average value 
is 197—-198° (decomp.). 

(b) 3-Mercaptothiophan (15 g.) in methyl iodide (50 ml.) was set aside for 2 days. It gave 
a white solid (27-2 g.), m. p. 92—94° (after washing with acetone and ether). This methiodide 
crystallised from methanol in prisms, m. p. 94—95° (Found: C, 23-0; H, 4-8; S, 24-8. C,H,,S,I 
requires C, 22-9; H, 4-2; S, 24.5%). A solution in cold water immediately decolorised iodine. 

A solution of the methiodide (20 g.) in cold water (300 ml.) was treated with sodium hydrogen 
carbonate (15 g.) in cold water (200 ml.). An oil began to separate at once and carbon dioxide 
was evolved freely for several min. After 40 min. the mixture was extracted with ether, and 
the extracts were washed, dried, and distilled to give 3-methylthiothiophan (?) (8-8 g.), b. p. 
89—90°/12 mm., »,?? 1-5481 (Found: C, 44-8; H, 7-8; S, 47-1. C,H S, requires C, 44-7; 
H, 7:5; S, 47-8%). 


We thank Mr. J. B. Blackman for experimental assistance. 


BEECHAM RESEARCH LABORATORIES LTD., 
BROCKHAM PaRK, BETCHWORTH, SURREY. [Received, November 27th, 1959.] 


10 Hartough, ‘‘ Thiophene and its Derivatives,” Interscience Publishers, New York, 1952, p. 108. 
11 Guthrie, Scott, and Waddington, J. Amer. Chem. Soc., 1952, '74, 2795. 


533. Antituberculous Sulphur Compounds. Part III.* 
Substituted Propylene Sulphides. 


By E. P. Apams, K. N. Ayan, F. P. Doyie, D. O. HoLtanp, W. H. Hunter, 
J. H. C. NAYLER, and A. QUEEN. 


Some new 3-substituted propylene sulphides have been prepared from 
the corresponding oxides and thiourea. Alkaline hydrolysis of 3-chloro- 
propylene sulphide has been shown to yield 2-hydroxytrimethylene sulphide, 
and not 3-hydroxypropylene sulphide as previously reported. Acylation 
of 3-mercaptopropylene sulphide by means of acid chlorides and both 
symmetrical and mixed anhydrides has afforded numerous 3-acylthio- 
propylene sulphides. Several examples of the thermal decomposition of 
3-acylthiopropylene sulphides into 3-acylthiopropenes and sulphur are 
reported. : 





SINCE one of the most active antituberculosis agents encountered in this series was 
3-mercaptopropylene sulphide, it was of interest to prepare other 3-substituted propylene 
sulphides. Four compounds of this type (III; R= SMe, SEt, OEt, and NEt,) were 
prepared by the well-known method 23 of treating the corresponding oxides (I) with 


* Part II, preceding paper. 

? Dachlauer and Jackel, G.P. 636,708/1936. 

* Culvenor, Davies, and Pausacker, J., 1946, 1050. 

* Bordwell and Andersen, J. Amer. Chem. Soc., 1953, 75, 4959. 
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thiourea. In the first two cases the intermediate thiouronium salts were also isolated; 
they were assigned structure (II) rather than the 1-hydroxy-2-propyl alternative by 
analogy with the proved structure of the intermediate in the preparation * of propylene 
sulphide itself. 


H,C—CH-CH,R CH,-CH:CH,R = —>q= HC — CH-CH,R 
\7 i 1 ° i 
S OH S 
(I) H,N-C:NH,* (II) (111) 


A bisthiouronium salt analogous to (II) was prepared by the action of thiourea on 
di-(2,3-epoxypropyl) disulphide, itself obtained by oxidation of 1-chloro-3-mercapto- 
propan-2-ol and treatment of the resulting bischlorohydrin with sodium hydroxide. The 
corresponding bisepisulphide, di(2,3-epithiopropyl) disulphide, was however more con- 
veniently obtained by treating an ice-cold solution of 3-mercaptopropylene sulphide in 
chloroform with the calculated quantity of iodine. 

Several attempts were made to reduce di-(2,3-epoxypropyl) disulphide to 3-mercapto- 
propylene oxide, which would be of interest as an oxygen analogue of the active anti- 
tuberculosis agent, 3-mercaptopropylene sulphide. Aluminium amalgam appeared to 
effect reduction, but the product was too unstable to be purified. This is perhaps not 
surprising in view of the ease with which ethylene oxides react with thiols. 

It was also desirable to examine the antituberculosis activity of the other oxygen 
analogue, namely 3-hydroxypropylene sulphide (III; R=OH). An earlier report? 
that this compound could not be prepared from glycidol and thiourea was confirmed. 
Culvenor and Davies‘ claimed to have prepared it by alkaline hydrolysis of 3-chloro- 
propylene sulphide (IV), but this method is not structurally definitive. Displacement of 
chlorine in a $-chloro-sulphide by a nucleophilic reagent is generally considered to involve 
a cyclic sulphonium ion® and may lead to re-arrangement.® It was therefore not 
surprising to find that the compound which Culvenor and Davies regarded as 3-hydroxy- 
propylene sulphide was actually 2-hydroxytrimethylene sulphide (V), identical with a 
specimen’? prepared by cyclisation of 1-chloro-3-mercaptopropan-2-ol (VI). It seemed 
improbable that the chloro-thiol (VI) could also be an intermediate in the formation of 
2-hydroxytrimethylene sulphide from chloropropylene sulphide, since even if rupture of 
the ring preceded displacement of halogen it would have been expected to give a secondary 
rather than a primary thiol. Alkaline hydrolysis of 3-chloropropylene sulphide more 
probably involves the electronic displacements indicated at (IV), as a result of which the 
hydroxyl group becomes attached at Cy) to give the less strained ring system (V). 


OH™ 
S S 


iN 
H,C—— CH-CH,-Cl ry mt ed H,C - CH(OH)+ CH, <n Cl-CH,-CH(OH)-CH)-SH (VI) 
7 


(VIT) 


Physical evidence for the identity of the two specimens of 2-hydroxytrimethylene 
sulphide was supplemented by the following chemical considerations: (a) Both samples 
on desulphurisation with Raney nickel, followed by oxidation of the propanol with 
acidified potassium dichromate, yielded acetone, which was isolated as the 2,4-dinitro- 
phenylhydrazone. The end-product expected from 3-hydroxypropylene sulphide would 
have been propionaldehyde. (b) Both specimens reacted with methyl iodide in excess 
to give 2-hydroxy-3-iodopropyldimethylsulphonium iodide (VII); this is characteristic 

* Culvenor and Davies, Austral. J. Sci. Res., 1948, 1, A, 236. 

5 Gilman and Philips, Science, 1946, 108, 409; Fuson, Price, and Burness, J. Org. Chem., 1946, 11, 
475; Bartlett and Swain, J. Amer. Chem. Soc., 1949, 71, 1406. 


® Marvel and Weil, J. Amer. Chem. Soc., 1954, 76, 61; Gundermann, Annalen, 1954, 588, 167. 
7 Sjoberg, Svensk Kem. Tidsk., 1938, 50, 250; Ber., 1941, 74, 64. 








one 
les 
ith 








[1960] Antituberculous Sulphur Compounds. Part ITI. 2667 


of trimethylene sulphides, whereas ethylene sulphides (including 3-chloropropylene 
sulphide) undergo more extensive disruption of the molecule and yield trimethyl- 
sulphonium iodide.® 

Ring expansion also occurred when 3-chloropropylene sulphide was heated with 
potassium acetate in glacial acetic acid, the resulting 2-acetoxytrimethylene sulphide 
being indistinguishable from a sample prepared from 2-hydroxytrimethylene sulphide 
and acetic anhydride. The action of an excess of methyl iodide on 2-acetoxytrimethylene 
sulphide gave 2-hydroxy-3-iodopropyldimethylsulphonium iodide (VII), the acetyl group 
being lost in the reaction. 

None of the new compounds described above had appreciable antituberculosis activity, 
so we turned to compounds more closely related to 3-mercaptopropylene sulphide. 
Although the acetyl derivative (III; R = SAc) is best prepared by distilling 2,3-diacetyl- 
thiopropyl acetate with aqueous sodium hydrogen carbonate solution at about 60°/150 
mm.,° the method appears to be much less satisfactory for other acyl derivatives (cf. Part 
II of this series). We thus examined the acylation of 3-mercaptopropylene sulphide. 
Acetyl chloride, preferably in a diluent such as ether at 0°, gave a non-distillable oil which 
contained chlorine. Since acetyl chloride and propylene sulphide give 2-chloropropyl 
thiolacetate 1! the unstable compound was considered to have structure (IX; R = Me). 
From this, aqueous sodium hydrogen carbonate at room temperature eliminated hydrogen 
chloride, to give 3-acetylthiopropylene sulphide 1° (X; R = Me). There was no evidence 
of the presence of 2-acetylthiotrimethylene sulphide, which might have been formed by 
initial cleavage in the opposite Sense. 


HiC—CH-CHySH  egeT eR  GHyCHCICHSH = aco, CH, CH CH, 


S “COR | ¢ 
(VIII) (1X) sis (X) 


This technique was used, with minor modifications, to bring about reaction of 3-mer- 
captopropylene sulphide with a large number of carboxylic acid chlorides and with several 
chloroformic esters. In a few cases the acyl derivative (X) was obtained even when no 
sodium hydrogen carbonate was used, but it is not known whether this was due to 
spontaneous loss of hydrogen chloride from the hypothetical intermediate (IX) or to direct 
reaction of the acid chloride with the thiol group of 3-mercaptopropylene sulphide rather 
than with the ethylene sulphide ring. 

Acylation of 3-mercaptopropylene sulphide by means of acid anhydrides was next 
examined. Treatment with acetic anhydride in the presence of a little pyridine gave a 
85% yield of 3-acetylthiopropylene sulphide after seven days at room temperature. At 
the b. p. the yield was considerably reduced and if excess of anhydride was used the 
ethylene sulphide ring appeared to be opened (as might be expected by analogy with 
Davies and Savige’s observations"). Heating 3-mercaptopropylene sulphide for a few 
minutes with succinic anhydride and a trace of pyridine gave the crystalline acid (X; 
R = CH,°CH,°CO,H), but phenylsuccinic anhydride, glutaric anhydride, and phthalic 
anhydride failed to react under conditions which the somewhat labile 3-mercaptopropylene 
sulphide would withstand. - 

The more reactive mixed anhydrides of type (XI), which are conveniently prepared from 
ethyl chloroformate and the triethylamine salt of the appropriate acid in an inert solvent and 
used in situ,!* with 3-mercaptopropylene sulphide at or near room temperature, occasionally 


* Bennett and Hock, J., 1927, 2496. 

* Culvenor, Davies, and Heath, J., 1949, 282. 

10 Miles and Owen, J., 1952, 815. 

11 Davies and Savige, J., 1950, 317. 

¥* Vaughan and Osato, J. Amer. Chem. Soc., 1952, 74, 676; cf. Boissonnas, Helv. Chim. Acta, 1951, 
$4, 874; Wieland and Bernhard, Annalen, 1951, 572, 190. 
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in the presence of a catalytic quantity of pyridine, readily afforded the 3-acylthiopropylene 
sulphides; the anhydrides were of such various acids as N-benzyloxycarbonylglycine, 
hippuric acid, N-benzoyl-p1-phenylalanine, NN-dimethylglycine, and levulic, tere. 
phthalic, p-acetamidobenzoic, and p-nitrobenzoic acid. However, certain other anhy- 
drides underwent preferential decomposition; in some such instances typical decomposition 
products 14-14 of the mixed anhydride were isolated, such as the symmetrical anhydride 
or the ethyl ester of the appropriate acid. 

The ethoxyformic anhydride of ~-dimethylaminobenzoic acid also failed to react with 
3-mercaptopropylene sulphide under the usual conditions, but in this instance the ethoxy- 
formic anhydride itself proved to be rather stable and was isolated and recrystallised 
without difficulty. The first stable crystalline ethoxyformic anhydrides have only 
recently been reported,“ although two methoxyformic anhydrides with similar properties 
have long been known." o0-Benzoylbenzoic acid also gave with ethyl chloroformate a 
stable derivative which did not react with 3-mercaptopropylene sulphide. In this case, 
however, comparison of the ultraviolet absorption spectrum of the derivative with the 
spectra of other derivatives !* of o-benzoylbenzoic acid showed that the “ anhydride” 
had the “ pseudo ’’-structure (XII; R = OEt). 

Crude 3-dimethylaminoacetylthiopropylene sulphide (X; R = CH,*NMe,) with one 
equivalent of methyl iodide gave a poor yield of the water-soluble quaternary ammonium 
salt (X; R = CH,*NMe,*I°-), of interest since the ethylene sulphide ring is disrupted by 
an excess of methyl iodide.® 


R-CO-O-CO,£t + (VIII) —> H,C—CH-CH,-S-COR Ph ,O-COR 
\ 7 c 
(X1) 5 \ 
+ CO, +EtOH , 
(X) Pe CO 


The yields of 3-acylthiopropylene sulphide were generally highest when this product 
could be isolated by crystallisation or by distillation at a relatively low temperature. 
In distillations at higher temperature there was doubtless some polymerisation, but 
another factor was also involved. In several cases elemental sulphur was observed and 
the main distillate was a yellow or orange oil of unexpectedly low boiling point which, 
after further purification, afforded analytical results indicating that they were 3-acylthio- 
propenes; these were sometimes the only isolable products; when the crystalline 3-p- 
chlorophenylacetylthiopropylene sulphide was distilled, even at 0-01 mm., sulphur was 
eliminated and the liquid distillate was identified as 3-p-chlorophenylacetylthiopropene. 

Guss and Chamberlain ?’ noted a similar decomposition, of styrene sulphide which, when 
distilled at 87—88°/4 mm., occasionally decomposed into styrene and sulphur. Tarbell 
and Harnish }* have summarised a few earlier reports of similar decomposition of di- and 
poly-arylethylene sulphides; they consider the driving force to be the tendency to form a 
completely conjugated system, but this cannot apply to our examples or to the recently 
postulated formation of octene from octylene sulphide. Actually the conversion into 
olefins and sulphur is but one example of a type of reaction peculiar to ethylene sulphides 
as aclass. All the common three-membered heterocyclic systems (i.e., imines, oxides, and 
sulphides) readily undergo many reactions in which one of the bonds linking the hetero- 
atom to carbon is ruptured, but only in the ethylene sulphides may both such bonds be 


(X11) 


13 Einhorn, Ber., 1909, 42, 2773; Windholz, J. Org. Chem., 1958, 28, 2044. 

14 Tarbell and Leister, J. Org. Chem., 1958, 23, 1149. 

18 Fischer and Strauss, Ber., 1914, 47, 319; Auwers and Wolter, Ber., 1930, 68, 479. 
16 Schmid, Hochweber, and Halban, Helv. Chim. Acta, 1948, $1, 354. 

17 Guss and Chamberlain, J. Amer. Chem. Soc., 1952, 74, 1342. 

18 Tarbell and Harnish, Chem. Rev., 1951, 49, 1. 

1 Moore and Porter, J., 1958, 2062. 
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broken. This second type of reaction is brought about under mild conditions by, for instance, 
methyl iodide,® tervalent phosphorus compounds,*™ and organometallic compounds.” 

Most of the 3-acyl- and 3-alkoxycarbonyl-thiopropylene sulphides described in this 
paper were active against experimental human tuberculosis (H37Rv) in mice. These 
results will be reported separately, by Mr. D. M. Brown and his colleagues. 


EXPERIMENTAL 


3-Methylthiopropylene Sulphide.—3-Methylthiopropylene oxide (42 g.) was added to a 
stirred solution of thiourea (31 g.) in 3-6Nn-sulphuric acid (100 ml.) at 0—5°. After 2 hr. the 
white solid was collected and crystallised from ethanol, to give needles of S-2-hydroxy-3-methyl- 
thiopropylthiouronium sulphate, m. p. 154° (decomp.) (Found: C, 26-1; H, 53; N, 12-3; 
S, 35-2. CypH.O,N,S, requires C, 26-2; H, 5-7; N, 12-2; S, 350%). A solution of the 
sulphate (13 g.) in water (70 ml.) was covered with light petroleum (75 ml.; b. p. 40—60°) and 
stirred at 10—15° whilst 20% sodium carbonate solution (30 ml.) was added during 7 min. 
After a further 5 min. the organic layer was separated and the aqueous phase was stirred for 
30 min. each time with two further 50 ml. portions of light petroleum. The combined petroleum 
extracts were washed, dried, and distilled, to give 3-methylthiopropylene sulphide (1-8 g.) as 
a pale yellow mobile liquid, b. p. 98—99°/35 mm., m,*° 15600 (Found: C, 40-3; H, 6-7; S, 53-3. 
C,H,S, requires C, 40-0; H, 6-7; S, 53-3%). 

3-Ethylthiopropylene Sulphide——A similar experiment with 3-ethylthiopropylene oxide 
(29 g.) gave S-3-ethylthio-2-hydroxypropylthiouronium sulphate (37 g.), m. p. 135—137° (decomp.) 
(from ethanol) (Found: C, 29-5; H, 6-2; N, 11-6. C,H 3,O,N,S,; requires C, 29-6; H, 6-2; 
N, 115%). Treatment of the salt with sodium carbonate solution gave 3-ethylthiopropylene 
sulphide, b. p. 85°/13 mm., n,*° 1-5450, in 60% overall yield from the oxide (Found: C, 44-3; 
H, 7:2; S, 48-2. C,H, 9S, requires C, 44-7; H, 7-4; S, 47-8%). 

3-Ethoxypropylene Sulphide.—3-Ethoxypropylene oxide (10-2 g.) in dioxan (50 ml.) and 
water (15 ml.) was treated with thiourea (7-6 g.), warmed at 55—60° for 1 hr., then poured on 
ice (ca. 150 g.). The mixture was extracted with ether (3 x 100 ml.), and the extracts were 
washed, dried, and distilled to give 3-ethoxypropylene sulphide (5-5 g.), b. p. 79°/65 mm., »,* 
1-4734 (Found: C, 51-1; H, 8-5. Calc. for C;H,,OS: C, 50-9; H, 85%). Ohta and Ohta ** 
report b. p. 66—67°/27 mm., ,,"° 1-4731. _ 

3-Diethylaminopropylene Sulphide.—This compound, b. p. 72°/14 mm., m,” 1-4857, was 
prepared in 29% yield from 3-diethylaminopropylene oxide by the method described for the 
ethoxy-analogue (Found: C, 57-3; H, 10-3. C,H,,NS requires C, 57-8; H, 10-4%). 

Di-(3-chloro-2-hydroxypropyl) Disulphide——An ice-cold solution of 1-chloro-3-mercapto- 
propan-2-ol ? (19 g.) and sodium hydrogen carbonate (20 g.) in water (200 ml.) was stirred whilst 
iodine (30 g.) was added in small portions during 30 min. After being stirred for a further 45 
min. at room temperature, the colourless mixture was filtered and the solid was dried and 
recrystallised from benzene, to give needles (12-1 g.) of the disulphide, m. p. 80° (Found: C, 28-7; 
H, 4-8; Cl, 28-2. C,H,,0,Cl,S, requires C, 28-9; H, 4-9; Cl, 27-9%). 

Di-(2,3-epoxypropyl) Disulphide.—Di-(3-chloro-2-hydroxypropyl) disulphide (12 g.), 
dissolved in ether (200 ml.), was stirred with 40% aqueous sodium hydroxide (30 mi.) for 44 hr., 
then diluted with water to dissolve the sodium chloride. The ether solution was separated, 
washed with water, dried, and evaporated, finally under reduced pressure, to leave the impure, 
oily diepoxide (7 g.) which could not be distilled (Found: C, 38-0; H, 5-4; S, 36-1. Calc. for 
C,H,9,S,: C, 40-4; H, 5-6; S, 35-9%). When shaken with sodium thiosulphate solution the 
compound gave a strongly-alkaline reaction characteristic of ethylene oxides.* 

Sulphate of Di-(3-amidinothio-2-hydroxypropyl) Disulphide—A slurry of thiourea (10-4 g.) 
and 20% sulphuric acid (33 ml.) was kept at 0—5° whilst the diepoxide (preceding paragraph) 
(12 g.) was added with stirring during 30 min. The mixture was kept overnight at room 
temperature and the dithiowronium sulphate (17 g.) was collected. A further crop (5-6 g.) was 

® Davis, J. Org. Chem., 1958, 28, 1767; Schuetz and Jacob, ibid., p. 1799; Boskin and Denney, 
Chem. and Ind., 1959, 330. 

*t Bordwell, Andersen, and Pitt, J. Amer. Chem. Soc., 1954, 76, 1082. 

*= Ohta and Ohta, Nippon Kagaku Zasshi, 1956, 77, 198 (Chem. Abs., 1958, 52, 253). 

— Davies, and Heath, J., 1949, 278. 
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obtained by evaporation of the filtrate im vacuo and trituration of the residue with acetone, 
Recrystallisation from aqueous acetone gave the pure salt, decomp. 174—176° (Found: 
C, 22:5; H, 4:6; S, 37-3. CgH »O,N,S, requires C, 22-4; H, 4-7; S, 37-4%). In a similar 
experiment hydrochloric acid gave the very deliquescent dihydrochloride, m. p. 147—14g° 
(decomp.) (from alcohol—acetone) (Found: C, 23-6; H, 5-0; N, 13-3; Cl, 17-8. C,H,,0,N,Cl, 
requires C, 23-8; H, 5-0; N, 13-8; Cl, 17-6%). 

Di-(2,3-epithiopropyl) Disulphide (With E. R. Stove).—A solution of iodine (6-35 g.) and 
potassium iodide (10 g.) in water (20 ml.) was added with stirring to a strongly cooled solution 
of 3-mercaptopropylene sulphide (5-3 g.) in chloroform (100 ml.). When decolorisation was 
complete the chloroform layer was separated, washed, and dried (MgSO,)._ Removal of solvent, 
finally at 0-05 mm., left the impure diepisulphide as a viscous oil (4-6 g.) which retained chloro- 
form tenaciously and could not be distilled without decomposition (Found: C, 32-1; H, 4-8; 
S, 57-1. Calc. for C,H, S,: C, 34:2; H, 4:8; S, 61-0%). 

2-Hydroxytrimethylene Sulphide——(a) 1-Chloro-3-mercaptopropan-2-ol? (5 g.) and 10% 
aqueous sodium hydrogen carbonate (50 ml.) were warmed for 3 hr. at 60° with occasional 
shaking, cooled, and continuously extracted with ether for 24 hr. Evaporation of the dried 
extracts gave 2-hydroxytrimethylene sulphide (3-hydroxythietan) (3-2 g., 90%), b. p. 86°/16 
mm., #,”° 15398 (Found: C, 39-3; H, 6-7; S, 34-7. Calc. for C;H,OS: C, 40-0; H, 66; 
S, 35-5%). 

(b) 3-Chloropropylene sulphide ? (92 g.) in ethanol (500 ml.) was stirred for 30 hr. at room 
temperature with 2N-aqueous sodium carbonate (1 1.), then the mixture was continuously 
extracted with ether for 16 hr. Distillation of the dried extracts gave 2-hydroxytrimethylene 
sulphide (32 g., 45%), b. p. 86°/16 mm., »,,”° 1-5393 (Found: C, 40-0; H, 6-4; S, 35-3%). The 
infrared absorption spectrum was indistinguishable from that of the specimen prepared by 
method (a). 

Desulphurisation of 2-Hydroxytrimethylene Sulphide.—The sulphide (1 g.; either preparation) 
was warmed under reflux for 3 hr. with Raney nickel (5 g.) in water (25 ml.). After filtration, 
the mixture was distilled and about 20 ml. of aqueous distillate collected. This distillate was 
treated with potassium dichromate (1 g.) and 10% sulphuric acid (20 ml.), and again distilled. 
Treatment of the second distillate with 2,4-dinitrophenylhydrazine in ethanol containing a 
little hydrochloric acid gave a yellow precipitate which, after crystallisation from ethanol, gave 
acetone 2,4-dinitrophenylhydrazone, m. p. and mixed m. p. 126°. 

2-Hydroxy -3-iodopropyldimethylsulphonium Iodide.—2-Hydroxytrimethylene sulphide 
(either preparation) was kept for several days with an excess of methyl iodide in acetone, to 
give a white solid. Crystallisation from ethanol gave 2-hydroxy-3-iodopropyldimethylsulphonium 
iodide as needles, m. p. 114° (Found: C, 16-1; H, 3-2; S, 8-5; I, 67-7. C;H,,OI,S requires 
C, 16-1; H, 3-2; S, 8-5; I, 68-1%). 

2-Acetoxytrimethylene Sulphide.—(a) A mixture of 2-hydroxytrimethylene sulphide (9 g.), 
acetic anhydride (5-2 g.), and fused sodium acetate (8-2 g.) was heated for 6 hr. on the steam-bath, 
cooled, poured into water, and extracted with ether. After being washed with sodium hydrogen 
carbonate solution, the extracts were dried and distilled to give 2-acetoxytrimethylene sulphide 
(6 g.), b. p. 80°/17 mm., m,” 1-4904 (Found: C, 45-1; H, 6-1; S, 24-6. C;H,O,S requires 
C, 45-4; H, 6-1; S, 24:3%). 

(b) 3-Chloropropylene sulphide (10-8 g.), potassium acetate (9-8 g.), and glacial acetic acid 
(25 ml.) were heated for 20 hr. on the steam-bath, cooled, poured into water, neutralised with 
sodium carbonate, and extracted with ether. The extracts were washed, dried, and distilled, 
to give 2-acetoxytrimethylene sulphide (4-2 g.), b. p. 82°/20 mm., ,”° 1.4898, which with an 
excess of methyl iodide in acetone gave 2-hydroxy-3-iodopropyldimethylsulphonium iodide 
(needles from ethanol), m. p. and mixed m. p. 114°. 

3-Acetylthiopropylene Sulphide.—(a) Acetyl chloride (7-1 ml.) was added dropwise to a 
stirred solution of 3-mercaptopropylene sulphide (10-6 g.) in dry ether (50 ml.) at 0—4° and, 
after 24 hr. at room temperature, the solvent was removed in vacuo. Attempts to distil the 
residual oil (probably IX; R = Me) under reduced pressure led to loss of hydrogen chloride 
and gave no pure product. The crude oil was stirred with sodium hydrogen carbonate (10 g.) 
in water (120 ml.) for 6 hr. and the resulting episulphide was extracted into ether, washed, and 
dried. Distillation gave 3-acetylthiopropylene sulphide (9 g.), b. p. 45—48°/0-05 mm. After 
redistillation, both it and authentic 3-acetylthiopropylene sulphide # had b. p. 46°/0-1 mm., 
n,** 1-5530, and the infrared absorption spectra were identical (the peak at 9-55 pu is particularly 














ne, 
id: 


18° 
4 


nd 
ion 
vas 
nt, 
ro- 
i 8 > 


o/ 
% 


nal 


/16 
6; 


om 
sly 
one 
rhe 


on) 
on, 
vas 
ed. 


ave 


ide 


th, 
gen 
ride 
ires 


cid 
rith 
led, 


lide 


oa 
nd, 
the 
ride 
) g.) 
and 
fter 


im., 








[1960] Antituberculous Sulphur Compounds. Part III. 2671 


significant in confirming the presence of the three-membered ring since the spectra of ethylene 
sulphide ** and propylene sulphide also show maxima in this region, but that of trimethylene 
sulphide does not) (Found: C, 40-2; H, 5-5; S, 43-5. Calc. for C;H,OS,: C, 40-5; H, 5-4; 
Ss, 43-5%). 

(b) ; mixture of 3-mercaptopropylene sulphide (7 g.), acetic anhydride (7 g.), and pyridine 
(1 g.) was set aside for 7 days, then distilled to give 3-acetylthiopropylene sulphide (8 g.), b. p. 
42—44°/0-08 mm., ,,** 15540 (Found: C, 40-6; H, 5-4; S, 43-5%). 

3-8-Carboxypropionylthiopropylene Sulphide.—3-Mercaptopropylene sulphide (1 g.), succinic 
anhydride (0-95 g.), and pyridine (2 drops) were heated on the steam-bath for 3 min. Cooling 
gave 3-8-carboxypropionylthiopropylene sulphide, m. p. 78—80° (from aqueous alcohol) (Found: 
C, 40-6; H, 4:4; S, 30-8. C,H, O,S, requires C, 40-8; H, 4-8; S, 31-1%). 

Other Acyl and Alkoxycarbonyl Derivatives of 3-Mercaptopropylene Sulphide.—The epi- 
sulphides listed in the Table are new except 3-butyrylthiopropylene sulphide (cf. preceding 
paper). Apart from 3-p-phenylazobenzoylthiopropylene sulphide, which was orange-red, they 
were colourless or nearly so. When the same solid episulphide was prepared by two methods 
identity was established by mixed m. p. The following general preparative methods were 
employed: 

a) The carboxylic acid chloride or chloroformic ester (0-1 mole) was slowly added to 3-mer- 
captopropylene sulphide (0-1 mole) in dry ether (50 ml.) at 0—4° and the mixture was set aside 
at room temperature for 16 hr., then refluxed for 1—2 hr. The cooled solution was stirred with 
sodium hydrogen carbonate (10 g.) in water (120 ml.) for 16 hr., then the ether layer was 
separated, washed, dried, and evaporated im vacuo. If the residual crude episulphide was solid, 
or if it solidified when triturated with methanol, light petroleum, or ether, it was recrystallised. 
Liquid episulphides were distilled under reduced pressure: the less volatile ones (especially the 
benzoyl, phenylacetyl, and furoyl compounds) had to be distilled with great care owing to the 
ease with which they eliminated sulphur. 

(b) The acid chloride (0-1 mole) was added dropwise to a gently refluxing solution of 
3-mercaptopropylene sulphide (0-1 mole) in dry ether (50 ml.), and the mixture was refluxed 
for 4 hr., cooled, stirred with sodium hydrogen carbonate solution, and worked up as in (a). 

(c) As method (b), but the initial reaction was carried out in boiling benzene. 

(d) A solution or suspension of the carboxylic acid (0-1 mole) in dry toluene (200 ml.) was 
treated with triethylamine (0-1 mole) and cooled to 0°. Ethyl chloroformate (0-1 mole) was 
added slowly with stirring, whereupon triethylamine hydrochloride rapidly separated. After 
10 minutes’ stirring, 3-mercaptopropylene sulphide (0-1 mole) was added dropwise, followed by 
pyridine (2 drops), and the mixture was stirred for 1 hr. more at 0°, set aside at the same tem- 
perature overnight, and next warmed gently for 30 min. It was then cooled, washed with 
water, and dried (MgSO,). Toluene was removed im vacuo and the residual 3-acylthiopropylene 
sulphide was purified by distillation or crystallisation. 

(e) The ethoxyformic anhydride was formed as in (d), but the pyridine catalyst was omitted 
and the mixture was stirred for several hours after addition of 3-mercaptopropylene sulphide, 
then refluxed for 2 hr. The cooled toluene solution was washed successively with water, 
sodium hydrogen carbonate solution, and water again, then dried and worked up as before. 
In the experiments with terephthalic acid the proportions of the reactants were adjusted so as 
to give the bis-derivative. 

3-Dimethylaminoacetylthiopropylene Sulphide Methiodide (X; R = CH,*NMe,*‘I-).—Ethyl 
chloroformate (5-4 g.) was added dropwise at 0° to a stirred solution prepared from NN-dimethyl- 
glycine hydrochloride (7 g.) and triethylamine (10-1 g.) in dry chloroform (50 ml.). After 
10 min. 3-mercaptopropylene sulphide (5-3 g.) was added and the solution was set aside over- 
night, then refluxed for 45 min. The solution was next cooled, washed with water, dried, and 
evaporated in vacuo. ‘The resulting oil (7-3 g.) was dissolved in ether (50 ml.) and stirred whilst 
methyl iodide (5-4 g.) was added dropwise. Next morning the crude methiodide (2 g.) was 
collected and recrystallised from methanol. The product, m. p. 143°, was soluble in cold water 
(Found: S, 19-4; I, 38-2. C,H,,ONS,I requires S, 19-2; I, 38-1%). 

p-Dimethylaminobenzoic Ethoxyformic Anhydride—A suspension of p-dimethylamino- 
benzoic acid (4-1 g.) in dry ether (100 ml.) was treated with triethylamine (2-52 g.), cooled to 0°, 
and stirred whilst ethyl chloroformate (2-71 g.) was added dropwise. The mixture was stirred 
for a further 1 hr. at 0° and then for 2 hr. at room temperature. After removal of solid 


** Guthrie, Scott, and Waddington, J. Amer. Chem. Soc., 1952, 74, 2795. 
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triethylamine hydrochloride, the ether was evaporated im vacuo and the residue was washed 
with light petroleum to leave p-dimethylaminobenzoic ethoxyformic anhydride (5-7 g.), m. p. 58° 
unchanged by recrystallisation from ether—light petroleum (Found: C, 60-1; H, 6-3. C,,H,,O,N 
requires C, 60-7; H, 6-4%). This anhydride, whether isolated or freshly prepared in situ, was 
recovered unchanged after attempted reaction with 3-mercaptopropylene sulphide in boiling 
ether containing a trace of pyridine. 

Ethyl 3-Phenyl-3-phthalidyl Carbonate (XII; R= OEt).—In an attempt to prepare 
3-(0-benzoylbenzoylthio)propylene sulphide, o-benzoylbenzoic acid (8-5 g.) and triethylamine 
(3:8 g.) in dry toluene (125 ml.) were treated at 0° with ethyl chloroformate (4-1 g.). After 
15 min. 3-mercaptopropylene sulphide (4 g.) was added and the mixture was stirred at 0° for 
920 min., set aside in the refrigerator overnight, filtered (to remove triethylamine hydrochloride), 
and evaporated in vacuo. The residue, on trituration with light petroleum, gave a white solid 
which contained no sulphur. Crystallisation from ether gave the product, m. p. 106° (Found: 
C, 68-6; H, 5-0. C,,H,,O,; requires C, 68-5; H, 4-7%). The ultraviolet absorption spectrum 
(determined by Dr. H. D. C. Rapson) was virtually identical with that for 3-acetoxy-3-phenyl- 
phthalide ** (XII; R = Me) [Amax 217 my (e 16,020), 280 my (¢ 1430)]. The compound was 
unchanged by treatment with 3-mercaptopropylene sulphide in boiling benzene containing a 
trace of pyridine (4 hr.). 

Thermal Decomposition of 3-Acylthiopropylene Sulphides.—Crystalline 3-p-chlorophenyl- 
acetylthiopropylene sulphide (10 g.) was melted and distilled under reduced pressure to give a 
main fraction (4-1 g.) of yellow oil, b. p. 120—132°/0-01—0-05 mm. Redistillation gave 
3-p-chlorophenylacetylthiopropene, b. p. 102°/0-01 mm., ,** 1-5720 (Found: C, 58-0; H, 5-0; 
S, 14:5; Cl, 15-5. C,,H,,OSCI requires C, 58-3; H, 4-9; S, 14-1; Cl, 15-6%), hydrolysed by 
hot dilute hydrochloric acid to, p-chlorophenylacetic acid, m. p. and mixed m. p. 106°, and a 
volatile thiol. 

Although 3-benzoylthiopropylene sulphide could be distilled (see Table), occasional batches 
decomposed to a yellow oil which, on redistillation, gave 3-benzoylthiopropene, b. p. 64°/0-1 
mm., #,% 1-5846 (Found: C, 67-3; H, 5-7. CygH gOS requires C, 67-4; H, 57%). Some 
batches of 3-phenylacetyl- and 3-2’-furoyl-thiopropylene sulphide decomposed on distillation 
to, respectively, 3-phenylacetyl-, b. p. 96—100°/0-1 mm. (Found: S, 16-7. C,,H,,OS requires 
S, 167%), and 3-2’-furoyl-thiopropene, b. p. 70—74°/0-1 mm., ," 1-5701 (Found: C, 56-7; 
H, 4:7; S, 188. C,H,O,S requires C, 57-1; H, 4-8; S, 19-0%). 

The products obtained by the action of both p-methoxyphenylacetyl and B-phenylpropionyl 
chloride on 3-mercaptopropylene sulphide (method a above), followed by treatment with 
sodium hydrogen carbonate solution in the usual way, decomposed with elimination of sulphur 
upon distillation. No episulphides were obtained, the only pure products being 3-p-methoxy- 
phenylacetyl-, b. p. 108—119°/0-01 mm., m,” 1-5663 (Found: C, 64:5; H, 6-6. C,,H,,0,S 
requires C, 64:8; H, 64%), and 3-6-phenylpropionyl-thiopropene, b. p. 93°/0-02 mm., n,™ 
1-5530 (Found: C, 69-4; H, 7-0; S, 15-2. C,,H,,OS requires C, 69-8; H, 6-8; S, 155%). 


We thank Mr. M. Ayling, Mr. J. B. Blackman, and Mr. V. Buxton for experimental 
assistance. 
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534. Antituberculous Sulphur Compounds. Part IV.* Some 
Dimercaptopropyl Esters and Related Dithiouronium Bromides. 


By E. P. Apams, F. P. Doyte, W. H. Hunter, and J. H. C. NAYLEr. 


Reaction of 2,3-dimercaptopropan-l-ol with acid chlorides has given a 
series of dimercaptopropyl esters possessing antituberculosis activity. In 
attempts to prepare water-soluble analogues the reaction of dibromopropyl 
esters with thiourea was examined. Several 2,3-dibromopropyl esters 
rearranged to 2-acyloxytrimethylene-SS’-di(thiouronium bromides), which 
were also obtained from esters of 1,3-dibromopropan-2-ol. 


IN our examination of derivatives of 2,3-dimercaptopropanol the O-acetate (I; R = Me) 
was found to possess considerable antituberculosis activity. This compound is known to 
give 3-mercaptopropylene sulphide (II) (which is highly active) when warmed with sodium 
hydrogen carbonate solution,! so it is conceivable that a similar cyclisation occurred under 
physiological conditions. This led us to prepare a series of dimercaptopropy] esters (I). 
The acetate, propionate, and butyrate have been prepared previously in moderate 
yield by heating 2,3-dimercaptopropanol with the appropriate anhydrides under acidic 
conditions,” but the process involves a tedious fractionation and appears not to be generally 
applicable. Fifteen new esters have now been prepared very simply and in satisfactory 
yield by treating 2,3-dimercaptopropanol with equimolecular proportions of an aliphatic 
or aromatic acid chloride in boiling benzene. In most cases iodometric thiol determinations 
showed that acylation had occurred almost exclusively on the hydroxyl rather than ona 
thiol group. Similar treatment of 1,3-dimercaptopropan-2-ol with benzoyl chloride in boil- 
ing benzene gave the benzoate (III), although this may have been contaminated with a little 
S-benzoyl derivative since the content of thiol sulphur was less than that of total sulphur. 


CH;-O-COR HC. CH,-SH CH,-OBz 
CH'SH HC“ CH-OBz HES. oe! 
CH)-SH CH)-SH CH;:SH H,C—S~ 


(l) (11) (111) (IV) 


Acylation of the thiol groups in 2,3-dimercaptopropyl benzoate (I; R = Ph) with the 
appropriate acid chlorides in the presence of pyridine gave 2,3-diacetylthiopropy] and 2,3- 
dipalmitoylthiopropyl benzoate. The SS-dinicotinoyl derivative was prepared under 
slightly different conditions. 

2,3-Dimercaptopropyl benzoate with acetone or benzaldehyde gave isopropylidene 
(IV; R= R’ = Me) and benzylidene (IV; R = Ph; R’ = H) derivatives respectively, 
the same products being obtained by the action of benzoyl chloride and pyridine on 2,3-iso- 
propylidenedithio- and 2,3-benzylidenedithio-propan-l-ol. Either synthesis of 2,3- 
benzylidenedithiopropyl benzoate (IV; R = Ph, R’ = H) apparently gave a mixture of 
cis- and trans-isomers,’ from which one pure component was isolated by repeated crystal- 
lisation. 2,3-Dimercaptopropyl benzoate was regenerated from its benzylidene derivative 
in rather poor yield by treatment with mercuric chloride,‘ the use of sodium in liquid 
ammonia ® being precluded by the sensitivity of the dimercapto-ester to bases. The 
crystalline isopropylidene derivative (V; R= R’ = Me), prepared from the benzoate 
(III), was identical with a specimen obtained from 1,3-isopropylidenedithiopropan-2-0l 


* Part III, preceding paper. 


1 Miles and Owen, /., 1952, 815. 

® Pavlic, Lazier, and Signaigo, J. Org. Chem., 1949, 14, 59. 
3 Cf. Roberts and Cheng, J. Org. Chem., 1958, 28, 983. 

* Hach, Chem. Listy, 1953, 47, 227. 

5 Stocken, J., 1947, 592. 
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and benzoyl chloride in pyridine. The benzylidene derivative (V; R = Ph, R’ = H) was 
probably a mixture of cis- and trans-isomers. 

Most of the 2,3-dimercaptopropyl esters described above had considerable antituber- 
culosis activity in mice, but were somewhat undesirable from the clinical standpoint 
because of their oily nature and insolubility in water. We therefore turned to the water- 
soluble solid which Meinhard ® formulated as 3-benzoyloxypropylene-SS’-di(thiouronium 
bromide) (VI; R= Ph). Unfortunately, the structure of Meinhard’s compound is open 
to doubt because the alleged 2,3-dibromopropyl benzoate used in its preparation had been 
obtained by a method later shown’ to yield a mixture of the benzoates of 2,3-dibromo- 
propan-l-ol and 1,3-dibromopropan-2-ol. There, is, moreover, a possibility of structural 
rearrangement during nucleophilic displacement of halogen from certain 2-acyloxyalkyl 
halides.® 


pale CH;-O-COR 2+ CH,*S*C (NH), 2+ 
Toe, ; “cRR’ CH:S-C(NH;) 2 2Br7 CH-O-COR 2Br7 
CH2-S CH,*S*C(NH))2 CH,*S*C(NH})> 
(V) (VI) (VII) 


Meinhard reported that when the dibromo-ester was heated with thiourea in acetone 
the dithiouronium salt began to separate within three hours, but when we repeated the 
reaction with authentic 2,3-dibromopropyl benzoate no solid had appeared after 48 hours’ 
refluxing and more than half of the thiourea was then recovered. In a similar reaction 
with the isomeric benzoate (of 1,3-dibromopropan-2-ol), a crystalline product, presumably 
2-benzoyloxytrimethylene-SS’-di(thiouronium bromide) (VII; R = Ph), began to separate 
after 3 hr.; the yield reached a maximum (36%)in 24 hr. The greater reactivity of the 
diprimary bromide is paralleled by the behaviour of 1,3- and 1,2-dibromopropane.® In 
view of these results Meinhard’s experiment would be expected to have given the 1,3-di- 
thiouronium salt (VII; R= Ph) and not, as he supposed, the isomer (VI; R = Ph). 
Since, however, our product (VII; R= Ph) had m. p. 258° (decomp.), the nature of 
Meinhard’s material, which had m. p. 138—141°, remains obscure. 


| 
He-o7" he - ae Me ,C(NH-CS-N:CMe,), 
! r4 1 
CH,X bux (X) 
+ 
(VIII) (IX) X=Br or [Sc(NH) 2] 


Better yields of the dithiouronium salt (VII; R= Ph) were obtained by carrying 
out the reaction of thiourea with the benzoate of 1,3-dibromopropan-2-ol in boiling ethyl 
methyl ketone, acetic acid, or freshly purified dioxan instead of acetone. However, 
reaction with the isomeric 2,3-dibromopropyl benzoate in boiling acetic acid or dioxan 
involved rearrangement and gave the same dithiouronium salt (VII; R= Ph). This 
has a possible parallel in the thermal rearrangement of certain esters of dibromo- 
propanols.’:0 Somewhat above 100° both 2,3-dibromopropyl benzoate and the isomeric 
benzoate undergo partial rearrangement to a mixture of the two. In the presence of 
thiourea, however, one might expect the equilibrium to be displaced by preferential 
removal of the more reactive 1,3-dibromide as dithiouronium salt (VII; R = Ph), which 
would thus become the major end-product from either isomer. There is, however, 
probably no clear distinction between rearrangement before and during reaction with 
thiourea: a resonating cation (VIII) could be supposed to arise either by dissociation of 

* Meinhard, Monatsh., 1950, 81, 1050. 

? Nayler, J., 1959, 189. 

* Fairbourne, J., 1930, 369. 


* Levy and Campbell, J., 1939, 1442. 
1” Edwards and Hodges, J., 1953, 3427. 
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the ion-pair proposed as an intermediate in the thermal rearrangement ’ or directly from 
a bromo-ester by anchimerically assisted ionisation as in (IX), and this could give either 
dithiouronium salt (VI or VII) on combination with thiourea. Participation of a dioxo- 
lanium ion (VIII) in the displacement of halogen from 2-acyloxyalkyl halides, first 
specifically suggested by Winstein and Buckles," is essentially a re-formulation in terms of 
electronic theory of Fairbourne’s explanation for rearrangements of this type.® 

Several 2-acyloxytrimethylene-SS’-di(thiouronium bromides) (VII) were prepared 
from thiourea and substituted benzoates of 1,3-dibromopropan-2-ol in boiling acetic acid 
or ethyl methyl ketone, but the isomeric salts (VI) could not be prepared. Upon reaction 
with thiourea, 2,3-dibromopropyl #-toluate, p-anisate, and #-chlorobenzoate behaved in 
much the same way as the benzoate, giving little or no product in low-boiling solvents such 
as acetone, whilst yielding the rearranged bromides at higher temperatures. No pure 
thiouronium salts could be prepared from the 2,3-dibromopropy] esters of stronger aromatic 
acids, such as f-nitro-, 3,5-dinitro-, and 2,4-dichloro-benzoic acid, which would be expected 
to be relatively resistant to thermal isomerisation. 

The reaction of thiourea with the acetates and phenylacetates of the dibromopropanols 
was also investigated. Neither of the phenylacetates has been described hitherto, but the 
pure 1,3-dibromo-ester has now been prepared as a low-melting solid and the crude 2,3-di- 
bromo-ester as an oil. Reaction of the acetates and phenylacetates with thiourea in 
boiling acetic acid led to contamination of the products with ammonium salts. The pure 
2-acetoxy-bromide (VII; R = Me) was obtained from the acetate of 1,3-dibromopropan-2- 
ol in boiling ethyl methyl ketone, or more slowly from 2,3-dibromopropyl acetate. The 
phenylacetoxy-compound (VII; R = CH,Ph) was likewise prepared from the 1,3-dibromide 
in ethyl methyl ketone. Attempts to prepare the bromides (VI; R = Me or CH,Ph) failed. 

During attempts to bring about reaction of thiourea with the acetate or phenylacetate 
of 1,3-dibromopropan-2-ol in boiling acetone a sparingly soluble crystalline solid, Cj, HyN,S,, 
was isolated. It presumably had structure (X), analogous to “ triacetone diurea ” which 
is formed from acetone and urea in the presence of hydrogen chloride ' (in the present 
experiments condensation with the solvent may have been induced by a trace of hydrogen 
bromide derived from the dibromo-esters). 

Several of the thiouronium salts were tested for antituberculosis activity in mice, but 
none was active. 


EXPERIMENTAL 

Reaction of 2,3-Dimercaptopropanol with Carboxylic Acid Chlorides.—The acid chloride 
(0-1 mole) was added to 2,3-dimercaptopropanol (0-1 mole) in dry benzene (100 ml.), and the 
solution was refluxed until evolution of hydrogen chloride ceased. The cooled mixture was 
stirred with an aqueous suspension of calcium carbonate, then the benzene layer was separated, 
washed, dried, and evaporated in vacuo. ‘The residue was normally distilled under reduced 
pressure, but the solid 2,3-dimercaptopropyl p-(toluene-p-sulphonamido) benzoate was recrystal- 
lised from benzene-light petroleum. Details of individual 2,3-dimercaptopropyl esters, all of 
which are new, are tabulated. 

2-Mercapto-1-mercaptomethylethyl Benzoate.—Benzoyl chloride (28 g.) was added to 1,3-di- 
mercaptopropan-2-ol (24-8 g.) in dry benzene (140 ml.) and the solution was refluxed for 8 hr., 
then distilled under reduced pressure. A colourless liquid (15-8 g.), b. p. 126—136°/0-4 mm., 
was collected and redistilled, to give the benzoate, b. p. 126°/0-2 mm. (Found: C, 52-3; H, 5-0; 
total S, 28-6; thiol S, 25-3. Cj, 9H,,OS, requires C, 52-6; H, 5-3; total S, 28-1; thiol S, 28-1%). 

2,3-Diacetylthiopropyl Benzoate.—Acetyl chloride (15-6 g.) was added slowly to a stirred 
solution of 2,3-dimercaptopropyl benzoate (22-8 g.) and pyridine (15-8 g.) in dry benzene 
(500 ml.). The mixture was refluxed for 1 hr., cooled, and poured into water. Distillation of 
the dried benzene layer gave 2,3-diacetylthiopropyl benzoate (21 g.), b. p. 164°/0-15 mm., ”,” 
1-5640 (Found: C, 53-5; H, 5-0; S, 20-8. C,,H,,0,S, requires C, 53-8; H, 5-2; S, 205%). 

2,3-Dimercaptopropyl benzoate (11-4 g.) and palmitoyl chloride (30-2 g.) similarly gave 


11 Winstein and Buckles, J]. Amer. Chem. Soc., 1942, 64, 2780, 
42 Weinschenk, Ber., 1901, 34, 2185, 
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2,3-dipalmitoylpropyl benzoate (36 g.), prisms (from acetone), m. p. 40° (Found: C, 71-1; H, 10-2; 
S, 9-2. CygH,2O,S, requires C, 71-5; H, 10-3; S, 91%). : 
2,3-Dinicotinoylthiopropyl Benzoate.—A solution of nicotinoyl chloride (14-2 g.) in dry ether 
(10 ml.) was added dropwise with stirring to 2,3-dimercaptopropyl benzoate (11-4 g.) in the 
same solvent (90 ml.). Next morning the yellow (presumed) hydrochloride (20-1 g.) was filtered 
off and stirred with ether and an aqueous suspension of calcium carbonate. The basic ester 
into the ether layer, which was separated, washed, and dried. Removal of the solvent 
in vacuo left a crude solid (7-64 g.; m. p. 104—109°) which, after several crystallisations from 
ethanol-light petroleum, gave pure 2,3-dinicotinoylthiopropyl benzoate, m. p. 119—120° (Found: 


2,3-Dimercaptopropyl esters (I). 








No. R Reflux (hr.) Yield (%) B. p./mm. Ny” 
1 [CH,],4"Me 2 55 166°/0-0001 a 
2 CH <(CH,); 1 78 108—109°/0-05 1-5248 
3 CH,Cl * 2 27 86°/0-12 1-5432 
4 [CH,],°CO,Et 16 45 132°/0-01 1-5074 
5 [CHg]_°SMe 4 54 118—119°/0-02 1-5449 
6 CH,°SEt 4 38 109—111°/0-07 1-5488 
7 CH,°S°CH,Ph 5 30 148°/0-0001 1-5945 
8 CH,Ph 2 28 136°/0-4 1-5699 
9 Ph 8 59 120°/0-1 1-5855 
10 C,H,-OMe-p 22 40 138°/5 x 10% 1-5892 
1l C,H,Cl-o 18 47 130°/1 x 10-5 1-5956 
12 C,H,Cl-p 16 41 123°/1 x 10 1-5989 
13 C,H,Cl,(2,4-) 16 50 138°/5 x 10% 1-6086 
14 CygH,-« 2 25 155°/3 x 10-5 1-4866 
15 C,H, NHTs + 16 50 M. p. 134° _- 
Found (%) Required (% 

No. to H TotalS ThiolS Formula Cc H TotalS ThiolS 
1 62-8 10-6 17-1 16-9 Cy gH,,0,S, 62-9 10-6 17-7 17-7 
2 51-0 7-7 27-4 28-7 CygH,,0,S, 51-2 7-7 27-4 27-4 
3 29-2 5-0 31-8 — C,;H,0O,S,Cl 29-9 4:5 32-0 — 
4 42-9 6-1 25°8 — C,H,,0,S, 42-8 6-4 25-4 — 
5 37-3 5-8 41-0 27-9 C,H,,0,S, 37-1 6-2 42-5 28-3 
6 37-1 6-2 42-2 29-0 C,H,,0,S, 37:1 6-2 42-5 28-3 
7 50:7 5:7 — 21-3- C,,H,,0,S, 50-0 5-6 — 22-2 
8 54-6 5-8 25-5 26-6 C,,H,,0,S, 54-5 5-8 26-5 26-5 
9 52-2 5-1 28-6 — C19H,,0,S, 52-6 53 28-1 — 

10 50-8 5-6 24-5 24-0 C,,H,,0,S, 51-1 55 24-8 24-8 
ll 45:7 4:3 — 25-0 CC, H,,0,S,Cl 45-7 4:2 - 24-4 
12 45-9 4:3 24-3 24-3 C,,H,,0,S,Cl 45-7 4-2 24-4 24-4 
13 40-5 3-4 21-8 — CyoHy,0,S,C], 40-4 3-4 21-6 —_ 
14 60-8 5-6 — 23:0 C,,H,,0,S, 60-4 51 — 23-0 
15 51-0 48 23-4 -— Cy7H,,O,NS, 51-4 4:8 24-2 —- 


* Decomp. on storage. + Ts = p-C,H,Me:SO,. 


C, 60-5; H, 4-4; N, 6-6; S, 14:8. C,,H,,0O,N,S, requires C, 60-2; H, 4:1; N, 6-4; S, 146%). 

2,3-Isopropylidenedithiopropyl Benzoate-—(a) Benzoyl] chloride (14 g.) was added dropwise 

to a stirred mixture of 2,3-isopropylidenedithiopropan-1l-ol ® (16-4 g.) and pyridine (40 ml.) at 

15°, with cooling; the mixture was warmed at 30° for 30 min., then poured on ice. The benzoate 

was collected, dried, and crystallised from light petroleum (60 ml., b. p. 60—80°) as prisms 

Ly g.), m. p. 81—83° (Found: C, 57-7; H, 5-8; S, 24-0. C,,H,,0,S, requires C, 58-2; H, 6-0; 
» 23-9%). . 

(6) (With R. Warp) 2,3-Dimercaptopropy! benzoate (3 g.) in acetone (50 ml.) was treated 
with concentrated hydrochloric acid (4 drops) and refluxed for 16 hr. Evaporation in vacuo 
left a solid (2-5 g.) which, after several crystallisations from light petroleum, had m. p. 82—83° 
alone or mixed with the product of method (a). 

2,3-Benzylidenedithiopropyl* Benzoate-—(a) Concentrated hydrochloric acid (3 drops) was 
added to 2,3-dimercaptopropyl benzoate (9-7 g.) and benzaldehyde (4-6 ml.) in benzene (20 ml.). 
The mixture was set aside for 20 hr., then evaporated in vacuo. Trituration of the residual oil 
with methanol gave a white powder (8-0 g.), m. p. 55—63°. After three crystallisations from 
methanol and two from 1: 2 benzene-light petroleum the product (3-4 g.) still melted over a 
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wide range (70—82°) and was probably a mixture of the geometrical isomers of 2,3-benzylidene- 
thiopropyl benzoate (Found: C, 64-7; H, 5-3; S, 20-2. Calc. forC,,H,,0,S,: C, 64-5; H, 5-1; 
S, 203%). Three further crystallisations from 1:1 benzene-light petroleum followed by 
three from methanol gave needles (1-08 g.) of constant m. p. 95—96°, presumably consisting 
of one pure isomer (Found: C, 64-7; H, 5-4; S, 20-1%). 

(b) The mixed isomers»? of 2,3-benzylidenedithiopropanol (42-4 g.) were dissolved in 
pyridine (120 ml.) and stirred at 0° whilst benzoyl chloride (20 ml.) was added during 10 min, 
The mixture was stirred for 3 hr. at 0°, set aside for 18 hr. at room temperature, then poured 
intoice-water. After acidification with hydrochloric acid, the oil was extracted with chloroform, 
washed, and dried. The solvent was removed in vacuo and the residual oil triturated with 
methanol to give the mixed isomeric benzoates (34-4 g.), m. p. 59—66°, not depressed on 
admixture with crude material of similar m. p. prepared by method (a). Seven crystallisations 
from benzene-light petroleum, followed by three from methanol, gave the pure isomer as 
needles of constant m. p. (and mixed m. p.) 95—96°. 

2,3-Dimercaptopropyl Benzoate from the Benzylidene Derivative-—Crude 2,3-benzylidene- 
dithiopropyl benzoate (from 42-4 g. of 2,3-benzylidenedithiopropanol) was suspended in 
ethanol (400 ml.) and stirred with cadmium carbonate (40 g.). The mixture was kept at 
60—70° whilst mercuric chloride (64 g.) in ethanol (400 ml.) was added during 2 hr., then 
stirred for 4 hr. more at the same temperature. The cooled suspension was filtered and the 
cream-coloured mercaptide was washed with boiling water (11.). It was then stirred vigorously 
with methanol at 0° whilst hydrogen sulphide was passed in for 4 hr. Mercuric sulphide was 
removed and the colourless filtrate and methanol washings were evaporated under reduced 
pressure in nitrogen. The residual oil was dissolved in ether, washed with sodium hydrogen 
carbonate solution and water, dried, and distilled, to give 2,3-dimercaptopropyl benzoate 
(5-44 g.), b. p. 111—121°/0-02 mm. A redistilled specimen had b. p. 115—117°/0-04 mm. 
(Found: C, 52-4; H, 5-4; S, 27-9. Calc. for C,gH,,0,S,: C, 52-6; H, 5-3; S, 28-1%). 

5-Benzoyloxy -2,2-dimethyl-1,3-dithian.—(a) 2-Mercapto-l-mercaptomethylethyl benzoate 
(5 g.) in acetone (50 ml.) was treated with concentrated hydrochloric acid (0-4 ml.) and refluxed 
for 16 hr. The mixture was evaporated in vacuo and the residue was crystallised from ethanol, 
to give the isopropylidene derivative (1-2 g.), m. p. 85—87° (Found: C, 58-1; H, 6-0; S, 23-6, 
C,,;H,,0,S, requires C, 58-2; H, 6-0; S, 23-9%). On admixture with the isomeric 2,3-isopropyl- 
idenedithiopropyl benzoate (m. p. 81—83°) the m. p. was 64—65°. 

(b) Benzoyl chloride (3-2 g.) was added dropwise to a stirred solution of 1,3-isopropyl- 
idenedithiopropan-2-ol 4 (3-7 g.) in pyridine (25 ml.) at 0°. After being stirred for 1 hr. the 
mixture was concentrated im vacuo and poured into water. The product was extracted with 
ether and the extracts were washed with cold dilute hydrochloric acid and then with water. 
Evaporation of the dried ether solution left a solid (5-6 g.), m. p. 73—76°, which on recrystal- 
lisation from ethanol had m. p. and mixed m. p. 85—87°. 

5-Benzoyloxy-2-phenyl-1,3-dithian.—Concentrated hydrochloric acid (1 drop) was added to 
2-mercapto-l-mercaptomethylethyl benzoate (0-58 g.) and benzaldehyde (0-3 ml.) in benzene 
(6 ml.). After 20 hr. the solvent was removed in vacuo and the residue was triturated with 
light petroleum to give a white powder (0-83 g.), m. p. 95—99°. Three recrystallisations from 
benzene-light petroleum raised the m. p. to 111—113°, but a constant value was not attained 
and the material was probably a mixture of the geometrical isomers of the dithian (Found: 
C, 64:1; H, 5-2; S, 19-9. Calc. for C,,H,,0,S,: C, 64-5; H, 5:1; S, 20-3%). 

2-Benzoyloxytrimethylene-SS’-di(thiouronium Bromide).—(a) A solution of 2-bromo-1-bromo- 
methylethyl benzoate 7 (3-22 g.) and thiourea (1-52 g.) in dry acetone (40 ml.) was refluxed with 
stirring for 24 hr. The suspension was cooled and a first crop (0-70 g.) of white powder, m. p. 
258° (decomp.), was collected. Two further crops of less pure material were obtained by 
concentrating the filtrate, bringing the yield of dithiouronium salt to 1-69 g. (36%). Recrystal- 
lisation from methanol gave colourless prisms, m. p. 258° (decomp.) (Found: C, 30-3; H, 3-9; 
N, 12-3; S, 13-4. C,,H,,0,N,S,Br requires C, 30-4; H, 3-8; N, 11-8; S, 135%). Better 
results were obtained when the acetone solvent was replaced by ethyl methyl ketone (58% 
yield), acetic acid (69% yield), or freshly purified dioxan (53% yield), the mixture being refluxed 
for 24 hr. in each case. 

(b) A solution of 2,3-dibromopropyl benzoate 7 (3-22 g.) and thiourea (1-52 g.) in acetic acid 


13 Miles and Owen, J., 1950, 2938. 
™ Adams et al., J., 1960, 2649. 
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(40 ml.) was refluxed with stirring for 24 hr., during which the same thiouronium salt (2-45 g., 
52%) separated, having m. p. and mixed m. p. 258° (decomp.). : 

2-p-Toluyloxytrimethylene-SS’-di (thiouronium Bromide).—A solution of 2-bromo-l-bromo- 
methylethyl p-toluate ? (3-36 g.) and thiourea (1-52 g.) in acetic acid (40 ml.) was refluxed with 
stirring for 24 hr., during which the crystalline product (3-38 g., 69%) separated. Recrystal- 
lisation from methanol-ethyl acetate gave needles of the dithiouronium salt, m. p. 249° 
(decomp.) (Found: C, 31-9; H, 4-3; N, 11-8; S, 128. C,;H ,0,N,S,Br, requires C, 32-0; H, 
4:1; N, 11:5; S, 13-1%). The same compound was obtained in 54% yield from 2,3-dibromo- 
propyl p-toluate. 

2-p-A nisoyloxytrimethylene-SS-di(thiouronium Bromide).—A solution of 2-bromo-1-bromo- 
methylethyl p-anisate ” (3-52 g.) and thiourea (1-52 g.) in dry ethyl methyl ketone (40 ml.) was 
refluxed with stirring for 24 hr., during which a bulky solid separated (3-18 g., 63%). Recrystal- 
lisation from ethanol-ethyl acetate gave rosettes of the dithiouronium bromide which melted at 
198—200°, but the melt only became clear when decomposition (gas evolution) ensued at 
921—223° (Found: C, 30-9; H, 3-8; N, 10-8; S, 12-1. C,3H,,O,N,S,Br, requires C, 31-0; 
H, 4:0; N, 11-1; S, 127%). The same compound was obtained when 2-bromo-1l-bromo- 
methylethyl (73% yield) or 2,3-dibromopropyl p-anisate (61% yield) was heated with thiourea 
in acetic acid for 24 hr. 

2-p-Chlorobenzoyloxytrimethylene-SS’-di(thiouronium bromide) was similarly prepared from 
the 1,3-dibromo-compound in acetic acid in 55% yield; it had m. p. 242—244° (decomp.) (from 
methanol-ether) (Found: C, 28-6; H, 3-5; S, 12-7. C,,H,,O,N,S,Br,Cl requires C, 28-3; 
H, 3-4; S, 126%). The same compound was similarly obtained in 28% yield from 2,3-di- 
bromopropyl p-chlorobenzoate. 

2-(2,4-Dichlorobenzoyloxy)trimethylene-SS’-di(thiouronium bromide), prepared from 2-bromo-1- 
bromomethylethyl 2,4-dichlorobenzoate ? in acetic acid (40 ml.), formed cubes (58%), m. p. 
233—234° (decomp.) (from methanol-ether) (Found: C, 26-8; H, 3-3; N, 10-6; S, 11-5. 
C,,H,,0,N,S,Br,Cl, requires C, 26-5; H, 3-0; N, 10-3; S, 11-8%). 

2-p-Nitrobenzoyloxytrimethylene-SS’-di(thiouronium bromide), prepared from 2-bromo-1- 
bromomethylethyl p-nitrobenzoate ’ in dry ethyl methyl ketone (68% yield), recrystallised from 
methanol-ethyl acetate as needles, m. p. 259—260° (decomp.) (Found: C, 27-2; H, 3-2; 
S, 12-1. C,,H,,O,N,;S,Br, requires C, 27-7; H, 3-3; S, 12-3%). 

2-(3,5-Dinitrobenzoyloxy)trimethylene-SS’-di(thiouronium bromide), prepared from 2-bromo-l- 
bromomethylethyl 3,5-dinitrobenzoate ? in dry ethyl methyl ketone (yield, 65%), recrystallised 
from methanol-ethanol-ethyl acetate as needles, m. p. 222—224° (decomp.) (Found: C, 25-7; 
H, 3-0; N, 14:5; S, 11-2. C,,H,,O,N,S.Br, requires C, 25-5; H, 2-9; N, 14:9; S, 11-4%). 

2-A cetoxytrimethylene-SS’-di(thiouronium Bromide).—A solution of 2-bromo-1-bromomethyl- 
ethyl acetate 1° (2-6 g.) and thiourea (1-52 g.) in dry ethyl methyl ketone (40 ml.) was refluxed 
with stirring for 24 hr., during which a white plastic mass separated. The mixture was cooled 
and the product broken up to a hygroscopic powder, which was collected [2-19 g.; m. p. 168— 
174° (decomp. 185°)]. This was dissolved in boiling ethanol (50 ml.) and filtered from a little 
insoluble material, and the filtrate was diluted with hot ethyl acetate (50 ml.). The fairly pure 
dithiouronium dibromide (1-24 g., 30%) separated on cooling in needles, m. p. 191—192° 
(decomp.). After further crystallisation from the same solvents the m. p. was 192—194° 
decomp.) (Found: C, 20-7; H, 4:0; N, 13-6; S, 15:3. C,H,,O.N,S,Br, requires C, 20-4; 
H, 39; N, 13-6; S, 15-5%). 

(b) Reaction of 2,3-dibromopropyl acetate 1 and thiourea was also carried out in ethyl 
methyl ketone, but the mixture was refluxed for 72 hr. Recrystallisation of the crude product, 
m. p. 161—166° (decomp.), from ethanol-ethyl acetate gave the dithiouronium dibromide (17%, 
yield), m. p. and mixed m. p. 192—194° (decomp.). 

2-Bromo-1-bromomethylethyl Phenylacetate.—Phenylacetyl chloride (7-7 g.) and 1,3-dibromo- 
propan-2-ol (10-9 g.) were heated on the steam-bath for 5 hr., then cooled and diluted with ether. 
After being washed with sodium hydrogen carbonate solution and then with water, the ether 
solution was dried and evaporated. The residual oil crystallised when cooled strongly under 
methanol, and the white solid {11-3 g.) was collected by rapid filtration and washed with very 
cold methanol. Further purification was effected by dissolution in methanol (25 ml.) at room 
temperature, followed by strong cooling, to give colourless plates of 2-bromo-1-bromomethyl- 
—s phenylacetate, m. p. 18—20° (Found: C, 39-5; H, 3-6. C,,H,,O,Br, requires C, 39-3; 

1 36%). 
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This ester (3-36 g.) and thiourea (1-52 g.) in ethyl methyl ketone were refluxed with stirri 
for 24 hr., during which a white powder separated (2-1 g., 43%). Recrystallisation from 
methanol-ethanol-ethyl acetate gave rods of 2-phenylacetoxytrimethylene-SS’-di(thiouronium 
bromide), m. p. 213—214° (decomp.) (Found: C, 32-2; H, 44; N, 114; S, 128, 
C,3;H,,0,N,S,Br, requires C, 32-0; H, 4:1; N, 11-5; S, 131%). 

2,2-Di-(N’-isopropylidenethioureido)propane.—(a) A solution of 2-bromo-1-bromomethyl- 
ethyl acetate (2-6 g.) and thiourea (1-52 g.) in dry acetone (40 ml.) was refluxed with stirring 
for 24 hr., during which white crystals separated (0-82 g.). The product was insoluble in water 
and most organic solvents, but was purified by dissolution in boiling dimethylformamide 
followed by addition of hot water. On cooling, the product separated in needles, m. p. 259° 
(decomp.) (Found: C, 48-4; H, 7-4; N, 20-4; S, 23-4. C,,HagN,S, requires C, 48-5; H, 7-4; 
N, 20-6; S, 23-5%). 

(b) The same compound (0-38 g.) was obtained when 2-bromo-1-bromomethylethyl phenyl- 
acetate (3-36 g.) was used instead of the acetate. 


The authors of this and the three preceding papers thank Dr. A. H. Cook, F.R.S., Dr. L. N, 
Owen, and the late Sir Ian Heilbron, F.R.S., for valuable discussions, and the Directors of these 
Laboratories for approval of publication. The analyses were by Mrs. D. M. Ayad and her staff, 
and biological activities were reported to us by Mr. D. M. Brown and his colleagues. Infrared 
spectra were determined at Imperial College through the courtesy of Dr. Owen. 
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535. The Reduction of 9-Methyl-A™-octalin-| ,6-dione. 
By C. B. C. Boyce and J. 'S. WHITEHURST. 


A high degree of stereospecificity is observed in the reduction of the 
diketone (I) named in the title and of some of its derivatives, either a cis- or 
a trans-ring junction being established readily. The constitution of the 
epimeric alcohols resulting from reduction of the diketone by lithium 
aluminium hydride has been determined. Two non-stereospecific reactions 
are the catalytic reduction of the derived hydroxy-ketone (II) and of its enol 
acetate. 


9-METHYL-A®-ocTALIN-1,6-DIONE (I) is a potential steroid and terpene intermediate, 
Several researches} using it were published during the course of our work, and in this 
paper some other aspects of its chemistry are recorded, more particularly its reduction. 
At the outset two reference compounds were required, namely, the saturated diketones 
with cis- and trans-ring junctions. Nazarov ef al.* prepared the former by catalytic 
reduction of compound (I) and proved the cis-ring junction by isolating the same compound 
from a Diels—Alder reaction; we have confirmed Nazarov’s work. Despite a recent 
report * that lithium-ammonia reduction of the diketone (I) gave a complicated mixture 
we found that when ammonia distilled from sodium is used this reduction gives, in good 
yield, a ketone isomeric with that above; this was therefore the trans-compound. 
Cocker and Halsall? first reported stereospecific reduction of diketone (I) by sodium 
borohydride to the hydroxy-ketone (II), where the hydroxyl group is cis to the methyl 
group, and stated that alkali-free sodium borohydride (crystallised from isopropylamine) 
was necessary. Strict adherence to these conditions furnished the hydroxy-ketone (II) as 
1 Cocker and Halsall, J., 1957, 3441; Chem. and Ind., 1956, 1275; Elad and Sondheimer, Bull. Res. 
Council Israel, 1956, §, A, 267; Proc. Chem. Soc., 1957, 206; 1957, 320; J. Amer. Chem. Soc., 1957, 
79, 5542; Halsall, Rodewald, and Willis, Proc. Chem. Soc., 1958, 231; King, Ritchie, and Timmons, 
Chem. and Ind., 1956, 1230; Haynes and Timmons, Proc. Chem. Soc., 1958, 345; Swaminanthan and 
Newman, Tetrahedron, 1958, 2, 88. 
2 Nazarov, Zav’yalov, Burmistrova, Gurvich, and Shmonina, Zhur, obshchei Khim., 1956, 26, 1441; 


Chem. Abs., 1956, 50, 13,847. 
* Prelog and Zach, Helv. Chim. Acta, 1959, 42, 1862. 
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well as 16% of an unsaturated diol (III). Whilst we agree with Halsall that the use of 
sodium borohydride recrystallised from isopropylamine (or, preferably, fromi ethylene 
glycol dimethyl ether *) improved the quality of the product, it was found equally im- 
rtant to use the exact equivalent of borohydride, the compound (II) then being obtained 
in up to 92% yield. In agreement with Prelog et al.,5 who used an optically active form of 
the hydroxy-ketone (II), we found the catalytic reduction of this compound to be non- 
stereospecific. 
The hydroxy-ketone readily gave an acetate which on hydrogenation in ethanol over 
adium-strontium carbonate furnished a single product. Hydrolysis gave a saturated 
hydroxy-ketone, m. p. 67—68°. As this evidently differed from a compound, m. p. 91°, 
prepared by Jaeger,® for which a cis-ring junction had been claimed, it was considered to 


OH 
H 


oO OH OH 
[32 A ot) its 
(1) 


(II) (111) (IV) 


be the /rans-compound. This view was apparently strengthened when lithium-ammonia 
reduced the hydroxy-ketone (II) to a compound, also of m. p. 67—68°.7 However, 
whereas the lithium-—ammonia product gave the expected ¢vans-diketone on oxidation, 
the product obtained by hydrogenating the acetate yielded the cis-diketone and therefore 
has structure (IV). Mixed melting point and infrared comparisons of the two hydroxy- 
ketones showed that they were indeed different. This left only the discrepancy between 
the melting point claimed by Jaeger (91°) and by ourselves (67—-68°) for the cts-ketol (IV). 
Jaeger’s product had been obtained by hydrogenation and hydrolysis of the tetrahydro- 
pyranyl ether of a hydroxy-ketone (presumably II) which itself was prepared by the 
reduction of the enol ether of the diketone (I) by lithium aluminium hydride. We made 
the tetrahydropyranyl ether of the hydroxy-ketone (II), the latter having been made by 
reduction of the diketone with sodium borohydride. Our ether, on hydrogenation and 
hydrolysis, gave a product, m. p. 67—68°, which was identical with that obtained by the 
acetate route. A specimen, kindly provided by Dr. Jaeger, was not, however, identical 
with ours. As the only difference in the two preparations involves a different route to 
the starting ketol (II), it is possible that Jaeger’s initial ketol could have been the 1-epimer 
of (II). 

Reduction of the diketone (I) by lithium aluminium hydride gave two compounds, the 
major component being identical with that obtained by use of sodium borohydride. The 
two products were 6-epimers of the hydroxy-ketone (III) since manganese dioxide oxidised 
each to the same hydroxy-ketone (II). 

Structures were assigned to these compounds by the following considerations. Models 
reveal that, provided boat forms are not involved, the presence of a secundary-tertiary 
double bond in an octalin derivative such as (III) imposes a unique conformation on the 
ring to which it is exocyclic [partial structure (IIIA)]. Ring B cannot change to the 
alternative chair form (IIIB) because the 8,9 bond would then become axial and it would 
be impossible to form ring A [it is noteworthy that structure (IIIC) is enantiomeric with, 
and configurationally different from, (IIIA)]. Ring B of the diol (III) is thus analogous 
to the steroid ring B. Now reduction® of cholest-4-en-3-one by lithium aluminium 
hydride yields 70%, of the 3-alcohol and 24% of the 3a-epimer. By analogy the com- 
pound melting at 145—146° should be the 36-alcohol (III) (the 9-methyl group being 
arbitrarily labelled 8). 

* Brown, Mead, and Subba Rao, J. Amer. Chem. Soc., 1955, 77, 6209. 

* Prelog, Acklin, and Zach, Helv. Chim. Acta, 1958, 41, 1428. 

" Jaeger, Tetrahedron, 1958, 2, 326. 


is compound has been obtained by the same method by Birch, Pride, and Smith (J., 1958, 4688). 
* Dauben, Micheli, and Eastham, J. Amer. Chem. Soc., 1952, 74, 3852. 
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A more detailed examination of the model of the diol (III) shows that by C-C rotation 
at positions 6, 7, and 8 the two half-chair conformations ® of ring A are obtained. The 
conformation (IIID) has a quasi-equatorial hydroxyl group, the other (IIIE) a quasi-axia] 
hydroxyl group. For the Ci)-epimer of (III) (the 1$,6-diol) this relation is reversed, 
Conformation (IIID) is energetically favoured over (IIIE), but for the 6-epimer the 
relation is not so certain. We hoped that infrared-absorption studies would furnish some 
information on this matter but, as will be reported later, the spectra of these bicyclic 
alcohols proved to be considerably more complex than those of their steroid analogues,” 
However, one observation supporting structure (III) (and IIID) for the compound of m. p, 
145—146° was that with acetic anhydride and pyridine it gave a diacetate whereas the 
epimer of m. p. 140° more readily underwent dehydration, thus demonstrating a greater 
axial character for its allylic hydroxyl group. 


H H 
(IITA) (111B) (ILC) (11D) (IIE) 


The following chemical evidence was decisive. Catalytic reduction of the enediol, 
m. p. 145—146°, under defined conditions gave as one product a saturated diol, m. p. 133°, 
which was readily converted on oxidation into the ¢rans-diketone. The same saturated 
diol was also obtained by reduction of either the trans-hydroxy-ketone (V) or the enedione 
(1) by lithium, ammonia, and ethanol. As the trans-structure is unique it follows that 
the 6-hydroxyl group formed will be equatorial (8). The enediol, m. p. 145—146°, thus 
has structure (III). 

The other hydrogenation product from the diol {III), and the only one when the reaction 
was not interrupted, was 9-methyl-trans-1£-decalol, hydrogenolysis of the allylic hydroxyl 
group having occurred. The compound was characterised as the 3,5-dinitrobenzoate 
and on oxidation gave the known 9-methyl-trans-decal-l-one," from which a semicarbazone 
and a dinitrophenylhydrazone, identical with specimens kindly provided by Professor 
W. S. Johnson (Wisconsin), were secured. 

Mild acid-dehydration of the mixed allylic alcohols (III and its epimer) gave a homo- 
geneous product formulated as (VI) in which the distribution of double bonds was inferred 
from its ultraviolet absorption maximum at 235 my (e 17,300). Chromic acid oxidation 
produced the corresponding ketone without extension of the conjugation. The dienol 
on catalytic reduction gave stereospecifically trans-9-methyl-18-decalol. 

It was of interest to compare the behaviour of other 3,5-diene systems. The enol 
ether (VII) was readily made from the diketone (I) and ethyl orthorformate in benzene- 
ethanol containing a trace of hydrochloric acid. Under more vigorous conditions (cf. Swamin- 
anthan et al.) the high yield of product indicated further attack by the reagent, probably 


OH OH oO Oo 
ae ag xin) E LD 
O° ‘ \ i 
(V) 


(VI) (VII) (VIII) 


at the l-carbonyl group. Catalytic reduction of the ether (VII) in ethanol over palladium- 
strontium carbonate stopped after absorption of 1 mol. of hydrogen and the product 
(formulated as VIII) afforded, on hydrolysis, a good yield of the pure ¢vans-diketone. 

* Barton, Cookson, Klyne, and Shoppee, Chem. and Ind., 1954, 21. 

1 Cf. Dauben and Hoerger, J. Amer. Chem. Soc., 1951, 78, 1504; Dauben and Freeman, ibid., 1952, 


74, 5206; Baker, Minckler, and Hussey, ibid., 1959, 81, 2379. 
41 Johnson, J. Amer. Chem. Soc., 1943, 65, 1317. 
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The reduction of an enol acetate was next investigated. To avoid complications with 
the 1-carbonyl group an enol acetate was prepared from the hydroxy-ketone (II). Its light 
absorption was consistent with a 3,5-diene structure. In the presence of Adams catalyst 
in ethanol it rapidly absorbed three mols. of hydrogen. Removal of the l-acetyl group 
from the product by lithium aluminium hydride, and oxidation, gave an oil which was 
shown by the formation of derivatives to be a mixture of 9-methyl-cis- and -trans-1-decal- 
one. Hydrogenolysis at the 6-position was not unexpected as a similar case has been 
reported for a steroid,’* where, however, only the érans-ring junction resulted. 


EXPERIMENTAL 


All compounds are racemic; the angular methyl group (designated £ in the one enantiomer 
named) is chosen as reference point. Ultraviolet light absorption data refer to EtOH solutions. 

9-Methyl-cis-decalin-1,6-dione.—A solution of 9-methyl-A%?%-octalin-1,6-dione (3-0 g.) in 
ethanol (25 ml.) was added to a pre-hydrogenated suspension of platinum oxide (100 mg.) in 
ethanol (25 ml.) and shaken at room temperature and pressure with hydrogen. Uptake ceased 
after 10 min. The catalyst was removed and the solvent was evaporated under reduced 
pressure. Chromatography of the residue on alumina gave a solid fraction which crystallised 
from light petroleum—ether to afford the cis-dione (2-4 g.), m. p. 65° (lit.,? m. p. 61—63°) (Found: 
C, 73-4; H, 8-6. Calc. for C,,H,,0,: C, 73-3; H, 9-0%), vmax, (in Nujol) 3000, 1702, 1178, 1144, 
1020, 1002, and 912 cm.4. 

The bis-2,4-dinitrophenylhydrazone was an orange powder (from tetrahydrofuran), m. p. 
230-5—231-5° (lit.,2 m. p. 230-5—231-5°) (Found: C, 50-9; H, 4:5; N, 20-1. Calc. for 
C,,H,O,N,: C, 51-1; H, 4:5; N, 20-7%). 

9-Methyl-trans-decalin-1,6-dione.—A solution of the dione (I) (3-0 g.) in tetrahydrofuran 
(50 ml.) was added dropwise during 30 min. to a stirred solution of lithium (300 mg.) in 
redistilled liquid ammonia (200 ml.). After 15 min. ammonium chloride was added to discharge 
the blue colour. The ammonia was evaporated and the residue extracted with ether. The oil 
(3-08 g.) left after removal of solvent slowly crystallised and was converted into a bis-2,4- 
dinitrophenylhydvazone which was shown to be homogeneous by paper chromatography and 
chromatography on 4: 1 bentonite-kieselguhr. It had m. p. 231° (from chloroform-ethanol) 
(depression on admixture with the cis-derivative) (Found: C, 51-0; H, 4:3; N, 21-0%). 

58-Hydroxy-108-methyl-A™-2-octalone’ (11).—This was best prepared as follows: sodium 
borohydride (850 mg.) in ethanol (200 ml.) (some solid remained undissolved) was added drop- 
wise during 1 hr. to a stirred solution of the dione (13-55 g.) in ethanol (100 ml.) at 0°. After 
a further 15 min. acetic acid was added. All solvent was removed at reduced pressure and 
the residue was dissolved in chloroform and treated with water. The organic layer was dried 
(MgSO,) and distilled to give the anhydrous hydroxy-ketone, b. p. 140°/0-25 mm. (12-75 g., 
92%) (Jaeger ® gives b. p. 135—137°/0-2 mm.). The oil solidified on exposure to air and 
crystallised from moist ether as the monohydrate, m. p. 58—59°. The infrared spectrum 
(liquid film) had main bands at 3500, 3000, 1662 (C°C-C=O), 1140, 1086, 1035, 1007, 960, and 
870 cm.}. 

58-A cetoxy-108-methyl-A™-2-octalone—Anhydrous 5-hydroxy-10$-methyl-A!-2-octalone 
(11-4 g.) was treated with acetic anhydride (35 ml.) and pyridine (50 ml.) and left overnight at 
room temperature. Crystallisation from light petroleum gave the acetate (11-3 g., 80%), 
m. p. 89° (Found: C, 70-3; H, 8-5. C,3;H,,O, requires C, 70-3; H, 8-1%), vax, (im Nujol) 1734 
(ester), 1670 (C{C-C=O), 1258, 1238, 1218, 1032, 1010, 990, 936, and 880 cm.”. 

58-A cetoxy-108-methyl-cis-2-decalone.—The foregoing acetate (4-49 g.) in ethanol (50 ml.) 
was hydrogenated over 2% palladium-strontium carbonate (2-0 g.). Uptake of hydrogen 
ceased at 1 mol. after 15 min. Removal of catalyst and solvent gave an oil which crystallised 
from isopentane at —20° to give the decalone (4-1 g.), m. p. 50-5—51° (Found: C, 69-8; H, 8-8. 
C,3H,0, requires C, 69-6; H, 9-0%), vmax. (in Nujol) 1724 (ester), 1706 (C=O), 1240 (acetate, 
simple), 1170, 1056, 1020, 976, and 960 cm.-}. 

58-Hydroxy-108-methyl-cis-2-decalone.—A solution of the acetoxy-cis-decalone (4-0 g.) in 
ethanol (25 ml.) was refluxed with potassium hydroxide (1 g.) for 90 min. Working up in the 
usual way gave the cis-hydvoxy-ketone (2-35 g., 72%) which crystallised as thick flat prisms, 

” Inhoffen, G. Stoeck, K6lling, and V. Stoeck, Annalen, 1950, 568, 52. 
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m. p. 67—68° from light petroleum containing a few drops of ether (Found: C, 71-7; H, 9-8, 
C,,H 4,0, requires C, 71-5; H, 10-0%), vmax. (liquid film) 3500, 1706, 1448, 1420, 1170, 1120, 1056, 
1032, 1000, 960, and 790 cm.1. Its mixture with 58-hydroxy-108-methyl-trans-decal-2-one, 
m. p. 68—70°, kindly supplied by Professor A. J. Birch, gave a large depression of the m. p. 
The authentic tvans-compound had vp, (liquid film) at 3500, 1706, 1452, 1420, 1152, 1072, 
1024, 1000, 960, and 846 cm."}. 

The cis-hydroxy-ketone (940 mg.) in acetone (20 ml.) was oxidised with 8N-chromic acid 
until there was a permanent orange colour. The solution was diluted with water and extracted 
with ether, and the organic layer washed with 5% sodium hydrogen carbonate solution and 
water and dried (MgSO,). The residue, after removal of the solvent, crystallised from light 
petroleum-ether to afford the cis-dione (840 mg.), m. p. and mixed m. p. 64-5—65°. 

Catalytic Reduction of 108-Methyl-58-tetrahydropyranyloxy-A\)-2-octalone.—The  tetra- 
hydropyranyl ether of 58-hydroxy-108-methyl-A-2-octalone was made by Jaeger’s method. 
It* had m. p. 65—66° (lit., 68—74°,1 62—64°*). The substance (3-3 g.) was hydrogenated 
over 2% palladium-strontium carbonate (350 mg.) in ethanol (30 ml.) at room temperature and 
pressure. After 20 min., uptake of hydrogen ceased at one mol. The solution was filtered and 
refluxed for 30 min. with dilute hydrochloric acid (5 ml.) under nitrogen. Extraction with ether 
followed by evaporation of the extract gave an oil which solidified (800 mg.) after trituration 
with light petroleum at —20°. Crystallisation from ether—light petroleum furnished 58- 
hydroxy-108-methyl-cis-decal-2-one, m. p. and mixed m. p. 64—65°. The mother-liquors, 
chromatographed on neutral alumina (Grade III, 60 g.), furnished some more (530 mg.) of the 
same compound, m. p. 67—68°. 

Reduction of 9-Methyl-A)-octalin-1,6-dione by Lithium Aluminium Hydride.—A solution 
of this dione (10 g.) in ether (250 ml.) was added during 30 min. to a stirred refluxing suspension 
of lithium aluminium hydride (6 g.) in ether. After 2 hr. the mixture was cooled and treated 
successively with ethyl acetate and dilute sulphuric acid. Extraction with ether followed by 
evaporation afforded a gum which was adsorbed on neutral] alumina (250 g.; Grade IV) from ether. 
Elution with the same solvent gave gums which on trituration with ethyl acetate afforded 
98-methyl-A%)-octalin-18,68-diol (7-5 g.), m. p. 137—141°. Several recrystallisations from 
ethyl acetate raised the m. p. to 145—146° (Found: C, 72-3; H, 9-8. C,,H,,O, requires 
C, 72-5; H, 10-0%). The infrared spectrum (in Nujol) had main bands at 3335, 3000, 1662, 
1322, 1292, 1264, 1060, 1046, 1030, 976, 928, and 860cm.. The diacetate, formed by treatment 
with acetic anhydride—pyridine overnight, crystallised from light petroleum as needles, m. p. 
75° (Found: C, 67:5; H, 81. C,,;H,,0, requires C, 67-6; H, 8-3%), vmax, 1740 (OAc), 1240 
(complex) cm."}. 

Further elution with ether gave 96-methyl-A%"-octalin-18,6a-diol (1-7 g.), m. p. 126—129°, 
raised to 133—135° by several recrystallisations from ethyl acetate (Found: C, 72-5; H, 9-8%), 
Vmax. (in Nujol) 3340, 3000, 1660, 1322, 1284, 1056, 1028, 990, 912, and 858 cm.*. Attempts 
to prepare a diacetate yielded an impure substance as plates (from light petroleum), m. p. 84——85° 
Found: C, 70-3; H, 8-2%), Vmax, 1740 (OAc) and 1240 cm. (no OH absorption). 

Hydrogenation of 98-Methyl-A%-octalin-18,68-diol_—The diol (750 mg.; m. p. 145—146°) 
in ethanol (25 ml.) was hydrogenated in the presence of 2% palladium—calcium carbonate (1 g.). 
After 1 hr., absorption of hydrogen ceased at 2 mols. Distillation of the residue, after removal 
of catalyst and solvent, gave 98-methyl-trans-16-decalol (670 mg.), b. p. 126°/14 mm., n,” 
1-5040, Vmax. (liquid film) 3500, 1444, 1260, 1056, 1032, and 976 cm.!. The 3,5-dinitrobenzoate 
was obtained by heating the decalol and 3,5-dinitrobenzoyl chloride on a water-bath for 1 hr. 
The product was triturated with warm 5% sodium hydrogen carbonate solution and then 
crystallised from light petroleum (b. p. 60—80°). It had m. p. 133° (Found: C, 58-8; H, 6-0; 
N, 7:9. C,sH,,0,N, requires C, 59-7; H, 6-1; N, 7:7%). 

In a second experiment, the diol (3-2 g.) in ethanol (100 ml.) was hydrogenated at room 
temperature and pressure over 2% palladium-—calcium carbonate (4 g.), but after 1-5 mols. had 
been absorbed the catalyst and solvent were removed and the remaining oil was distilled in 
distinct fractions: (a) b. p. 90°/0-5 mm., nm," 1-5035 (1-22 g.), which was redistilled to give an 
oil, b. p. 124—126°/15 mm., n,"* 1-5037, whose infrared spectrum was identical with that of 
96-methyl-trans-18-decalol; and (b) b. p. 114—118°/0-5 mm., which solidified after redistillation 
to give 98-methyl-trans-decalin-18,66-diol, m. p. 133° (from ether) (Birch e¢ al.’ give m. p. 
132—133°), vax. (in Nujol) 3400, 3000, 1266, 1072, 1046, 1028, 1008, 968, 940, and 912 cm.*. 
The trans-decalol (920 mg.) [from (a)] in acetic acid (5 ml.) was treated with chromium 
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trioxide (1 g.) in acetic acid (5 ml.) and water (0-5 ml.). After 1 hr. the mixture was diluted 
with water and extracted with ether. Distillation gave trans-9-methyl-l-decalone, b. p. 
126°/18 mm. (Johnson ™ gives b. p. 119—-120°/14—15 mm.). The 2,4-dinitrophenylhydrazone, 
in chloroform, after filtration through 4 : 1 bentonite—kieselguhr, crystallised from ethyl acetate— 
ethanol as orange plates, m. p. 168—169°, not depressed on admixture with the authentic 
trans-derivative, m. p. 169—170°, kindly supplied by Professor W. S. Johnson, but depressed 
to 143-5—-145° on admixture with the cis-derivative, m. p. 164-5—165-5°. The infrared spectrum 
(chloroform solution) of the derivative was identical with that of the authentic trans-compound. 
The semicarbazone, which was formed readily at 0°, crystallised from methanol as blades, 
m. p. 218-5—219-5° (lit.,44 m. p. 219—220°) (Found: C, 64-7; H, 9-2; N, 18-8. Calc. for 
C,H,ON;: C, 64-5; H, 9-5; N, 188%). 

A solution of 98-methyl-trans-decaiin-18,68-diol (850 mg.) in acetic acid (10 ml.) was treated 
with chromium trioxide (850 mg.) in acetic acid (5 ml.) and water (0-5 ml.). After 1 hr. the 
mixture was diluted with water and extracted with ether. Working up gave an oil (670 mg.), 
the bis-2,4-dinitrophenylhydrazone of which crystallised from chloroform-ethanol as an orange 
powder, m. p. 230° alone or mixed with the authentic tvans-derivative, but 223—225° when 
mixed with cis-compound. 

1,2,3,7,8,9-Hexahydro-18-hydroxy-98-methylnaphthalene (V1).—The crude mixture of 98- 
methyl-A%!-decalin-18,68- and -18,6«-diol [obtained by reduction of 6 g. of dione (I) by lithium 
aluminium hydride] was refluxed in dry benzene (100 ml.) with toluene-p-sulphonic acid mono- 
hydrate (100 mg.) under a Dean and Stark separator. After 2 hr. the mixture was cooled, 
washed with water, and dried (MgSO,). Removal of the solvent at reduced pressure gave the 
dienol (3-50 g., 66%), b. p. 82°/0-1 mm., ,,"" 15480 (Found: C, 80-3; H, 9-8. C,,H,,O requires 
C, 80:3; H, 98%), Amax, 235 my (e 17,300). 

Catalytic Reduction of the Dienol (V1).—The dienol (1-1 g.) in ethanol (50 ml.) was hydro- 
genated at room temperature and pressure over 2% palladium-strontium carbonate (1 g.). 
2 Mols. of hydrogen were absorbed after 30 min. Removal of the catalyst, and then of the 
solvent at reduced pressure, gave 98-methyl-trans-18-decalol (1-0 g.), b. p. 128°/14 mm., »,* 
14980. The 3,5-dinitrobenzoate, m. p. 134—135°, was identical with the specimen prepared 
as described on p. 2684. 

1,2,3,7,8,9-Hexahydro-9-methyl-1-oxonaphthalene.—The dienol (VI) (1-32 g.) in acetone 
(20 ml.) was treated dropwise with 8N-chromic acid until there was a slight excess of reagent. 
Working up gave the dienone (620 mg.), b. p. 118—122°/15 mm., m,* 1-5060, Amax. 234 my 
(¢ 14,600). The 2,4-dinitrophenylhydrazone, purified by chromatography in chloroform on 
4:1 bentonite—kieselguhr, formed yellow needles (from ethanol), m. p. 145° (Found: C, 58-9; 
H, 5-3; N, 16-8. C,,H,,0O, requires C, 59-6; H, 5-3; N, 16-4%). There was no trace of a red 
2,4-dinitrophenylhydrazone. 

18,6-A cetoxy-1,2,3,7,8,9-hexahydro-98-methyinaphthalene.—A solution of 58-hydroxy-108- 
methyl-A)-2-octalone (2-9 g.) in benzene (75 ml.) was treated with toluene-p-sulphonic acid 
(100 mg.) and redistilled isopropenyl acetate (20 ml.), and the mixture was slowly distilled under 
a continuous take-off head. After 4 hr. and 6hr., further portions of isopropeny] acetate (5 ml.) 
were added. The distillate was run into a solution of 2,4-dinitrophenylhydrazine in ethanolic 
sulphuric acid. After 7 hr., when the theoretical amount of acetone dinitrophenylhydrazone 
had been collected, the solvents were removed at reduced pressure. The residue was extracted 
with ether; distillation gave the acetate) 3-0 g., 86%), b. p. 120°/0-1 mm., Amax, 243 my, ¢ 18,000. 

Reduction of the Enol Acetate.—The preceding acetate (2-75 g.) in glacial acetic acid (30 ml.) 
was added to a prehydrogenated suspension of platinum oxide (100 mg.) in the same solvent 
(20 ml.). 1, 2, and 3 mols. of hydrogen were absorbed after a total of 12, 30, and 120 min., 
respectively. After removal of the catalyst and solvent, distillation furnished a mixture of 
1f-acetoxy-98-methyl-cis- and -trans-decalin (2-05 g., 94%), b. p. 68°/0-15 mm., n,* 1-4760 
(Found: C, 74:1; H, 10-2. Calc. for C,sH,,0,: C, 74:2; H, 10-5%). The oil had a strong 
smell of camphor. 

A solution of the mixed acetates (830 mg.) in ether was treated with lithium aluminium 
hydride, and the product oxidised with chromic acid in acetone. This oxidation product gave 
a 2,4-dinitrophenylhydrazone whose m. p. could not be raised above 134—142° (Found: C, 
58-6; H, 6-1; N, 16-1. Calc. for C,,H,,0O,N,: C, 589; H, 64; N, 162%), and a semi- 
carbazone (needles from ethanol) whose m. p. could not be raised above 198—199° (Found: 
C, 642; H, 91. Calc. for C,,H,,ON,: C, 645; H, 95%). 
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1,2,3,7,8,9-Hexahydro-6-ethoxy-9-methyl-1-oxonaphthalene (VII).—A mixture of 9-methyl- 
A*1)-octalin-1,6-dione (8-64 g.), redistilled ethyl orthoformate (8-2 g.), and benzene (50 ml.) 
was treated with ethanol (1 ml.) and concentrated hydrochloric acid (2 drops). After 2 hours’ 
refluxing the mixture was cooled, diluted with ether, washed with 5% sodium hydroxide 
solution and water, and dried (MgSO,). Distillation yielded the enol ether (8-6 g., 86%), b. p. 
100—102°/0-07 mm., ”,”* 1-5270. Swaminanthan and Newman? recorded b. p. 101—104°/0-1 
mm., #,”* 15257, but when the enol ether was made according to their directions the product 
was a complex mixture. 

Catalytic Reduction of the Enol Ether (V11).—The pure ether (6-54 g.) in ethanol (50 ml.) was 
hydrogenated over 2% palladium-calcium carbonate (6 g.). Absorption of hydrogen ceased 
after 20 min. at 1 mol. Removal of catalyst and solvent, and distillation of the residue, gave 
6-ethoxy-9-methyl-A®-trans-1-octalone (5-4 g.), b. p. 102°/0-25 mm., n,”° 1-4990 (Found: C, 74-4; 
H, 9-3. C,3;H..O, requires C, 75-0; H, 98%). Hydrolysis with boiling 2-5% ethanolic 
sulphuric acid under nitrogen for 1 hr. furnished pure 9-methyl-trans-decalin-1,6-dione in 
quantitative yield. 
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536. Transformations of 2-Methyl-A?-oxazoline in Aqueous 
Solution. 


By G. R. Porter, H. N. Rypon,’and J. A. SCHOFIELD. 


The pH of partially neutralised solutiéns of 2-methyl-A*-oxazoline 
changes with time, an initial rapid rise being followed by a slower fall; these 
changes are shown to be due to conversion into, first, O-acetylethanolamine, 
and then into N-acetylethanolamine. On the basis of the rates of the 
reactions involved it is concluded that 2-methyl-A?-oxazoline is not an inter- 
mediate in the conversion of O- into N-acetylethanolamine in aqueous 
solution. 


REQUIRING, for another purpose,’ to know the basic strength of 2-methyl-A*-oxazoline 
(Ib), we attempted to determine this by the usual procedure of measuring the pH of 
partially neutralised aqueous solutions of the base. It was noticed that the pH of such 
solutions changed rapidly with time and, although pK, was satisfactorily evaluated by 
extrapolation of the observed pH values to zero time, the phenomenon of an acid solution 
that became alkaline and then acid again with the mere passage of time seemed to warrant 
investigation. 

As shown in Fig. 1, the pH of partially neutralised solutions of 2-methyl-A*-oxazoline 
rises rapidly during the first few hours to a maximum value and then falls more slowly, 
during several days, to a constant value. We are here concerned with a rapid change of 
a weak base into a stronger one, followed by a slower change of the stronger base into 
another weak one. The nature of these changes was revealed by paper chromatography. 
After three hours, the ninhydrin-positive O-acetylethanolamine (II), Ry 0-35, was the only 
detectable component of the solutions, whereas after three days this was accompanied by 
the ninhydrin-negative N-acetylethanolamine (IV), Ry 0-65. 2-Methyl-A?-oxazoline is 
too volatile to be detected on paper chromatograms, but its presence in the solutions for 
the first day or two was apparent from its characteristic odour. Clearly, the initial rapid 
rise of pH is due to conversion of 2-methyl-A?-oxazoline (pK, 5-5) into the stronger 0- 
acetylethanolamine (pK, 8-6) which, in its turn, is converted into N-acetylethanolamine 


1 Porter, Rydon, and Schofield, Nature, 1958, 182, 927. 
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(pK, <1). The latter isomerisation was studied separately; the pH of a half-neutralised 
solution of O-acetylethanolamine falls, in three days, from an initial value of 8-6 to a final 
value of 5-2; paper chromatography showed the final solution to contain both the O- and 


the N-acetyl compound but the odour of the oxazoline was never detectable. 
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These transformations are best interpreted on the basis of the annexed reaction scheme, 
which is similar to, but differs in detail from, schemes which have been proposed by 


others.2 The irreversibility of the migration (II)—» (IV) in dilute aqueous acid 
(pH 1-2) was confirmed in a separate experiment. 
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Since O-acetylethanolamine (II) is a much stronger base than the oxazoline (I), the 
pH during the initial part of the hydration of the latter compound to the former will be 
determined almost entirely by the dissociation of the cation (Ia). It may readily be 
shown that, in such a system, the pH at any time is a measure of the logarithm of the 
concentration of the cation (Ia). Let [I], be the initial total concentration of the oxazoline 


(I) and y the number of equivalents of hydrogen ion added to the solution; then, adopting 
the usual symbolism, we have 


(Talo = y{I]q and [Ip] = (1 — y)[T]p 
and, after a fraction, x, of the oxazoline has reacted, 
(Ia] = (vy — *)[I]p and [I,] = (1 — y) (Do 


pH = pKa; — log [Iq]/[To) 
= pKar + log [T]p + log (1 — y) — log [I,] 
= Constant — log [I,] 


It follows that 


since, in any experiment, pKqr, log [I], and y are constant. 


 * Phillips and Baltzly, J. Amer. Chem. Soc., 1947, 69, 200; ee) 1949, 589; Fry, J. Org. 
Chem., 1950, 15, 802; Konstas, Photaki, and Zervas, Chem. Ber., 1959, 92, 1288. 
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It will be seen from Fig. 1 that, for the first two hours, the pH rises approximately 
linearly with time; the slope of this straight line is —k,/2-303 where k, is the first-order 
velocity constant for the hydration of the cation (Ia). Velocity constants so calculated 
(mean value, 20-5 x 10% min.-) are collected in the Table (p. 2690); since no attempt was 
made to control the temperature in these experiments, the agreement between the 
individual values of &, is satisfactory. Extrapolation of the pH readings to zero time 
enables pK, for 2-methyl-A*-oxazoline to be calculated in the usual way; the individual 
values (mean, 5-51) from six experiments are also collected in the Table. 

Considering now the isomerisation of the O-acetyl compound (II) into the N-acetyl 
compound (IV), (IIa) == (IIb) — (IV), and applying reasoning similar to that used in 
the previous case, it can be shown that, at any time during the early part of 
the isomerisation, 

pH = pKan — y log [11], + log [IIb] 
= Constant +- log [IIb] 


The pH is thus a measure of the logarithm of the concentration of unchanged (IIb) and 
the slope of the pH-time curve is k,/2-303, where k, is the first-order velocity constant for 
the isomerisation of (IIb). The course of this reaction, during the first two hours, plotted 
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in Fig. 2, shows that its apparent first-order velocity constant decreases steadily, with 
decreasing pH, from an initial value of 460 x 10° min.* (pH 8-6—8-0), having an average 
value of 86 x 10° min. over the pH range 7-5—7-0 and 27 x 10° min.+ over the pH 
range 7-0—6-5. This slowing down of the isomerisation with decreasing pH is in accord 
with the generally accepted view that such O —» N-acyl migrations are catalysed by 
hydroxyl ions.* 

Although it is generally accepted that some form of cyclic intermediate must intervene 
in the isomerisation of an O-acyl compound, such as (II), to an N-acyl compound, such as 
(IV), there is not general agreement * concerning the nature of this intermediate. It may 
be the oxazoline, as (I), or the hydroxyoxazolidine, as (III); the intervention of the latter 
compound was first suggested by Bergmann, Brand, and Weinmann ‘ and is strongly 
supported by stereochemical evidence. Our results seem finally to exclude the inter- 
vention of the oxazoline in such isomerisations in weakly alkaline or weakly acid solution. 
For, if the isomerisation does indeed take the course (II) => (I) —» (IV), then the 
O-acyl compound (II) can only accumulate appreciably in the system, as we have shown 
it to do, if the forward reaction from (I) to (IV) is much slower than the back reaction 
from (I) to (II). Our finding is, however, that the formation of N-acetylethanolamine 

% See Wiley and Bennett, Chem. Rev., 1949, 44, 458, and ref. 2. 

* Bergmann, Brand, and Weinmann, Z. physiol. Chem., 1923, 181, 1. 


’ Van Tamelen, J. Amer. Chem. Soc., 1951, 78, 5773; Fodor and Koczka, /., 1952, 850; Fodor and 
Kiss, J., 1952, 1589. 
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(IV) from the O-acetyl compound (II) is as fast as, or faster than, the formation of the 
Q-acetyl compound (II) from the oxazoline (I); it follows that the last-named compound 
cannot be an intermediate in the isomerisation of O-acetylethanolamine (II). It remains 
possible, and indeed likely, that the oxazoline may be an intermediate in the reverse 
process of N —» O-acyl migration which requires very different, and strongly acidic, 
conditions. 

Returning now to the transformations of 2-methyl-A?-oxazoline, it is clear that, until 
some of the O-acetyl compound (II) has been converted into the N-acetyl compound 
(IV), the amount of the free oxazoline (Ib) will remain constant at its initial value. As 
soon, however, as any N-acetyl compound has been formed, hydrogen ions will become 
available to convert the free oxazoline into its cation (Ia), which is then available for 
further hydration to (IIa). Eventually, the system will contain only N- and O-acetyl- 
ethanolamine, the latter in an amount equivalent to that of acid originally added. The 
proposed reaction scheme provides a satisfactory explanation of the findings of, inter alia, 
Goldberg and Kelly® and Phillips and Baltzly? with 2-phenyl-A®-oxazoline and of 
Elliott ? with the A*-oxazolines derived from benzoyl-serine and -threonine and is probably 
generally applicable to the transformations undergone by A*-oxazolines in aqueous 
solution. 

[Addendum]. After this paper had been submitted for publication we became aware 
of the work of Martin, Lowey, Elson, and Edsall’ on the analogous transformations of 
2-methyl-A*-thiazoline. These authors interpret their results in terms of a reaction scheme 


analogous to: 
(Ib) (IV) (Ifa) 


VY WN Wt 


(la) > di) = (ib) 


If certain assumptions are made concerning the various rate constants, such a scheme 
would fit our results, although there is no compelling reason why the transformations of 
the oxazoline should follow the same pattern as those of the thiazoline and there are, 
indeed, considerable differences between the two systems. It is important that, which- 
ever scheme is used for interpretation, the oxazoline (I) is excluded as an intermediate 
between the O-acetyl compound (II) and the N-acetyl compound (IV). 


EXPERIMENTAL 


Paper chromatograms (descending) were run overnight on Whatman No. 1 paper, with 
butan-l-ol-pyridine-water (39:21:39) as developing solvent. Spots were detected with 
ninhydrin and by chlorination.’ 

2-Methyl-A*-oxazoline, prepared by Wenker’s method® and repeatedly distilled from 
potassium hydroxide, had b. p. 108—110° (Found: equiv. by titration, 87-7. Calc. for 
C,H,ON: equiv., 85-0) and was characterised as the picrate, m. p. 161—162° (lit., m. p. 163°). 

N-Acetylethanolamine 8 had b. p. 120°/0-03 mm., Ry 0-60. 

O-Acetylethanolamine hydrochloride, prepared by Crane and Rydon’s method,® had m. p. 
127—128° (lit.,® m. p. 130°), Rp 0-35. The base, b. p. 118—120°/0-1 mm., ”,*! 1-4690, liberated 
from this salt with sodium ethoxide and believed by Crane and Rydon to be O-acetylethanol- 
amine, is ninhydrin-negative and does not give a picrate; it is N-acetylethanolamine, from which 
it is chromatographically indistinguishable. 

pH Measurements.—Measurements were made, at room temperature, with a Pye Miniature 
pH meter, by the use of glass and calomel electrodes. 

(i) 2-Methyl-A*-oxazoline. A weighed quantity of the base was treated with the appropriate 
amount of 0-1N-hydrochloric acid and the pH of the solution determined at intervals.. The 

* Goldberg and Kelly, J., 1948, 1919. 

* Martin, Lowey, Elson, and Edsall, J. Amer. Chem. Soc., 1959, 81, 5089, 

? Rydon and Smith, Nature, 1952, 169, 922. 


® Wenker, J. Amer. Chem. Soc., 1935, 57, 1079. 
* Crane and Rydon, J., 1947, 527. 
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results are summarised in the Table; complete curves for experiments 1, 4, and 6 are given 
in Fig. 1. 
TABLE 
Expt. Equiv. 108k, Expt. Equiv. 108k, 
no. of HCl (min!) pk, no. of HCl (min.“) pk, 
1 0-20 25-6 5-53 5 0-80 15-4 5-46 
2 0-20 21-1 5-65 6 0-80 15-1 5-43 
3 0-50 23-7 5-66 
4 0-50 22-1 5-36 Mean + S.E. 205+ 1-7 5-51 + 0-05 








In all cases chromatography after 3 hr. showed the presence of only O-acetylethanolamine 
(Ry 0-36; ninhydrin-positive); after 3 days, N-acetylethanolamine (Rp 0-65; ninhydrin- 
negative, chlorine-positive) was also present. 

(ii) O-Acetylethanolamine. The hydrochloride (0-1332 g.) was treated with 0-1N-sodium 
hydroxide (4-78 ml., 0-50 equiv.) and the pH of the solution determined at intervals. The 
results are plotted in Fig. 2. 

Chromatography of the final solution showed the presence of both O- (Rp 0-35) and N- 
acetylethanolamine (Ry 0-60). 

(iii) N-Acetylethanolamine. The pH of a solution of the base in 0-1N-hydrochloric acid 
(0-50 equiv.) was 1-2 and remained constant for 48 hr. 
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537. Further Studies in the Cyclodehydration of Arylidene-«- 
tetralones. 


By G. Satnt-Rur, Nc Px Buvu-Hoi, and P. JAcguiGcNnon. 


Cyclodehydration of arylidene-«-tetralones has been studied in respect of 
the preparation of new substituded 7H-benzo[c]fluorenes and of polycyclic 
hydrocarbons bearing two cyclopentadiene rings. Further, arylidene-«- 
tetralones derived from 2-quinolinaldehyde are shown to resist cyclo- 
dehydration. 


2-BENZYLIDENE-1-TETRALONE was shown by Rapson and Shuttleworth ! to undergo cyclo- 
dehydration with phosphorus pentoxide to give 7H-benzo{c]fluorene, and this reaction was 
later extended to the synthesis of a large number of more condensed polycyclic fluorene 
derivatives, some of which possess biological interest as carcinogens or as inhibitors of 
tumour-growth.2, However, it had rarely been applied to the preparation of substituted 


“Oy 


(I), R=H. (II), R=Me. 


7H-benzo{c}fluorenes. The present work shows that cuminaldehyde can be used in such 
syntheses, 2-4’-isopropylbenzylidene-1-tetralone being readily converted into 10-isopropyl- 
7H-benzo{c}fluorene (I); 2-methyl-10-isopropyl-7H-benzo{c]fluorene (II) was similarly 
obtained. More condensed hydrocarbons with isopropyl groups were also prepared in 

1 Rapson and Shuttleworth, J., 1940, 536; Buu-Hoi and Cagniant, Rev. Sci., 1942, 80, 319, 384, 
436; 1943, 81, 30; Buu-Hoi and Saint-Ruf, J., 1957, 3806; Saint-Ruf, Buu-Hoi, and Jacquignon, J. 


1958, 48; 1959, 3237. 
2 Badger, Elson, Haddow, Hewett, and Robinson, Proc. Roy. Soc., 1942, B, 180, 255. 
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the same way; thus, cyclisation of the condensation product (III) of 4-isopropylbenz- 
aldehyde with 7,8,9,10-tetrahydro-7-oxoacephenanthrene furnished the hydrocarbon (IV). 
Similar syntheses were also performed with tetralones bearing a furan or thiophen ring; 
the p-isopropylbenzylidene derivatives of ketones (V) and (VI), for instance, underwent 
ready condensation to compounds (VII) and (VIII). 


x 
(0), x=0 -don ¥ TO (iin Moai 
(V1), (VIII), X=s$ 


The alkali-catalysed reaction of terephthalaldehyde with two mols. of «-tetralone 


involved both the aldehyde groups, to give the chalcone-like compound (IX); this was 
cyclised with phosphorus pentoxide to 7,15-dihydrodinaphtho[1,2-a:1’,2’-g]-s-indacene (X), 


odes 


(IX) 


in low yield. From terephthalaldehyde and 1,2,3,4-tetrahydro-l-oxophenanthrene, the 
compound (XI) was similarly prepared and cyclised to the diphenanthro-s-indacene (XII); 


moreno 


(X1) 


from 2,8,9,10-tetrahydro-7-oxoacephenanthrene, compound (XIV) was obtained via the 
“ chalcone ” (XIII). 


(XITT) 


Terephthalaldehyde underwent reaction of both its aldehyde groups with other con- 
densed cyclanones, such as 1,2,3, 4-tetrahydro-4-oxophenanthrene and 7,8,9,10-tetrahydro- 
7-oxobenzo[a]pyrene to give compounds (XV) and (XVI) respectively; with heterocyclic 
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ketones it also underwent double condensation, resulting in compounds such as (XVII) 
whose cyclisation afforded compound (XVIII). 


seveuonecas 
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With a view to extending the Rapson-Shuttleworth reaction to the synthesis of aza- 
benzofluorene derivatives, quinoline-2-aldehyde was condensed with «-tetralone to give 
ketone (XIX); the last compound, however, resisted cyclodehydration and was recovered 
unchanged after treatment with phosphorus pentoxide. Similar failure was encountered 
with the condensation products of quinoline-2-aldehyde with 7-methyl-1-tetralone, 1,2,3,4 
tetrahydro-1- and -4-oxophenanthrene, 7,8,9,10-tetrahydro-7-oxoacephenanthrene, 7,8,9,10- 
tetrahydro-7-oxobenzo[a]pyrene, and _ 7,8,9,10-tetrahydro-7-oxobenzo[b]naphtho[2,3-d)- 
thiophen. The inability of ketones of the type of (XIX) to undergo cyclodehydration 
might be considered a consequence of Marckwald’s rule, which, with reference to the 
quinoline nucleus, excludes easy cyclisation across the 2,3-bond.* 


EXPERIMENTAL 


2-4’-Isopropylbenzylidene-1-tetralone.—4-Isopropylbenzaldehyde (5 g.; freshly redistilled) and 
1-tetralone (5 g.) were shaken for 5 min. with 4% ethanolic potassium hydroxide (50 c.c.), and the 
mixture was left in the refrigerator for 3 days. After addition of water, the product was taken 
up in benzene, the benzene solution washed first with aqueous acetic acid, then with water, dried 
(Na,SO,), and evaporated, and the residue fractionated in vacuo. The condensation produd 
(6 g.) had b. p. 267°/17 mm., ,** 1-6515 (Found: C, 86-8; H, 7-3. C,H O requires C, 86-9; 
H, 7-3%). 

* For discussion of this rule, see Badger, ‘“‘ The Structures and Reactions of the Aromatic Com- 
pounds,”” Cambridge University Press, 1954, p. 116. 
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10-Isopropyl-TH-benzo[c] fluorene (1).—A solution of the foregoing ketone (5-5 g.) in anhydrous 
xylene (60 c.c.) was refluxed for 30 hr. with phosphorus pentoxide (6 g.); the*supernatant 
liquid was decanted, washed with aqueous sodium hydroxide, then with water, and dried 
(Na,SO,), the solvent was removed, and the residue fractionated in vacuo. The portion of b. p. 
185—190°/0-3 mm. was purified via its picrate, and recrystallised from ethanol as needles (2 g.), 
m. p. 98—99°, highly soluble in benzene (Found: C, 93-1; H, 7-0. C,. 9H,, requires C, 93-0; 

0%)- 

iy + a Toapceifyoteyihieone:3-cnigh tetndlinn.-tnbaeneh as above from 4-isopropylbenz- 
aldehyde (5 g.), 7-methyl-1-tetralone (5-8 g.), and 4% ethanolic potassium hydroxide (25 c.c.), 
this ketone, b. p. 277°/16 mm., formed prisms (6 g.), m. p. 96°, from aqueous ethanol (Found: C, 
86-9; H, 7-6. C,,H,,O requires C, 86-9; H, 7-6%); its solutions in sulphuric acid were orange- 
yellow. 
oe 2-Methyl-10-isopropyl-7H-benzo[c]fluorene (I1).—Cyclodehydration of the foregoing com- 
pound (5-5 g.) with phosphorus pentoxide (6-5 g.) gave this hydrocarbon, needles (0-8 g.), m. p. 
116° (from ethanol) (Found: C, 92-6; H, 7-3. C,,H9. requires C, 92-6; H, 7-4%). 

7,8,9,10-Tetrahydro-8-4'-isopropylbenzylidene-7-oxoacephenanthrene (I11).—Prepared from the 
aldehyde (2 g.) and 7,8,9,10-tetrahydro-7-oxoacephenanthrene (3 g.), this ketone formed leaflets 
(4 g.), m. p. 141°, from ethanol (Found: C, 88-6; H, 6-9. C,gH,,O requires C, 88-6; H, 6-9%). 

1,2-Dihydro-11-isopropyl-8H-acenaphtho[4,5-c] fluorene (IV).—This hydrocarbon, obtained via 
its brown-red picrate, formed colourless needles, m. p. 204°, from ethanol (Found: C, 93-4; H, 
6-6. CygHa. requires C, 93-4; H, 6-6%). 

8-4’-Isopropylbenzylidene -7,8,9,10-tetrvahydro -7 -oxobenzo[b]naphtho[2,3-d] furan. Prepared 
from cuminaldehyde (2 g.) and ketone (V) (3-6 g.), this ketone formed from ethanol pale yellow 
prisms (4 g.), m. p. 179°, whose solutions in sulphuric acid were cherry-red (Found: C, 85-1; H, 
5-9. C,gH,.0, requires C, 85-2; H, 6-0%). 

2-Isopropylfluoreno[3’,4’-4,5|dibenzofuran (VII).—Prepared by cyclisation of the foregoing 
ketone (3-2 g.), this compound was purified via its brown picrate, and formed yellow needles 
(0-3 g.), m. p. 214°, from ethanol—benzene (Found: C, 89-6; H, 5-8. C,gH,9O requires C, 89-6; 
H, 5-7%). 

8-4’-Isopropylbenzylidene-7,8,9,10-tetrahydro-7-oxobenzo[b]naphtho[2,3-d]thiophen.— Prepared 
from ketone (VI) (4 g.) and the aldehyde (2-5 g.), this ketone formed from ethanol pale yellow 
prisms (5 g.), m. p. 165—166°, whose solutions in sulphuric acid were deep pink (Found: C, 
81-4; H, 5-8. C,gH,,OS requires C, 81-7; H, 5-8%). 

2-Isopropylfluoreno[3’,4’-4,5|dibenzothiophen (VIII).—This compound, b. p. 260°/0-5 mm., 
formed cream-coloured needles, m. p. 193°, from cyclohexane (Found: C, 85-8; H, 5-6. 
CygHooS requires C, 85-7; H, 5-5%). 

p-Phenylene(di-2-methylene-1-tetralone) (IX).—Prepared in the usual way from terephthal- 
aldehyde (3 g.), 1-tetralone (7-5 g.), and 4% ethanolic potassium hydroxide (50 c.c.), this product 
formed from ethanol—benzene yellow prisms (8-5 g.), m. p. 282°, whose solutions in sulphuric 
acid were cherry-red (Found: C, 86-0; H, 5-6. C,,H,,O, requires C, 86-1; H, 5-7%). 

7,15-Dihydrodinaphtho[1,2-a:1’,2’-g]-s-indacene (X).—Prepared by cyclodehydration of the 
foregoing compound (7-5 g.) with phosphorus pentoxide (11 g.) in xylene (75 c.c.), this hydro- 
carbon formed pale yellow needles (0-1 g.), m. p. 303°, from ethanol—benzene (Found: C, 94-9; 
H, 5-1. CygH,, requires C, 94-9; H, 5-1%). 

7,17-Dihydrodiphenanthro[1,2-a:1’,2’-g]-s-indacene (XII).—The compound (XI), prepared 
from 1,2,3,4-tetrahydro-l-oxophenanthrene (3-5 g.) and terephthalaldehyde (1-3 g.), formed 
from ethanol—benzene yellow prisms (3-8 g.), m. p. 230°, whose solutions in sulphuric acid were 
violet (Found: C, 88-3; H, 5-5. C3,H,,O, requires C, 88-1; H, 5-3%). Cyclodehydration of it 
yielded the hydrocarbon .(XI11), crystallising as colourless needles, m. p. 267°, from ethanol— 
benzene (Found: C, 95-3; H, 4-9. CygHg, requires C, 95-1; H, 4:9%). The compound (XV), 
similarly prepared from 1,2,3,4-tetrahydro-4-oxophenanthrene and terephthalaldehyde, crystal- 
lised as yellow prisms, m. p. 155—156°, from ethanol—benzene (Found: C, 88-1; H, 5-4. 
CygH,,O, requires C, 88-1; H, 5-3%). The analogue (XVI), prepared from 7,8,9,10-tetrahydro- 
7-oxobenzo[a]pyrene (1-5 g.),and terephthalaldehyde (0-5 g.), formed yellow leaflets (1-2 g.), 
m. p. 253° (from ethanol—benzene), which gave brown-red solutions in sulphuric acid (Found: 
C, 90-2; H, 4-9. C,,H,O, requires C, 90-3; H, 4:7%). 

8,18-Dihydrodiacephenanthro[4,5-a:4’,5’-g]-s-indacene (XIV).—The compound (XIII), pre- 
pared from terephthalaldehyde (1-8 g.) and 7,8,9,10-tetrahydro-7-oxoacephenanthrene (6 g.), 
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formed from ethanol—benzene deep yellow prisms (6 g.), m. p. 231°, giving violet-brown solutions 
in sulphuric acid (Found: C, 88-4; H, 5-6. CH 90, requires C, 88-5; H, 5-6%). The hydyo- 
carbon (XIV) obtained on its cyclodehydration formed pale yellow prisms, m. p. 318°, from 
ethanol—benzene (Found: C, 94-7; H, 5-2. Cy H,, requires C, 94-8; H, 5-2%). 
8,18-Dihydrodibenzo[4’”’ ,5’’’:4’’”" 5’ \dithieno[2’”’,3’”’ -6,7:2”” ,3’’’’-6’,7’|dinaphtho[1,2-a:1’,2’. 
g)-s-indacene (XVIII).—The compound (XVII), prepared from ketone (VI) (5-3 g.) and 
terephthalaldehyde (1-5 g.), formed from ethanol-benzene greenish-yellow prisms (5 g.), m. p, 
228°, whose solutions in sulphuric acid were violet (Found: C, 80-3; H, 4-4. CyoH,0,S, 
requires C, 79-7; H, 43%). Cyclodehydration furnished compound (XVIII), crystallising as 
orange prisms, m. p. > 320°, from benzene (Found: C, 84-6; H, 4-1. CygH,.S, requires C, 84-8: 
H, 39%). 
2-(1-Oxo-2-tetralylidenemethyl)quinoline (XIX).—A solution of 1-tetralone (8 g.) and quin- 
oline-2-aldehyde (10 g.) in 4% ethanolic potassium hydroxide (100 c.c.) was shaken for 10 min., 
then left for 12 hr. at room temperature. The precipitate was washed with water and 
recrystallised from ethanol, giving pale yellow needles (10-5 g.), m. p. 125°, whose solutions in 
sulphuric acid were orange-yellow (Found: C, 84:2; H, 5-4. C,9H,;NO requires C, 84-2; H, 
5-3%). The derived picrate formed yellow prisms, m. p. 175°, from ethanol (Found: N, 10-9, 
CygH,,N,O, requires N, 109%). Several attempts to cyclise this product (12 g.) with phos- 
phorus pentoxide (12 g.) in xylene (75 c.c.) gave only unchanged starting material: use of 
sodamide was equally unsuccessful. 
2-(7-Methyl-1-oxo0-2-tetralylidenemethyl)quinoline.—Prepared from 7-methyl-1-tetralone (10-5 
g.) and quinoline-2-aldehyde (10 g.), this compound formed yellow needles (13 g.), m. p. 129°, 
from ethanol (Found: C, 84-3; H, 5-9. C,,H,,NO requires C, 84-3; H, 5-7%). The picrate 
crystallised as orange-yellow prisms (from ethanol), m. p. 191° (Found: N, 10-3. C,,Hg9N,0, 
requires N, 10-6%). 
2-(1,2,3,4-Tetrahydro-1-oxophenanthrylidenemethyl)quinoline.—Prepared from 1,2,3,4-tetra- 
hydro-l-oxophenanthrene (1 g.) and quinoline-2-aldehyde (0-8 g.), this ketone formed yellow 
needles (0-6 g.), m. p. 176°, from ethanol (Found: C, 85-9; H, 5-4. C,,H,,NO requires C, 85-9; 
H, 5:1%). The 4-ox0-analogue, obtained similarly, formed yellow needles, m. p. 166°, from 
ethanol (Found: C, 85-9; H, 5-2%). 
2-(2-Quinolylmethylene)-1,2,3,4-tetrahydro-1-oxoacephenanthrene.—From 1,2,3,4-tetrahydro-l- 
oxoacephenanthrene (2 g.) and quinoline-2-aldehyde (1-5 g.), this ketone formed yellow needles 
(2 g.), m. p. 207°, from ethanol—benzene (Found: C, 86-3; H, 5-0. C,,H,,NO require C, 
86-4; H, 5-3%). The picrate formed orange-red needles, m. p. 188°, from ethanol—benzene 
(Found: N, 9-5. C,,H,.N,O, requires N, 9-5%). 
2-(7,8,9,10-Tetrahydro-7-oxobenzo[a]pyrenylidenemethyl)quinoline.—Prepared from the oxo- 
benzopyrene (3 g.) and quinoline-2-aldehyde (2 g.), this compound formed deep yellow needles 
(3 g.), m. p. 221°, from ethanol—benzene (Found: C, 88-1; H, 4:8. C3 9H,,NO requires C, 88-0; 
H, 46%), and gave a picrate, orange-red prisms (from ethanol—benzene), m. p. 185° (Found: N, 
8-8. C3,.H,.N,O, requires N, 8-8%). 
8-(2-Quinolylmethylene)-7,8,9,10-tetrahydro-7-oxo[b]naphtho[2,3-d]thiophen.—Prepared from 
ketone (VI) (2 g.) and quinoline-2-aldehyde (1-3 g.), this compound formed yellow needles (2 g.), 
m. p. 265°, from ethanol—benzene (Found: C, 79-8; H, 4-4. C,.H,,;NOS requires C, 79-8; H, 
43%). 


This work was supported in part by a grant from the National Cancer Institute of the 
National Institutes of Health, U.S. Public Health Service; the authors thank the authorities 
concerned. 
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538. The Reaction of Ammonia-Trimethylboron with Potassium in 
Liquid Ammonia, and Some Properties of Potassium Aminotrimethyl- 
borate. 

By A. K. Hoiiipay and N. R. THOMPSON. 


Potassium and trimethylboron in liquid ammonia react to form potassium 
aminotrimethylborate K[H,N-BMe,]. When heated, this readily loses two 
mols. of methane, giving a polyanionic salt which yields hydrogen and methane 
on hydrolysis. Trimethylboron and diborane do not react with the solid 
aminotrimethylborate; in ether, diborane reacts to give a solid K[H,N,B,H,] 
which is shown to be an equimolar mixture of potassium borohydride and 
polymeric aminoborine. It is suggested that this reaction is an example of 
the unsymmetrical fission of diborane. 


REACTION with an alkali metal in liquid ammonia can effect fission of an alkyl group (e.g., 
from R,Pb') or of hydrogen (e.g., from ammonia); or reduction may occur, ¢.g., tetra- 
methyldiborane (Me,BH), forms* the anion [Me,BH]*-. Monomeric boron compounds 
BX;,, however, co-ordinate with solvent molecules to give H3N,BXz, and here fission of 
H or X, or reduction, may occur. Thus with boron trifluoride, McDowell and Keenan * 
found in general that hydrogen and fluoride ions were formed: 

HgN,BFs -+ e~ ——t> H,N-BF, + Fo + $H, 


Kraus and Smith found only hydrogen from trimethylboron,! 7.¢., 
H3N,BMe, +- e~ ——a> [H,N-BMe,]~ + $H, 


We have confirmed this observation quantitatively, using potassium, which gives potassium 
aminotrimethylborate in liquid ammonia solution; slight decomposition of this produces 
a trace of methane (see below). Potassium amide is also produced, but extraction with 
ether after removal of ammonia separates the aminotrimethylborate from the insoluble 
amide. Some properties of this white solid salt, K[H,N-BMe,], will now be described. 

Thermal Decomposition and Hydrolysis.—Heating at 140° for several hours caused the 
loss of two mols. of methane; more prolonged heating produced only a little more methane. 
There was a slow loss of methane at room temperature, and the appearance of a trace in 
the preparation has been noted. Ammonia-trimethylboron loses methane on heating,® 
and the loss from the aminotrimethylborate probably occurs similarly: 


H,N,BMe, ——» H,N-BMe, -+ MeH 
[H,N-BMe,]~ ——t> [HN:BMe,]~ -}+- MeH 
[HN:BMe,]- ——t [NBCH,]~ + MeH 


Aminodimethylborine, H,N-BMeg, is known to be polymeric when prepared in this way, ofS 
and the change in appearance of the potassium aminotrimethylborate on heating from a 
crystalline to a sticky amorphous solid suggests the formation of polyanions. Further 
evidence relating to the anion given above as [NBCH,]~ is considered below; here, it may 
be noted that in the series BMe,, H,N-BMe;, [H,N-BMe,]~ the thermal stability decreases 
steadily; trimethylboron does not decompose appreciably below 400° and ammonia- 
trimethylboron loses only one molecule of methane at 220°. This change may be due to 
weakening of the B-C bonds by the increasing electron density on the boron atom, by 
co-ordination in H,N-BMe,, and also by presence of the negative charge in [H,N*BMe,]~. 


? Holliday and Pass, J., 1958, 3485. 

* Campbeil, J. Amer. Chem. Soc., 1957, '79, 4023. 

* McDowell and Keenan, J. Amer. Chem. Soc., 1956, 78, 2065. 
* Kraus and Smith, J]. Amer. Chem. Soc., 1951, 78, 2751. 

5 Wiberg, Naturwiss., 1948, 35, 185. 
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Acid-hydrolysis of potassium aminotrimethylborate at room temperature was 
quantitative in accordance with the reaction 


[H,N-BMe,]~ ++ 2HCl ——t» NH,* + 2CI~ + BMe, 


and confirmed the formula. Aqueous hydrolysis of the pyrolysis product K[NBCH,] was 
vigorous at ordinary temperature and produced ammonia, hydrogen, methane, a trace of 
carbon monoxide, and boric acid; only the last was recovered quantitatively and some 
residual carbon remained. These results are certainly not typical for the hydrolysis of 
compounds containing alkyl-boron bonds, where hydrolysis is usually difficult and 
produces alkylboric acids and not boric acid. They suggest the formation of B-H bonds 
in the pyrolysis product, which might therefore be tentatively formulated as 
K, [(‘N-BH-CH,,),,]. 

Reactions with Acceptor Molecules —There are several well-established examples of the 
formation of a bond to boron by a nitrogen atom already bound to boron, e¢.g., the com- 
pound Me,N-B,H, has been shown to contain the B-NMe,-B bridge; &*? B-N-B linkages 
also occur in borazole and polymeric R,N-BR, molecules, but not in the ‘‘ diammoniate 
of diborane,” which has the structure [BH,(NH3),|BH, and not NH,{H,B-NH,°BH,]8 
There seems no reason why a nitrogen atom in an anion of type [H,N-BR,]~ should not 
co-ordinate to a second boron atom, and the absence of any boron-nitrogen double bonding 
in this anion might well enhance the donor character of the nitrogen. The reactions of 
potassium aminotrimethylborate with trimethylboron, boron trifluoride, and diborane 
have therefore been studied. 

With trimethylboron (the weakest acceptor) there was no reaction in absence or 
presence of ether as solvent. Boron trifluoride reacted in absence of solvent, but non- 
integral reaction ratios precluded a clear interpretation; better results have been obtained 
by using the dimethylaminotrimethylborate K[Me,N-BMe,] and these will be reported 
later. Diborane did not react with solid potassium aminotrimethylborate but reacted 
slowly with an ethereal solution at —78° giving a white precipitate. Analysis of the 
latter gave a K : B ratio of 1 : 2, indicating uptake of a BH, group. A complete separation 
of the volatile products from unchanged diborane and ether was impracticable; the 
infrared spectrum of the partially separated products suggested the presence of methylated 
diboranes. The mixture of products, diborane, and ether was therefore treated with 
trimethylamine and the mixture of adducts so obtained hydrolysed to determine ® the 
overall composition B,H,_,Me,. The results indicated almost complete replacement of 
the methyl groups of the anion by hydrogen, 7.e., the reaction with diborane involved both 
addition and replacement: 


2[H,N-BMe,]~ +- 3B,Hg ——B 2[H,N,B,H,]~ + 2B,HsMey 


the mixed methylated diboranes being represented by the mean composition B,H,Me,. 
Acid-hydrolysis of the white solid product gave hydrogen in amount slightly less than 
expected from complete hydrolysis of K[H,N,B,H,] and a little methane; the titratable 
boron in the hydrolysate was also low. These facts suggest incomplete replacement of 
methyl groups by hydrogen, and consequent incomplete hydrolysis, since any B-CH, 
groups remaining would tend to resist hydrolysis and give only a little methane, the 
unhydrolysed part appearing as non-titratable methylboric acids. In many experiments, 
using repeated or prolonged treatment with diborane, complete replacement of methyl 
groups was rarely effected. 

Although acid-hydrolysis of the product K{H,N,B,H,] was fairly rapid, alkaline 
hydrolysis was slow and incomplete. The solid salt slowly evolved hydrogen at 150°, but 


* Schlesinger, Ritter, and Burg, J. Amer. Chem. Soc., 1938, 60, 2297; Burg and Good, J. Inorg. 
Nuclear Chem., 1956, 2, 237. 
7 Hedberg and Stosick, J. Amer. Chem. Soc., 1952, 74, 954. 
* Schultz and Parry, J. Amer. Chem. Soc., 1958, 80, 4. 
* Holliday and Jeffers, J. Inorg. Nuclear Chem., 1958, 6, 134. 
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no diborane or borazole. Trimethylamine reacted very slowly and incompletely. These 
facts do not support a formula K[H,B-NH,°BH,] for the salt, from which diborane or 
borazole would be expected as pyrolysis products, from which trimethylamine might 
readily remove a borane group as Me,N-BHsg, and which would be hydrolysed readily in 
acid or alkaline solution. The rapid acid and slow alkaline hydrolysis observed are 
however characteristic of an alkali-metal borohydride; this would not react readily with 
trimethylamine and would not decompose easily when heated. If the apparent 
K{H,N,B,H,] does contain the borohydride KBH,, then the other constituent is probably 
polymerised aminoborine, H,N-BH,, and this also would not react with trimethylamine 
and would slowly yield hydrogen on being heated. The difficulty of completely replacing 
the methyl groups could then be explained if these were present in the polymeric amino- 
borine; their presence in the borohydride anion is much less probable. 

Potassium borohydride is soluble in liquid ammonia without reaction; aminoborine 
is slowly ammonolysed: 

HgN*BH, ++ *NH, ——3 (H,N),—28Hg_2 + 4H, 


The solid K{H,N,B,H,] in liquid ammonia only evolved hydrogen very slowly even above 
33°, but addition of ammonium chloride produced rapid evolution at low temperature. 
After warming to destroy the ammonium borohydride also formed (see below) and to 
remove solvent ammonia, addition of more ammonia produced more hydrogen containing 
a trace of methane, and an equivalent amount of ammonia was taken up. This suggests 
that ammonolysis of the aminoborane was occurring, presumably catalysed by the 
ammonium ions present. In another experiment, ammonia and ammonium chloride were 
added and the ammonia was immediately removed at low temperature to minimise 
ammonolysis of the aminoborine. The solid then remaining was assumed to contain the 
latter and an equal amount of ammonium borohydride formed by the metathetic reaction 


NH,Cl + KBH, ——t NH,BH, + KCI 


At room temperature, the solid gradually lost hydrogen in an amount required by the 
reaction NH,BH, —» H,;N,BH, + H, which should occur at room temperature.“ At 
90° rather less hydrogen was produced than required by the reaction 


H3N,BH, ——3 H,N-BH, + Hy 


but the temperature at which this reaction is complete is ill-defined.*__ Finally, heating 
at 200° produced more hydrogen than required by the reaction ® 


2H,N°BH, —— 2HN:BH + 2H, 


(two mols. of aminoborine, one originally present and one formed as just described). 
The overall loss of hydrogen was that expected for the decomposition of an equimolar 
mixture of aminoborine and ammonium borohydride to give the iminoborine HN‘BH; 
the only other volatile product was a trace of substance tentatively identified as borazole, 
again a product to be expected here.4% These considerations support the other evidence 
that ““ K[H,N,B,H,] ” is a mixture of KBH, and H,N-BH, polymer. 
The reactions by which this mixture was produced must now be considered. A scheme 
such as 
[H,N-BMe,]~ ——t [H,8°NH,"BMe,]~> ——t [H,B°NH,"BH;]~ 


does not explain the need for a solvent, and there is no apparent reason why replacement 
of methyl groups should be so difficult. There is now no other evidence for an anion 
(H;B-NH,°BH,]~, and if it was formed here decomposition with loss of a borine group 
seems more likely than that suggested above. 

” Schaeffer, Adams, and Koenig, J. Amer. Chem. Soc., 1956, 78, 725. 

" Parry, Schultz, and Girardot, J. Amer. Chem. Soc., 1958, 80, 1. 


* Thorpe, Ph.D. Thesis, Liverpool, 1959. 
8 Wiberg and Bolz, Ber., 1940, 78, 209. 
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Parry and Edwards have pointed out that most donor molecules or ions, D, produce 
symmetrical fission of diborane to give D,BH,, but two—ammonia and the amide ion— 
produce unsymmetrical fission to give a borohydride ion. Hence lithium amide in ether 
reacts with diborane thus: % 


LiNH, + BgHg —— LiBH, +- H,B*NH, 
and there is no reaction in absence of solvent. The corresponding reaction here would be 
[H,N-BMes]~ + BH, ——3 H,B*NH,"BMe, + BH,~ 


followed by loss of trimethylboron, the latter then forming methylated diboranes by inter- 
action with excess of diborane. The solvent might assist reaction, not only by dissolving 
the potassium aminotrimethylborate and diborane, but also by causing precipitation of 
the potassium borohydride and forming an ether complex with the trimethylboron. The 
tenacious retention of methyl groups could be due to a rearrangement such as 


H,B*NH,*BMe, ——t HMeB-NH,"BMe,H 


followed by loss of BHMe, (appearing as tetramethyldiborane), leaving finally polymeric 
HMeB-NH, in which replacement of methyl groups might be difficult. An experiment 
showed that solid aminodimethylborine H,N-BMe, (prepared by heating ammonia-tri- 
methylboron) reacted readily with diborane in absence of any solvent to give methylated 
diboranes with complete replacement of the methyl groups in the solid. It seems likely 
that the aminoborine formed from the aminotrimethylborate is more highly polymerised 
than that formed in other ways, since it does not readily undergo ammonolysis or 
substitution. 
EXPERIMENTAL 
(Unless otherwise stated, all quantities recorded here are in terms of mmoles or mg.-atoms.) 


Reductions and manipulations in liquid ammonia solution were carried out in a high- 
vacuum apparatus by methods previously described.+1* Diborane was prepared by heating 
a mixture of anhydrous stannous chloride and potassium borohydride at 200°, and purified by 
fractionation.” Other starting materials were prepared by conventional methods; crude 
trimethylboron was converted into the ammonia addition compound, the latter sublimed 
in vacuo, and trimethylboron obtained by addition of hydrochloric acid, and stored over sodium 
hydroxide. 

Typical experiments were as follows: 

Preparation and Hydrolysis of Potassium Aminotrimethylborate.—Trimethylboron (0-55) and 
excess of ammonia were mixed and potassium (0-92) was added at —78°; the blue solution 
was left until colourless, hydrogen (0-45) and methane (0-01) being formed. After removal of 
solvent, dry ether was added, the mixture refluxed and filtered, and the ether removed. The 
solid product on hydrolysis with hydrochloric acid gave trimethylboron (0-50) as the only 
volatile product and the residue evolved ammonia (0-42) on treatment with alkali and contained 
potassium (0-49). 

Pyrolysis.—The aminotrimethylborate (0-95) was heated for 45 hr. at 140°; methane (2-13) 
was produced. Water was condensed on to the brown product, and after the violent reaction 
at room temperature the mixture was heated at 100°; hydrogen (0-25), methane (0-10), anda 
trace of carbon monoxide were evolved; the remaining liquid was distilled into standard acid 
and ammonia (0-42) was found. Titration of the residue gave boric acid (0-89) and a black 
solid identified as carbon. 

Reaction with Diborane.—The aminotrimethylborate (1-35), prepared in ether solution as 
described above, was shaken for 7 days with excess (5-01) of diborane at —78°. A trace of 
hydrogen was formed; other volatile products were removed with the ether; the solid residue 
gave potassium (1-34) and, after fusion with sodium peroxide, boron (2-48). In another 
experiment with aminotrimethylborate (1-2), trimethylamine was added to the mixture of 

‘4 Parry and Edwards, J. Amer. Chem. Soc., 1959, 81, 3554. 

15 Schaeffer and Basile, J. Amer. Chem. Soc., 1955, 77, 331. 


16 Hazlehurst, Holliday, and Pass, J., 1956, 4653. 
7 Jeffers, unpublished work. 
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excess of diborane and volatile reaction products, to give a solid adduct (10-3). Hydrolysis of 
this gave hydrogen (27-7) (Me,N-BH, requires 30-9); hence a fraction 3-20/3-60 of the methyl 
groups of the salt was replaced by hydrogen. The following reactions were carried out on the 
solid product of the above reaction: " ; 

Hydrolysis. Hydrolysis of 1-22 mmoles with constant-boiling hydrochloric acid for 24 hr. 
at 100° gave hydrogen (5-79) and methane (0-20) and a residue containing boron (1-92) in 
titratable form. Hydrolysis of the solid (1-0) with sodium hydroxide solution for 7 days at 
room temperature gave only hydrogen (0-26). 

Pyrolysis. 1-22 mmoles heated for 18 hr. at 150° gave hydrogen (0-33). 

Reaction with Trimethylamine.—The aminotrimethylborate (1-13) was treated with excess 
of trimethylamine for 14 days at room temperature; hydrogen (0-20) was formed and trimethyl- 
amine (0-11) absorbed. 

Reaction with Ammonia and Ammonium Chloride.—The potassium salt (1-05) with excess 
of ammonia at room temperature for 72 hr. gave hydrogen (0-05). Ammonium chloride was 
then added, and ammonia removed at — 23°; on storage for 20 hr. at 20°, hydrogen (1-05) was 
formed; 30 hr. at 90° gave a further 0-73 mmole, and at 200° another 2-68 mmoles were evolved. 
In another experiment with solid (0-65), very slow removal of solvent ammonia after addition 
of ammonium chloride gave hydrogen (0-24); after warming to room temperature to convert 
ammonium borohydride into ammonia-borine, addition of more ammonia and reaction at 20° 
for 24 hr. gave hydrogen (0-20) and methane (0-01) with loss of ammonia (0-21). Subsequent 
removal of ammonia and further heating gave more hydrogen and a trace of condensable 
substance, v. p. 90 mm. at 0° (v. p. of borazole, 85 mm. at 0°). 

Reaction of Aminodimethylbovane with Diborane.—1-15 Mmoles, prepared by heating 
ammonia-trimethylboron, were treated with diborane (2-01) for 7 days at —78°. Volatile 
material (2:04 assumed to be methylated diboranes) was recovered and gave on hydrolysis 
hydrogen (9-91) and a trace of methane (required for diborane: hydrogen, 12-04); hence 
hydrogen (1-06) was lost from the diborane. Reaction of the residue with constant-boiling 
hydrochloric acid gave hydrogen (0-39). 

DEPARTMENT OF INORGANIC AND PHYSICAL CHEMISTRY, 

THE UNIVERSITY OF LIVERPOOL. [Received, January 18th, 1960.) 





539. Mesomorphism and Polymorphism in Simple Derivatives of 
p-T'erphenyl. 
By P. CuLiinc, G. W. Gray, and D. Lewis. 


The molecule of p-terphenyl is elongated, and the introduction of simple 
dipolar substituents at the 4- and 4’’-positions may give rise to mesomorphic 
behaviour. For example, 4-cyano- and 4-methoxy-4’’-nitro-p-terphenyl and 
4-acetamido- and 4-amino-3,4’’-dinitro-p-terphenyl exhibit nematic meso- 
phases. Other p-terphenyl derivatives which, by analogy, might be expected 
to give mesophases, e.g., 4,4’’-dinitro-p-terphenyl and 4-acetamido-4’’-nitro- 
p-terphenyl, are so high-melting that conditions are unfavourable for the 
existence of a mesophase. The melting processes of 4-acetamido-3,4”-di- 
nitro-p-terphenyl and the amine are complicated by polymorphic changes. 


CompounDs which exhibit mesomorphic properties vary widely in constitution, but the 
molecules are always geometrically anisotropic. In general, the molecules contain dipolar 
groups and polarisable aromatic rings such that the intermolecular attractions are adequate 
to maintain the parallel arrangement of the molecules after the solid has melted. 

In mesomorphic derivatives of benzene, the symmetrical hydrocarbon skeleton must 
carry two substituents in the para-positions and these substituents must be either elongated 
or of such a nature (e.g., -CO,H) that the molecules dimerise. If strong enough inter- 
molecular attractions operate between such long molecules, mesophases may be obtained 
on melting the compound, e.g., for NN’-di-(p-n-alkoxybenzylidene)-p-phenylenediamines,1 
* Gray, Hartley, Ibbotson, and Jones, J., 1955, 4359. 
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p-azoxyanisole, and p-n-propoxybenzoic acid (dimeric). With the elongated molecule of 
biphenyl, only one suitable substituent in the 4-position is required for the compound to be 
mesomorphic, ¢.g., 4-p-methoxybenzylideneaminobiphenyl, but again, the substituent 
functions in two ways, by raising the intermolecular attractions to a suitable level, and by 
lengthening the molecule appreciably. Suitable 4,4’-disubstituted biphenyls, of course, 
exhibit pronounced mesomorphic properties, but once more, at least one of the two 
substituents must be elongated. 

We now record the interesting fact that quite simple 4,4’’-disubstituted -terphenyls 
may be mesomorphic. With this long and narrow hydrocarbon molecule, the 4,4”. 
substituents must be dipolar, but not necessarily of such a complex nature that the length 
of the molecule is greatly increased. Thus, 4-methoxy-4’’-nitro-f-terphenyl melts at 
210—212°, but gives a nematic mesophase which persists until 259°. Similarly, 4-cyano- 
4’’-nitro-p-terphenyl yields a nematic melt at 232°, and the isotropic liquid is obtained 
only at 275°. On the other hand, 4-chloro-4’’-nitro-p-terphenyl, m. p. 258°, gives no 
mesophase. The molecular length is only slightly less than for the nitrile, and the absence 
of anisotropic properties in the melt must be attributed to the weaker C-Cl dipole moment 
which contributes less to the intermolecular attractions than the C-CN dipole. For 4,4”- 
dinitro-p-terphenyl,? m. p. 272—274-5°, 4-amino-4”-nitro-p-terphenyl, m. p. 300—301°, 
and 4-acetamido-4’’-nitro-p-terphenyl, m. p. 332—333°, the m. p.s are high, probably 
owing to intermolecular hydrogen-bonding in the last two instances. For these three 
compounds, the kinetic energy of the melt must be too great to permit the existence of a 
parallel molecular arrangement after melting has occurred. No mesophases are therefore 
observed. 

The more elongated molecular structures of Schiff's bases derived from 4-amino-p- 
terphenyl and particularly 4,4”-diamino-p-terphenyl with p-n-alkoxybenzaldehydes give 
rise, of course, to extremely thermally stable mesophases. 

Two other quite simple derivatives of #-terphenyl have, however, been found to 
show mesomorphic properties. These are 4-acetamido-3,4’’-dinitro-p-terphenyl and the 
analogous free amine. The melting phenomena for these compounds are made more 
complex by the occurrence of solid—solid transitions. 

The acetyl compound is dimorphic, and the two crystal forms have different m. ps. 
In general, fine, separate, orange-yellow needles, m. p. 230-5—231-5°, are obtained from 
glacial acetic acid, and spherulites of orange-yellow needles, m. p. 225°, from xylene. The 
crude material from the preparation, and occasionally the crystallised material, may 
however shrink and soften at 222—-225°, melting finally at 231°, and it is fairly certain that 
such samples are mixtures of the two solid forms. The melting range for such samples 
was first attributed to the occurrence of a smectic mesophase, and indeed, when a thin 
section of the isotropic liquid, mounted between a glass slide and a cover slip, was cooled, a 
mesophase was observed. This isotropic-mesomorphic transition was found to occur at 
228°. The solids obtained on cooling the mesophase behaved in one of two ways, solid II 
melting at 231° and passing direct into the isotropic liquid, and solid I melting at 225° and 
giving what appeared to be a smectic mesophase which became isotropic at 228°. These 
transitions were confirmed when the two dimorphic forms were obtained separate by 
crystallisation. The mesophase is therefore enantiotropic with respect to solid I, m. p. 
225°, and monotropic with respect to solid II, m. p. 230-5—231-5°. 

The isotropic liquid always gives the mesophase on cooling, and never crystallises to 
solid II. The mesophases obtained on different occasions crystallise sharply and within 
the limits 218—226° and, if the solid is heated immediately, the mesophase is usually 
observed, i.¢., solid I is normally produced. On cooling to room temperature, solid I some- 
times changes into solid II, which then gives a normal transition to the isotropic liquid on 


heating to about 231°. However, the mesophase may crystallise at 226°, above the m. p. 


2 Culling, Gray, and Lewis, J., 1960, 1547. 
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of solid I. When this occurs, solid II is obtained, and the solid II to isotropic change is 
observed on raising the temperature. Solid II may therefore arise by solidification of the 
mesophase or by a polymorphic change of solid I. However, no polymorphic changes of 
solids I and II, obtained by crystallisation, were found to occur on storing the samples for 
several weeks. 

These observations may be summarised: 


225° 228° 
Solid I ——> Mesophase ———* Isotropic liquid 
228° 


hale | 7 ene 


Solid II 


Attempts to obtain the solid I-solid II transition temperature by observing a section 
of the crystalline solid I under the microscope, as it cooled to room temperature, were 
unsuccessful. 

The propyl esters of the 4’-n-alkoxybiphenyl-4-carboxylic acids * and their 3’-nitro- 
derivatives * exhibit only smectic mesophases. In the unsubstituted alkoxy-esters, the 
two dipoles one at each end of the ring system, will operate across the long molecular axis. 
In the nitro-derivatives, it seems reasonable to assume that the O-CH, link in the alkoxy- 
group will lie trans with respect to the nitro-group, and that the C-alkoxy and C-NO, 
dipoles will reinforce one another. There will then be three effective dipoles operating 
across the long axis of each molecule. The purely smectic characteristics of the above 
esters have been explained in terms of the distribution of the dipoles, which will enhance 
the cohesive forces between the sides of neighbouring molecules and favour the adoption 
of a layer arrangement of the molecules, as required for smectic mesophase formation. 

Now the mesophase obtained from the solid form I of 4-acetamido-3,4’’-dinitro-p- 
terphenyl adhered to the walls of the capillary tube, and appeared to be smectic, and at 
first, this was thought to be consistent with the presence in the molecule of the 3-nitro- and 
the acetamido-dipole moments, which would enhance the intermolecular lateral cohesions. 
However, since the thermal stability range of the mesophase was only 3°, sections of the 
anisotropic melt, mounted between glass surfaces, were examined under the microscope to 
confirm the identity of the mesophase. Thin sections of the mesophase were largely 
homotropic and exhibited no scintillation effects or turbulence, even when the crystals 
began to grow. However, when thicker sections are viewed between crossed Nicols, the 
mesophase is seen to be comprised of a number of highly birefringent areas, each of which 
shows extinction in four positions at right angles. The molecules appear to be arranged 
parallel to one another and to the supporting surface, as in the nematic state. These 
thicker sections were found to exhibit other nematic characteristics such as large numbers 
of threads, small areas having the centred structure described by Friedel,5 and intense 
movement within the melt, particularly when the crystals were growing in the mesophase. 
The absence of this turbulence in the thin sections is probably accounted for by the more 
highly orientated nature of the homotropic mesophase, in which the optic axis is uniformly 
perpendicular to the glass surface. The mesophase is undoubtedly nematic, and it can 
only be assumed that the anisotropic melt has not time to flow properly in a capillary 
before it becomes isotropic. 

The nematic properties are in fact explicable in terms of molecular structure, if the 
hydrogen atom on the nitrogen atom of the acetamido-group is hydrogen-bonded to the 
nitro-group ortho to it. The dipoles of the nitro- and acetamido-groups then oppose, and 
this effect will result in an appreciable reduction in the effective dipole moment acting 
across the long molecular axis. The system is now seen to be less similar to the biphenyl 

* Gray, Hartley, and Jones, J., 1955, 1412. 

* Gray, Jones, and Marson, /j., 1957, 393. 


* Friedel, Ann. Phys., 1922, 17, 273. 
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esters, having only one resultant dipole acting across the long axis of the molecule, and the 
dipole of the nitro-group in the 4”’-position acting in the direction of the long molecular 
axis. With this distribution of dipole moments, the intermolecular attractions between 
the sides and planes of the molecules do no appear to be great enough to maintain a 
stratified arrangement of the parallel molecules when melting occurs. The compound 
therefore exhibits nematic properties. 

4-Amino-3,4’’-dinitro-p-terpheny] is also nematic. The resultant dipole of the 3-nitro- 
and amino-groups will act across the long molecular axis, but in the absence of a similar 
dipole at the other end of the ring system, smectic properties do not arise. It is of interest 
that this mesomorphism occurs in a free amine, for groups such as OH and NH, usually 
give intermolecular hydrogen-bonding which raises the m. p. of the compound so much that 
anisotropy is not observed in the melt. However, in this case, the intramolecular hydrogen- 
bonding between the amino-group and the nitro-group ortho to it will reduce the tendency 
to intermolecular hydrogen-bonding. The low m. p. of 218—219° of the 3,4’’-dinitro- 
amine compared with that of 300—301° for 4-amino-4’’-nitro-f-terphenyl supports this 
view. The same arguments may be applied to the acetyl derivatives. 

When the isotropic liquid obtained from the amine at 218—219° is cooled, it may givea 
highly crystalline solid almost immediately, or if the temperature falls to 212°, the nematic 
mesophase is obtained. If the temperature is raised at once, the nematic mesophase 
passes back to the isotropic liquid at 212°. On cooling the mesophase, a solid is obtained 
between 206° and 200° and, if this is heated immediately, it gives the mesophase, which 
then becomes isotropic. Attempts to obtain the m. p. of this dimorphic form, solid II, 
were unsuccessful, because in the time taken to reheat the solid sufficiently slowly to obtain 
an accurate m. p., the solid passed into the other crystal form, solid I, which melted at 
218—219° and gave no mesophase. The m. p. of solid II must, however, lie between 206° 
and 212°. These observations may be summarised: 

218—219° 
Solid I ———» Isotropic liquid 


the 


Solid II =——— Nematic mesophase 
200—206° 
The change from solid II to solid I is only occasionally visible. 


The mesophase is therefore monotropic with respect to solid I and enantiotropic with 
respect to solid II. 

The m. p.s and transition temperatures recorded above and in the experimental section 
are uncorrected and were obtained by ordinary capillary methods, in order that the results 
obtained by other workers who may encounter these compounds in the course of synthetic 
work may be more readily compared with our data (obtained by the use of an exposed 
thermometer stem from 0°). 


EXPERIMENTAL 

4-Amino-4’’-nitro-p-terphenyl.—Sodium sulphide nonahydrate (4-82 g.) and sulphur (1-3 g.) 
were dissolved in boiling water (240 ml.). The hot aqueous sodium polysulphide was added to 
a solution of 4,4’-dinitro-p-terphenyl 2 (2 g.) in pyridine (200 ml.) at about 100°, the addition 
rate and the temperature being adjusted so that the mixture boiled vigorously throughout the 
addition. In this way, precipitation of the dinitro-compound is minimised. After the addition, 
the mixture was refluxed for 5 hr., during which the red nitro-amine separated and any 
precipitated dinitro-compound passed into solution. The red solid was filtered off from the hot 
mixture and washed with water and ethanol. Crystallisation from nitrobenzene yielded deep 
red plates of 4-amino-4’’-nitro-p-terphenyl (0-93 g., 51%), m. p. 300—301° (Found: C, 74-6; H, 
4-8; N, 98. C,,H,,N,O, requires C, 74-5; H, 4:8; N, 97%). The acetyl derivative was 
obtained by stirring and heating almost to the b. p. a suspension of the powdered nitro-amine 
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(3 g.) in acetic anhydride (45 ml.). The bright yellow slurry was cooled. The solid was filtered 
off, washed with acetic acid, and crystallised from nitrobenzene, giving 4-acetamido-4”-nitro- 
p-terphenyl (3-27 g., 95%), m. p. 332—333° (Found: C, 71-9; H, 5-0; N, 8-6. C, 9H,,N,O, 
requires C, 72-2; H, 48; N, 8-5%). 
4-Hydroxy-4’’-nitro-p-terphenyl.—4-Amino-4’’-nitro-p-terphenyl (1 g., 1 mol.) was boiled for 
15 min. with 5n-sulphuric acid (45 ml.). Acetic acid (60 ml.) was added, and the mixture boiled 
to dissolve the yellow amine sulphate, which was then obtained in a finely divided form by 
rapidly cooling and stirring the solution to 0°. Sodium nitrite (1 g., 4 mol.) in water (12-5 ml.) 
was added at 0° to the stirred suspension, and the temperature was raised to and kept at 20° 
for 2 hr. The bright yellow suspension of the diazonium sulphate was freed from nitrous acid 
with sulphamic acid, and cooled to 0° before the gradual addition, with stirring, of 40% aqueous 
(w/w) sulphuric acid (150 ml.). The mixture was then heated, and the temperature kept at 80° 
until no coupling reaction was given. The yellow solid was filtered off from the cooled mixture, 
washed with aqueous sodium hydrogen carbonate, and crystallised from acetic acid. 4-Hydroxy- 
4’’-nitro-p-terphenyl was obtained as bright yellow plates (0-84 g., 84%), m. p. 266—267° (Found: 
C, 74:3; H, 4:5; N, 4-7. C,,H,,;NO, requires C, 74-2; H, 4-45; N, 48%). 
4-Methoxy-4’’-nitro-p-terphenyl.—Sodium (0-23 g.) was dissolved in absolute ethyl alcohol 
(100 ml.). A portion (10 ml., 1 mol.) of this solution (A) and 4-hydroxy-4”-nitro-p-terphenyl 
(0-3 g., 1 mol.) were heated to boiling, and sufficient absolute alcohol was added to dissolve the 
red sodium salt. To the refluxing solution was then added a portion (1 mol.) of a 10% solution 
(B) of methyl iodide in absolute ethyl alcohol. The red colour faded after 2 hours’ boiling, but 
reappeared on addition of further quantities (1 mol.) of each of the solutions A and B. Reflux- 
ing was continued for 30 min., the same volumes of solutions A and B were again added, and 
the mixture was boiled for 30 min. The hot mixture was poured into water (120 ml.), and the 
precipitated methyl ether was filtered off, washed with alcohol, and crystallised from acetic acid. 
The yellow plates of 4-methoxy-4”-nitro-p-terphenyl (0-26 g., 83%) (Found: C, 74-9; H, 4-9; 
N, 4:5. C,,H,,NO, requires C, 74-75; H, 4-9; N, 46%) had m. p. 210—212°, and exhibited a 
nematic mesophase which became isotropic at 259°. 
4-Cyano-4"’-nitro-p-terphenyl.—4-Amino-4”’-nitro-p-terpheny] (1 g., 1 mol.) was diazotised as 
described in the preparation of 4-hydroxy-4’’-nitro-p-terphenyl, and the insoluble amine 
sulphate was filtered off, washed with a little methanol and then with ether, and air-dried. The 
amine sulphate was quickly sifted into a stirred solution of potassium nickelocyanide [from 
solutions of potassium cyanide (0-86 g., 4 mol.) in water (10 ml.) and hydrated nickel sulphate 
(0-97 g., 1 mol.) in water(10 ml.)] k ept at 50°. Sodium carbonate (0-25 g.) was then added to 
raise the pH. The temperature was raised slowly to and kept at 100° until no coupling reaction 
was given. The mixture was cooled, and the dark brown solid filtered off and washed with 
water and ethanol. The dry solid was sublimed at 240° at 1—2 mm., yielding orange-yellow 
4-cyano-4’’-nitro-p-terphenyl (0-32 g., 31%), m. p. 232° (Found: C, 76-0; H, 3-9; N, 9-15. 
C,,H,,N,O, requires C, 76-0; H, 4:0; N, 9-3%). Crystallisation from acetic acid did not raise 
either the m. p. or the nematic—isotropic transition temperature of 275°. 
4-Chloro-4’’-nitro-p-terphenyl.—4-Amino-4”-nitro-p-terphenyl (0-5 g., 1 mol.) was dissolved 
by heating it with acetic acid (35 ml.) and 5n-hydrochloric acid (20 ml.), and the solution was 
cooled quickly, with stirring, to 0°. The finely divided amine hydrochloride was diazotised by 
adding sodium nitrite (0-24 g., 2 mol.) in water (9 ml.), and stirring for 1 hr. at 0°. Excess of 
nitrous acid was destroyed with sulphamic acid, and the suspension of the insoluble diazonium 
chloride was added at 0° to a solution of cuprous chloride (0-94 g., 5-9 mol.) in concentrated 
hydrochloric acid (4-2 ml.). The mixture was then heated and kept at 100° until no coupling 
reaction was given; it was then cooled, and the yellow solid was filtered off and washed in turn 
with concentrated hydrochloric acid, water, and ethanol. The 4-chloro-4’’-nitro-p-terphenyl 
crystallised from benzene in long yellow needles, 0-3 g. (56%), m. p. 258° (Found: C, 70-1; H, 
3-9; Cl, 11-7; N, 4-4. C,H, ,CINO, requires C, 69-8; H, 3-9; Cl, 11-5; N, 45%). 
4-Acetamido-3,4"’-dinitro-p-terphenyl_—A stirred suspension of 4-acetamido-4”-nitro-p- 
terphenyl (2 g.) in glacial acetic acid (80 ml.) was heated.in an oil-bath at 114°, and a solution of 
nitric acid (7-2 ml., d 1-505) in glacial acetic acid (16 ml.) was added during 1—1-5 min. Aftera 
total reaction time of 15 min., a small amount of unchanged material was filtered off from the 
hot mixture. The bright yellow 4-acetamido-3,4’-dinitro-p-terphenyl (2-1 g., 93%) crystallised 
when the filtrate was cooled to 15°, and was washed with acetic acid, water, and ethanol. 
Crystallisation does not greatly improve the quality of the product, which is dimorphic and 
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melts at 230-5—231-5° (from acetic acid) or 225° (from xylene) (Found: C, 63-85; H, 4:3; N, 
10-8. C,..H,,N,O, requires C, 63-7; H, 4:0; N, 11-4%). The lower-melting solid exhibits a 
nematic mesophase which becomes isotropic at 228° (see p. 2700). 
4-Amino-3,4”’-dinitro-p-terphenyl.—The acetyl derivative (1-2 g.) and concentrated sulphuric 
acid (12 ml.) were heated to effect dissolution. Water (4 ml.) was cautiously added, the mixture 
was heated at 125—130° for 30 min., and the solution poured into water. The free base was 
filtered off and washed with water and 5N-ammonia. The moist product crystallised from 
pyridine (13 ml.) and water (3 ml.) as red-brown needles and leaflets of 4-amino-3,4”-dinitro-p- 
terphenyl (0-96 g., 90%), m. p. 216—218°, with softening from 214°. Two crystallisations from 
pyridine and one from nitrobenzene gave orange crystals, m. p. 218—219°, softening from 216-5° 
(Found: C, 64-8; H, 4-0; N, 12-2. C,,H,,;N,O, requires C, 64-5; H, 3-9; N, 12-5%). 
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540. Some Isomeric Hydroxypiperidines. 
N. J. Harper, A. H. Beckett, and A. D. J. BALon. 


The isomers of 2-methyl- and 2,6-dimethyl-4-hydroxy-1-phenethylphenyl- 
piperidine and of 4-hydroxy-2,6-dimethyl-4-phenylpiperidine have been 
separated. Configurational assignments for them have been based on 
chemical reactions and physical properties. Difficulties in the preparation 
of certain tertiary amines from phenethylamine and unsaturated esters 
are explained on steric and electronic aires Attempts to alkylate 
some piperidones are described. 





ce 


CoMPOUNDS related to the “ reversed” esters of pethidine, namely, hydroxypiperidines 
and their esters, (I—III where R = H, or CH,°CH,Ph, and R’ = H, Ac, or Et-CO), have 
been prepared as potential analgesics by treatment of the appropriate 4-piperidone with 
iin rates and esterification of the resultant alcohols. 


Me, R 
Ph ! 
R-N or’ Ph-CH,-CH,-N Oo ) 
Me Me 


(11) : (111) (V1) 


JCHR:CH}-CO,Et 


“CH,*CHy* NH“CHR “CH, -CO,Et Ph-CH,*CH,-N 
a aiiee ae SCHR’CH-CO,Et 


(IV) (Vv) 


i a he oe fee ee 


Synthesis of 2-methyl-1-phenethyl-4-piperidone (VI; R == Me) was attempted by 
addition of ethyl acrylate to (IV; R = Me), followed by ring closure and decarboxylation. 
Condensation of ethyl crotonate with phenethylamine gave the secondary amine (IV; 
R = Me) in good yield, which in a small-scale reaction with ethyl acrylate gave the 
tertiary amine (V; R = Me, R’ = H) but in low yield; increase in reaction time led to 
the formation of the more symmetrical diester (V; R = R’ = H) by thermal decomposition 
of the secondary (IV; R = Me) and the tertiary (V; R = Me, R’ = H) amine formed 
during the condensation. Distillation of the product obtained by the reaction of the base 
(IV; R = Me) with ethyl acrylate gave ethyl crotonate as one fraction, in amount which 
increased with the bath-temperature. Condensations of amines with unsaturated esters 
are known to be reversible.»?_ If it is assumed that the initial step in elimination is loss 


1 McElvain and Stork, J. Amer. Chem. Soc., 1946, 68, 1049. ; 
2 Morosawa, Bull. Chim. Soc. Japan, 1958, $1, 418. . 
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of a proton from the «-carbon atom of an ester moiety, the proton combining with the 
amino-nitrogen atom to give a charged complex (cf. VII; R = Me, R’ = H or vice versa), then 


R 
+ 
CH-CH-CO,Et 
Hw. A ’ 
>No —> R-CH:CH-CO,Et + Ph-CH,-CH,-NH-CHR’-CH 2-CO,Et 
Ph-CH2"CH2” + ScHR’-CH,-CO,Et 
(VII) (VILL) 


the electron-flow from the crotonate moiety is greater than from the acrylate moiety, so 
that preferential elimination of the crotonate group (VIII; R = Me) results. Steric factors 
also favour elimination in this direction since increased “‘ crowding ”’ of the amino-nitrogen 
atom in this type of compound favours elimination.® 

The mixture of secondary and tertiary amines obtained from the base (IV; R = Me) 
and ethyl acrylate was therefore treated with nitrous acid and the resultant mixed tertiary 
amines were cyclised and decarboxylated to give a mixture of 1-phenethyl-4-piperidone 
(VI; R =H) and its 2-methyl derivative. The latter ketone crystallised; the former 
was isolated from the mother-liquors as the diethyl ketal hydrochloride. 

2,6-Dimethyl-1-phenethyl-4-piperidone was prepared by decarboxylating the product 
of a Mannich reaction between phenethylamine, acetaldehyde, and diethyl acetone- 
dicarboxylate. Attempts to separate cis- and ftrans-isomers of this ketone were 
unsuccessful. A projected route to 2,6-dimethyl-1-phenethyl-4-piperidone by cyclisation 
of the diester (V; R = R’ = Me) was precluded since attempts to prepare the latter from 
ethyl crotonate and phenethylamine gave N-phenethylcrotonamide. This amide was 
also formed by the reaction of ethyl crotonate with the monoester (IV; R = Me). 

2,2,6,6-Tetramethyl-4-piperidone was prepared by Hall’s method,‘ and cis-2,6-di- 
methyl-4-piperidone was obtained in 46% yield from ammonia, acetaldehyde, and diethyl 
acetonedicarboxylate by a modification of Hall’s method. 

All the ketones except the tetramethyl derivative were characterised as diethyl ketal 
hydrohalides obtained during attempts to prepare the hydrohalide salts in ethanol (cf. 
Brooks and Walker ® and Beckett e¢ al.). 

The 4-piperidones were converted into the corresponding 4-hydroxy-4-phenylpiperi- 
dines by phenyl-lithium. When position 1 was unsubstituted, “ inverse’ addition of 
phenyl-lithium to the piperidone gave higher yields than the normal procedure. 

2-Methyl-1-phenethyl-4-piperidone (IX; R = CH,*CH,Ph) gave two isomeric alcohols 
(A and B in the ratio 2:1) which were separated by fractional crystallisation of their 
hydrochlorides. cis-2,6-Dimethyl-4-piperidone (XX) also gave two alcohols (A and B in 
the ratio 12:13), these being separated by chromatography. The mixture of isomeric 
2,6-dimethyl-1-phenethyl-4-piperidones gave the three theoretically possible alcohols 
(designated A, B, and C) in the ratio of 9:2:1; these were separated by fractional 
crystallisation of the free bases. 

Difficulties were experienced in the esterification of the hydroxy-piperidines. Treat- 
ment of the N-substituted alcohols with an acid anhydride in pyridine under conditions 
which gave esters of related hydroxypiperidines ® eliminated water to give the 2,3,5,6- 
tetrahydropyridine derivative. However, the lithium complex of the alcohol with an 
acid anhydride gave the normal ester in some cases, the product being isolated as the 
hydrohalide salt under mild conditions (Badger et al.?7 have shown that compounds of this 
type undergo acid-catalysed elimination). Keten was used when the above methods 


* Erickson, J. Amer. Chem. Soc., 1952, 74, 6281. 

* Hall, J. Amer. Chem. Soc., 1957, 79, 5444. 

° Brookes and Walker, J., 1957, 3173. 

* Beckett, Casy, and Kirk, J. Med. Pharm. Chem., 1959, 1, 37. 
* Badger, Cook, and Donald, J-. 1950, 197. 
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failed. When the ketone had a free NH group the possibility of N-acylation or O —» N- 
acyl migration was a complicating factor.*® The A isomer of 4-hydroxy-cis-2,6-dimethyl- 
4-phenylpiperidine was esterified by the “lithium complex” method; the B isomer was 
not esterified under these conditions and refluxing its hydrobromide with magnesum 
in acetyl bromide gave the 1,2,3,6-tetrahydropyridine compound. 

Attempts to N-alkylate cis-2,6-dimethyl-4-piperidone, its diethyl ketal, or the 
N-lithium complex of the ketal with 3-bromopropylbenzene were unsuccessful; the ketone 
was, however, alkylated in low yield by ethylene oxide under pressure. Steric hindrance 
by the 2,6-methyl groups is probably responsible for these difficulties; e.g., this ketone 
was N-benzylated in less than 20% yield under conditions which gave a 60% yield from 
2,5-dimethyl-4-piperidone. Badger e¢ al.’ found that while it was difficult to alkylate 
2,2,6-trimethyl-4-piperidone, the corresponding 4-hydroxy-4-phenylpiperidine was methyl- 
ated with ease by formaldehyde; in the present investigation, all the methylations were 
successful when refluxing aqueous formaldehyde was used. The A isomer of 4-hydroxy- 
cis-2,6-dimethyl-4-phenylpiperidine gave a tetrahydro-oxazine, which yielded the 
4-hydroxy-l-methylpiperidine on treatment with alcoholic hydrobromic acid. 

Configurational Assignments.—The configurational consignments now to be made for 
the isomers (I and II; R = CH,*CH,Ph, R’ = H and III; R = R’ = H) are based on 
addition to piperidones of organometallic derivatives, elimination and esterification, and 
dissociation constants and infrared spectra of the alcohols. 

The structures (X; isomer A, cis-Me/Ph) and (XI; isomer B, trans-Me/Ph) are assigned 
on the following evidence: (a) During the addition of phenyl-lithium to the ketone (IX), 
steric hindrance of attack from side “b” results in preferential introduction of the 
equatorial phenyl group (cf. X). The ratio A: B = 2: 1 is lower than that (3 : 1) obtained 
on similar addition to 1,3-dimethyl-4-piperidone in which the 3-methyl group increases 
this hindrance.® : 


H 


R-N R-N R-N 
H 6 ——» 


Ph H y 
(XI) (B) (IX) (X) (A) 


R= Ph -CH,:CH, 


OH 


(6) The infrared absorption spectrum of isomer A (X) resembled those of compounds of 
a-prodine type (eg-Ph), and that of the isomer B resembled those of the $-prodine type 
(ax-Ph). Further, in compounds of «-prodine type, the strongest absorption peak between 
1000—1250 cm.* is at ~1150 cm."!, but it is at ~1030 cm. for the @-prodine type.*"™ 
A similar pattern is found in the A and B isomers, the former absorbing at 1114 and 1060 
cm.'. (c) On treatment with keten, isomer B gave the ester, whereas isomer A was not 
esterified, indicating that the hydroxy-group in isomer B is the less hindered. 

The isomers formed from the mixed 2,6-dimethyl-l-phenethyl-4-piperidones are 
assigned the following configurations; A, trans-Me,Me (XIII); B, cis-Me,Me, cis-Me,Ph 
(XVII); C, cis-Me,Me, trans-Me,Ph (XVIII), the evidence being as follows: (a) Elimin- 
ation from isomers B (XVII) and C (XVIII) gave identical products (XIX) which indicated 
their derivation from the cis-Me,Me ketone, while isomer A (XIII) gave a different product 
(XV), indicating its formation from the /rans-Me,Me ketone. (b) The infrared spectra 
of isomers A and B (XIII and XVII), but not of isomer C (XVIII), showed intermolecular 
hydrogen-bonding indicating a similar spatial arrangement of the hydroxy-groups in A 
and B. Elimination studies established that isomer A has a trans-Me,Me relation and 
would therefore have an equatorial phenyl and an axial hydroxyl group (largest group 


8 Fodor and Nador, Nature, 1952, 169, 462. 

* Nickon and Fieser, ]. Amer. Chem. Soc., 1952, 74, 5566. 

‘© Nazarov and Rudenko, Izvest. Akad. Nauk S.S.S.R., Otdel. Khim. Nauk, 1948, 610. 
't Beckett, Casy, and Harper, Chem. and Ind., 1959, 19. 
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equatorial); isomer B therefore has a similar equatorial phenyl group (cf. XVII). (c) 
These conclusions were substantiated by consideration of the dissociation constants of 
the alcohols (p. 2711). Isomers B and C had similar pK’, values (8-40 and 8-57 respectively) : 


Me 


R-N Me R-N Me R-N 
_s en 
An ae 
& 


Me OH Me Me Ph 
(XIII) (A) (XH) 


Me 


\ Ph R-N Ven cis 


M 
N 
4 ges ager me (XIX) San 
e 
r-nMe R-nMe R-NMe 
= —» 

Me Me re Me 

Ph OH 

A0 p 


OH c h 
(XVII) (B) (XVI) (XVIII) (C) 
(R = Ph:CH,-CH,-) 


isomer A had pK’, 9-06, indicating a similar geometry of the methyl groups in isomers B 
andC. (d) Although only a.30% yield of alcohols was obtained by reaction of the mixture 
(XII and XVI) with phenyl-lithium, and definite conclusions cannot be drawn, the 2 : 1 ratio 
of isomers B and C derived from the ketone (XVI) is in agreement with predictions based 
on the stereochemistry of addition to ketones. 

The alcohols (A) and (B) obtained from cis-2,6-dimethyl-4-piperidone (XX) are 
assigned the configuration trans- (XXII) and the cis-Me,Ph (XXI) respectively on the 
following evidence: (a) While isomer A gave a hydrobromide, isomer B under similar 


HN Me HN Me HN. Me 
‘ ed 
Me Me Ph 
° H 


(XXII) (ay * (XX) (XXI) (B) 


conditions lost water and gave a tetrahydropyridine; the axial and equatorial hydroxyl- 
group respectively in B and A is indicated. In support of this, esterification of isomer A, 
but not of isomer B, by the “ lithium-complex ” method proceeded smoothly. (b) Isomer 
Ahad its strongest absorption peak in the 1000—1200 cm.*! region at 1141 cm.+, in close 
agreement with that (1143 cm.) for isomer C of 4-hydroxy-2,6-dimethyl-4-phenyl-1- 
phenethylpiperidine (XVIII) which has an equatorial hydroxyl group. Similarly isomer B 
of the alcohol (XX1I) has its strongest peak in this region at 1013 cm.1, in agreement with 
5+ ,Os- that (1018 cm.*) for isomer B of its phenethyl derivative (XVII) 
4 which has been shown to have an axial hydroxyl group. 

The ketone (XX) gave the isomeric alcohols in approximately 
a 1:1 ratio although a 2:1 ratio would have been expected. A 
possible explanation is that the boat form of this ketone plays a 
(XX) significant réle in the reaction, the electronic attraction from N to 

C=O, as indicated in formula (XXIII), altering the normal boat-chair equilibrium. 


EXPERIMENTAL 

Preparation of 4-Piperidones.—Ethyl -phenethylaminobutyrate (IV; R= Me). Ethyl 
crotonate (513 g.) and phenethylamine (363 g.) in 96% ethanol (200 c.c.) were left at room 
temperature for 42 days. Fractional distillation under reduced pressure then gave the amino- 
ester (645 g.), b. p. 122—125°/0-1 mm., nm,’ 1-4978 (Found: equiv., 234. Calc. for C,,H,,0,N: 
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equiv., 235). [Picrate, yellow needles (from ethanol), m. p. 109° (Found: C, 51-5; H, 5-2; 
N, 12-4%; equiv., 460. C,)9H,,O,N, requires C, 51-7; H, 5-2; N, 121%; equiv., 464).] 

Ethyl 8-(N-2-ethoxycarbonyl-N-phenethylamino)butyrate (V; R= Me, R’=H). (a) The 
preceding ester (69 g.) was refluxed with ethyl acrylate (51 g.) for 48 hr. Distillation then 
gave the tertiary amino-ester (43-5 g.), b. p. 162—168°/0-2 mm., ,* 1-4938 (Found: equiv., 
338. Calc. for C,gH,,O,N: equiv., 335). (b) The ester (IV; R = Me) (235 g.) and ethyl 
acrylate (150 g.) were refluxed for 120 hr. and then distilled, to give (i) mainly ethyl acrylate 
(94 g.), b. p. <120°/16 mm., (ii) unchanged amino-ester (82 g.), b. p. 125—138°/0-4 mm. (Found: 
equiv., 240) (picrate, m. p. and mixed m. p. 109°), and (iii) a basic oil (95 g.), b. p. 164—168°/0-4 
mm. (Found: equiv., 315), which gave an oily hydrochloride, hydrobromide, and picrate. 
A final distillation fraction (52 g.), b. p. 138—142°, contained mainly ethyl crotonate. Fraction 
(iii) was cyclised and decarboxylated, to give 1-phenethyl-4-piperidone, m. p. 61—63°, with 
the correct infrared spectrum. With ethanolic hydrochloric acid it gave the diethyl ketal 
hydrochloride, m. p. 185° (decomp.), undepressed on admixture with 1-phenethyl-4-piperidone 
diethyl ketal hydrochloride, m. p. 179—183° (decomp.). 

2-Methyl-1-phenethyl-4-piperidone (VI; R= Me). The ester (IV; R = Me) (235 g.) and 
ethyl acrylate (150 g.) were heated at 80—85° for 8 days. The excess of ethyl acrylate was 
removed under reduced pressure. The residue was cooled, treated with 24% w/v hydrochloric 
acid (750 c.c.), and cooled to —5°. Sodium nitrite (135 g.) was added during 1 hr., and the sol- 
ution shaken for 1 hr., allowed to warm to room temperature, extracted with ether (2 x 11.), 
made alkaline with sodium carbonate, and treated with an excess of ammonia solution. 
Extraction with ether, and drying and evaporation of the extract, gave a light yellow oil (238-5 g.) 
(Found: equiv., 341. Calc. for C,gH,,O,N: equiv., 335). This oil (25 g.) was added to a 
stirred suspension of sodium (8-3 g.) in xylene (300 c.c.) and warmed at 60° to start reaction. 
A further quantity of the oil (90 g.) was added dropwise at a rate sufficient to maintain gentle 
reaction, the mixture was then refluxed for 1 hr., and after it had cooled water (300 c.c.) was 
added. The aqueous phase was separated, extracted with ‘ether, acidified with concentrated 
hydrochloric acid, and treated with a further 300 c.c. of this acid. The whole was heated ona 
steam-bath for 2 hr. to effect decarboxylation, evaporated to small bulk, treated with 50% w/v 
sodium hydroxide solution (80 c.c.), and extracted with ether. The combined ethereal extracts 
were evaporated to give a solid (52 g.) which, recrystallised from light petroleum, yielded 
2-methyl-1-phenethyl-4-piperidone (25 g.), m. p. 74—78° (Found: equiv., 222. Calc. for 
Cy,H,ON: equiv., 217); dissolution in ethanolic hydrochloric acid gave the diethyl ketal 
hydrochloride, m. p. 148-5—149°, forming needles from ethanol-ether (Found: C, 66-3; H, 9-4; 
N, 44%; equiv., 330. C,,H,,0,NCl requires C, 66-0; H, 9-2; N, 43%; equiv., 328). The 
mother-liquor from the crystallisation of the above piperidone was evaporated; it gave a solid 
which on crystallisation from ethanolic hydrochloric acid gave 1-phenethyl-4-piperidone diethyl 
ketal hydrochloride, m. p. 185° (decomp.), undepressed on admixture with an authentic sample, 
m. p. 179—183° (decomp.).'* 

2,6-Dimethyl-1-phenethyl-4-piperidone. Phenethylamine hydrochloride (86 g.) in water 
(160 c.c.) was added dropwise to a stirred, cooled solution of acetaldehyde (50 g.) in diethyl 
acetonedicarboxylate (101 g.). The mixture was left for 24 hr., and the excess of aldehyde 
removed under reduced pressure. The residue was stored overnight at 0°, mixed isomers of 
diethyl 2,6-dimethyl-4-oxopiperidine-3,5-dicarboxylate hydrochloride (133 g.) crystallising. 
A portion (60 g.) of these crystals was heated in 20% w/v hydrochloric acid (300 c.c.) for 24 hr., 
then evaporated to small bulk, made alkaline with concentrated aqueous ammonia, and extracted 
with chloroform to yield a viscous red oil (30 g.) (Found: equiv., 217. Calc. for C,;H,,ON: 231); 
dissolution in ethanolic hydrobromic acid gave 2,6-dimethyl-1-phenethyl-4-piperidone diethyl ketal 
hydrobromide, m. p. 134-5—-135° (decomp.), as needles (Found: C, 59-0; H, 8-3; Br, 20-3%; 
equiv., 390. C,.H,;,O,NBr requires C, 59-0; H, 8-4; Br, 20-7%; equiv., 386). 

Attempts to prepare the Ester (V; R= R’ = Me.—(a) From phenethylamine. Ethyl 
crotonate (285 g.) was refluxed with phenethylamine (121 g.) for 7 days. Distillation of the 
product gave N-phenethylcrotonamide (182 g.), b. p. 140—144°/0-2 mm., which solidified and 
recrystallised from light petroleum (b. p. 80—100°) as needles, m. p. 78-5—-79° (Found: C, 75-6; 
H, 7-8; N, 7:3. C,,H,,ON requires C, 76-1; H, 8-0; N, 7-4%). 

(b) From the ester (IV; R = Me). This ester (34 g.) and ethyl crotonate (35 g.) were refluxed 





42 Kirk, Ph.D. Thesis, London, 1958. 
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for 7 days. Distillation of the product under reduced pressure gave N-phenethylcrotonamide 
(28 g.), b. p. 146—150°/0-8 mm., m. p. and mixed m. p. 78-5—79°. 3 

cis-2,6-Dimethyl-4-piperidone.A—Dry ammonia was passed into a solution of diethyl acetone- 
dicarboxylate (202 g.) and acetaldehyde (88 g.) in ether (200 c.c.) at —25° + 5°. The mixture, 
treated as described by Hall,* gave cis-2,6-dimethyl-4-piperidone (53 g.), b. p. 58—59°/1 mm., 
n,*® 1-4687 (Hall * gives b. p. 99—-105°/22 mm., n,” 1-4648). Dissolution in ethanolic hydro- 
chloric acid gave the diethyl ketal hydrochloride, m. p. 196° (decomp.) (from acetone-ether) 
(Found: C, 55-3; H, 10-0; N, 6-1; Cl, 152%; equiv., 236. C,,H,sO,NCI requires C, 55-5; 
H, 10-2; N, 5-9; Cl, 149%; equiv., 238). 

2,2,6,6-Tetramethyl-4-piperidone.—Prepared by Hall’s method,‘ this had b. p. 89—92°/11 
mm., m. p. 35° (lit.,4 b. p. 102—105°/18 mm., m. p. 34—36°). 

4-Hydroxy-2-methyl- 1-phenethyl-4-phenylpiperidine (I; R = CH,°CH,Ph, R’ = H).— 
2-Methyl-1-phenethyl-4-piperidone (10-0 g.) in benzene (20 c.c.) was added dropwise to stirred, 
cooled ethereal phenyl-lithium (prepared from lithium, 1-26 g., and bromobenzene, 14-2 g.). 
The mixture was refluxed for 1 hr., poured on ice, and made acidic with hydrochloric acid. 
The aqueous phase was extracted with ether and made alkaline with concentrated ammonia 
solution. Extraction with benzene then gave a light yellow solid (13-5 g.). The hydrochloride 
of this was fractionally crystallised from ethanol-ether, to give (i) 4-hydroxy-2-methyl-1-phenethyl- 
4-phenylpiperidine (isomer A) hydrochloride (8-5 g.) as plates, m. p. 214-5—215° (Found: 
C, 72:7; H, 81; N, 43%; equiv., 335. Cy 9H,gONCI requires C, 72-4; H, 7:9; N, 4:2%; 
equiv., 332) [the base (from light petroleum) had m. p. 79° (Found: C, 81-9; H, 8-3; N, 48%; 
equiv., 293. Cy9H,,ON requires C, 81:3; H, 8-5; N, 4:7%; equiv., 295)], and (ii) isomer B 
hydrochloride, m. p. 174—175° (softens at 96°) (Found: C, 66-7; H, 7:7%; equiv., 355. 
Cyg5H,,ONC1,14H,O requires C, 67-0; H, 8-1%; equiv., 359) [base (from light petroleum), m. p. 
98° (Found: C, 81-5; H, 83; N, 50%; equiv., 294)]. 

4-Hydroxy-2,6-dimethyl-1-phenethyl-4-phenylpiperidine (II; R = CH,°CH,Ph, R’ = H).— 
The mixed isomers (21-3 g.) of 2,6-dimethyl-1-phenethyl-4-piperidone in ether (50 c.c.) were 
added dropwise to stirred, cooled ethereal phenyl-lithium (from lithium, 1-68 g., and bromo- 
benzene, 19-0 g.). Treatment as above gave a light brown oil (20-7 g.) which on fractional 
crystallisation from light petroleum gave three alcohols: isomer A (6-91 g.), m. p. 122-5° (Found: 
C, 81-0; H, 8-5; N,4:7%; equiv., 311. C,,H,,ON requires C, 81-5; H, 8-8; N, 45%; equiv., 
309); isomer B (1-48 g.), m. p. 142-5—143° (Found: C, 81-5; H, 8-8; N, 4.5%; equiv., 309); 
and isomer C (0-74 g.), m. p. 134° (Found: (C, 81-9; H, 8-7; N, 4:4%; equiv., 310). 

4-Hydroxy-cis-2,6-dimethyl-4-phenylpiperidine (Il; R = R’ = H).—An ethereal solution 
of phenyl-lithium (from lithium, 4-82 g., and bromobenzene, 54-2 g.) was added to a stirred 
cooled solution of cis-2,6-dimethyl-4-piperidone (40-0 g.) in ether (50 c.c.), and the solution was 
stirred overnight, then treated in the usual manner, giving a pale yellow oil (44-2 g.).__ Distil- 
lation under reduced pressure removed unchanged ketone (12-1 g.). The residue (32-0 g.) was 
chromatographed in 19:1 light petroleum—benzene (100 c.c.) on alumina. Elution with the 
same mixture afforded 4-hydroxy-cis-2,6-dimethyl-4-phenylpiperidine, isomer B (11-92 g.), m. p. 
147—-147-5° (Found: C, 76-3; H, 9-3; N, 69%; equiv., 205. C,,H,,ON requires C, 76-0; 
H, 9-3; N, 6-8%; equiv., 205); elution with ethanol gave isomer A (13-76 g.), m. p. 91-5° 
(Found: C, 75-9; H, 94; N, 69%; equiv., 206). Isomer A gave a hydvobromide (from 
ethanol-ether), m. p. 244-5° (decomp.) (Found: C, 54-9; H, 7-0; N, 5:1; Br, 27-6%; equiv., 
286. C,,H,,ONBr requires C, 54-6; H, 7-1; N, 4:9; Br, 27-9%; equiv., 286), and a hydro- 
chloride (from ethanol-ether), m. p. 239—240° (decomp.) (Found: C, 64-6; H, 8-4; N, 6-0; 
Cl, 14-38%; equiv., 243. C,,;H,gONCI requires C, 64-6; H, 8-3; N, 5-8; Cl, 14-7%; equiv., 242). 
Isomer B gave a hydrobromide, m. p. 216° (decomp.) (from ethanol-ether) (Found: C, 54-6; 
H, 7-0; N, 5-1; Br, 27-°9%%3 equiv., 286), during the preparation of which there was obtained 
also 1,2,3,6-tetrahydvo-cis-2,6-dimethyl-4-phenylpyridine hydrobromide, m. p. 262—264° (decomp.) 
(from ethanol-ether) (Found: C, 58-3; H, 6-8; N, 5-3; Br, 30-1%; equiv., 266. C,,H,,NBr 
requires C, 58-2; H, 6-8; N, 5-2; Br, 29-8%; equiv., 268), Amax 244 my (e 12,480). 

4-Hydroxy-2,2,6,6-tetramethyl-4-phenylpiperidine (111; R = R’ = H).—An ethereal solution 
of phenyl-lithium (from lithium, 2-48 g., and bromobenzene, 28-0) was added dropwise to a 
stirred, cooled solution of 2,2,6,6-tetramethyl-4-piperidone (25-0 g.) in ether (100 c.c.). Treat- 
ment in the usual manner gave the alcohol (16-2 g.) which, crystallised from light petroleum, 
had m. p. 131-5° (Found: C, 77:3; H, 9-9; N 61%; equiv., 236. C,,H,sON requires C, 77-2; 
H, 9-9; N, 60%; equiv., 233). 
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Alkylation with Aqueous Formaldehyde.—The hydroxy-piperidines were refluxed for 1 hr. 
with an excess of 40% w/v aqueous formaldehyde, and water was then removed under reduced 
pressure. 4-Hydroxy-2,6-dimethyl-4-phenylpiperidine (3-3 g.) gave its 1,2,6-trimethyl derivative, 
m. p. 127—127-5° (from light petroleum) (2-7 g.) (Found: C, 76-8; H, 9-6; N, 64%; equiv., 218. 
C,,H,,ON requires C, 76-7; H, 9-7; N, 64%; equiv., 219). Isomer B of this dimethyl alcohol 
gave 6,7-dimethyl-4-phenyl-3-oxo-l-azabicyclo[2,2,2]octane as a yellow oil, whose infrared 
spectrum showed a strong absorption characteristic of a cyclic ether but no NMe or OH band. 
This product, on treatment with ethanolic hydrobromic acid, gave the isomer B of the 1,2,6- 
trimethyl derivative hydrobromide, m. p. 207-5—208° (decomp. ) (from ethanol-ether) (Found: 
C, 55:6; H, 7-4; N, 48%; equiv., 294. C,gH,,ONBr requires C, 56-0; H, 7-4; N, 47%; 
equiv., 300). 4-Hydroxy-2,2,6,6-tetramethyl-4-phenyipiperidine gave an oil which on treat- 
ment with ethanolic hydrochloric acid gave 4-hydroxy-1,2,2,6,6-pentamethyl-4-phenylpiperidine 
hydrochloride as needles (from ethanol-ether), m. p. 241—242° (decomp.) (Lyle ' cites m. p, 
235—236° and 242—244°) (Found: C, 63-7; H, 9-6; N, 46%; equiv., 304. Calc. for 
C,,H,,ONCI,H,O: C, 63-7; H, 9-4; N, 46%; equiv., 302). 

Esterification of the Hydroxypiperidines.—Four general methods were used; the products 
were isolated as the hydrohalide salts from ethanol-ether. 

Method A. The alcohol was refluxed for 3 hr. with the acid anhydride and pyridine; the 
solvents were removed under reduced pressure. 

Method B. The alcohol in benzene was added to stirred ethereal phenyl-lithium. The mixture 
was refluxed for 1 hr., then cooled, and the acid anhydride in ether was added. The resultant 
suspension was left overnight, then poured on ice, and excess of hydrochloric acid was added. 

Method C. The hydroxypiperidine hydrochloride in chloroform was cooled to 0° and 2 
drops of ethanolic hydrochloric acid (10% w/v) were added. Keten ™ was passed through the 
solution for 1 hr., after which the solvent was removed under reduced pressure. 

Method D. The hydroxypiperidine hydrobromide was refluxed with acetyl bromide and 
magnesium for 2 hr., and the excess of acetyl bromide removed under reduced pressure.!® 

(a) 4-Hydroxy-2-methyl-1-phenethyl-4-phenylpiperidine, isomer A. Methods A, B, and C 
gave only unchanged alcohol. 

Isomer B. Method C gave 4-acetoxy-2-methyl-1- -phenethyl-4 -phenylpiperidine hydrobromide 
as needles, m. p. 199-5° (Found: C, 63-5; H, 6-8; N,3-5%; equiv.,418. C,,H,,0,NBr requires 
C, 63-1; H, 6-7; N, 3-4%; equiv., 418). 

(b) 4-Hydroxy-2,6-dimethyl-1-phenethyl-4-phenylpiperidine, isomer A. By method A, 
this isomer (1-0 g.) and acetic anhydride (1-5 c.c.) gave 1,2,3,6-tetrahydro-2,6-dimethyl-1-phenethyl- 
4-phenylpyridine hydrobromide (0-97 g.), m. p. 186° (decomp.) (Found: C, 68-4; H, 7:4; 
N, 3-8; Br, 215%; equiv., 375. C,,H,,NBr requires C, 67-7; H, 7-1; N, 3:8; Br, 21-5%; 
equiv., 372), Amax, 244-5 my (e 13,960). Method B afforded 4-acetoxy-2,6-dimethyl-1-phenethyl- 
4-phenylpiperidine hydrobromide, m. p. 203° (Found: C, 64:0; H, 6-8; N, 3-3; Br, 18-4%; 
equiv., 430. C,,H,,O,NBr requires C, 63-9; H, 7-0; N, 3-2; Br, 18-5%; equiv., 432). 

By methods A and B, isomer B gave only 1,2,3,6-tetrahydro-2,6-dimethyl-1-phenethyl-4- 
phenylpyridine hydrobromide, m. p. 227—228° (decomp.) (Found: C, 68-7; H, 7:2; N, 3-7; Br, 
21-2%; equiv., 376), Amax, 241°5 my (e 14,200). 

By methods A and B, isomer C gave only 1,2,3,6-tetrahydro-2,6-dimethyl-1-phenethyl- 
4-phenylpyridine hydrobromide, m. p. and mixed m. p. 227—228°. 

(c) 4-Hydroxy-cis-2,6-dimethyl-4-phenylpiperidine, isomer A. Method D gave only 
1,2,3,6-tetrahydro-cis-2,6-dimethyl-4-phenylpyridine hydrobromide, m. p. and mixed m. p. 
262—264° (decomp.). Method B gave 4-acetoxy-cis-2,6-dimethyl-4-phenylpiperidine hydro- 
bromide, m. p. 196° (decomp.) (Found: C, 55-2; H, 6-8; N, 4.4%; equiv., 332. C,,H,,O,NBr 
requires C, 54-9; H, 6-8; N, 4:3%; equiv., 328). 

Isomer B, by methods B and D, gave only unchanged alcohol, or 1,2,3,6-tetrahydro-cis-2,6- 
dimethyl-4-phenylpyridine hydrobromide, m. p. 262—264°. 

(d) 4-Hydroxy-1,2,6-trimethyl-4-phenylpiperidine. Neither isomer was changed on use 
of method B or C. 

(e) 4-Hydroxy-2,2,6,6-tetramethyl-4-phenylpiperidine. Method B gave 4-acetoxy-2,2,6,6- 
tetramethyl-4-phenylpiperidine hydrochloride as needles, m. p. 202—203° (decomp.) (Found: 

18 Lyle, J. Org. Chem., 1957, 22, 1280. 


' Williams and Hurd, J. Org. Chem., 1940, 5, 122. 
'® Spassow, ‘‘ Organic Syntheses,” Wiley and Sons, New York, 1955, Coll. Vol. III, p. 144. 
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C, 65:2; H, 82; N, 44; Cl. 115%; equiv., 318. C,,H,g0,NCI requires C, 65-5; H, 8-4; 
N, 4:5; Cl, 11-4%; equiv., 312). When method D was used, the only product isolated was 
1,2,3,6-tetrahydro-2,2,6,6-tetramethyl-4-phenylpyridine hydrochloride, m. p. 270—271-5° (Found: 
C, 71:9; H, 8:8; N, 54%; equiv., 252. C,,;H,,NCl requires C, 71-5; H, 8-8; N, 5-6; equiv., 
252), Amax. 244-5 my (¢ 13,00). 

(f) 4-Hydroxy-1,2,2,6,6-pentamethyl-4-phenylpiperidine was unaffected by method B or C. 

1-Benzyl-2,6-dimethyl-4-piperidone.—A solution of cis-2,6-dimethyl-4-piperidone (9-5 g.) 
and benzyl chloride (14-3 g.) in dioxan (10 c.c.) was heated at 100° for 16 hr. The solvent was 
removed under reduced pressure, the residue suspended in water, made acid with concentrated 
hydrochloric acid, extracted with ether, and made alkaline with sodium hydroxide solution, and 
the free base was then extracted with chloroform. The combined chloroform extracts, when 
dried and evaporated, gave a dark brown oil (9-9 g.) which was distilled, to give 1-benzy]-2,6- 
dimethyl-4-piperidone (3-2 g.), b. p. 137—140°/0-2 mm. (Found: equiv., 210. Calc. for 
C,4H,gON: equiv., 217); dissolution in ethanolic hydrochloric acid gave the diethyl ketal hydro- 
chloride, m. p. 217° (decomp.) (Found: N, 4:25%; equiv., 319. C,,H3,0,NCl requires N, 4-27% ; 

uiv., 328). 
bi Dissociation Constants.—Dissociation constants were determined by the method of Beckett 
et al.® pK,’ of 4-hydroxy-l-phenethyl-4-phenylpiperidine was 8-30. Other pK,”’s were: 
(X) 8-57, (XI) 8-55; (XIII) 9-06, (XVII) 8-40, (XVIII) 8-57. We thank Dr. P. Demoen, of 
Research Laboratorium Dr. C. Janssen, Beerse, Belgium, for these determinations. 

Infraved Absorption.—Infrared spectra were determined by using a Hilger H.800 double- 
beam automatic recording spectrophometer fitted with sodium chloride optics. Calibration 
was accurate within +3 cm. over the region 650—2000 cm. and +5 cm. over the region 
2000—5000 cm.4. We thank Mr. T. H. E. Watts and Mr. G. H. Battershaw of Smith, Kline 
and French Analytical Laboratory, London, for these determinations. 








































ScHOOL OF PHARMACY, CHELSEA COLLEGE OF SCIENCE AND TECHNOLOGY, 
MANRESA Roap, Lonpon, S.W.3. [Received, November 18th, 1959.} 


16 Beckett, Casy, Harper, and Phillips, J. Pharm. Pharmacol., 1956, 8, 860. 


541. The Synthesis of Thyroxine and Related Substances. Part XIV 
The Preparation and Chromatography of Some Iodinated Thyronines. 


By J. S. VaRcoE and W. K. WARBURTON. 


3-Iodo-L-thyronine has been prepared from 3,5-di-iodo-L-thyronine, and 
converted into 3,3’-di- and 3,3’,5’-tri-iodo-L-thyronine. 3’-Iodo- and 3’,5’- 
di-iodo-L-thyronine have been prepared from L-thyronine. The purity of 
these compounds has been established by a quantitative chromatographic 
method, which is described. 


It is well known that thyroid extracts depress the level of circulating cholesterol in hypo- 
thyroid and euthyroid humans.” but the routine administration of thyroid hormones for 
this purpose may be undesirable, and we have prepared some derivatives of L-thyronine 
that contain less than two iodine atoms in the phenylalanine ring (ring A), in the hope 
that these might lower serum cholesterol but have a relatively small effect on other 
metabolic processes. 

It has been found in these Laboratories that there are often important differences in 
biological action between D- and L-derivatives of thyronine. This paper reports the 
preparation of relatively large, quantities of some derivatives of L-thyronine containing 
only small and accurately known amounts of related compounds. All the required 


1 Part XIII, J., 1953, 1448. 
* Lévy and Lévy, Bull. Acad. méd. (Paris), 1931, 105, 666; Gildea, Man, and Peters, J. Clin, 
Invest., 1939, 18, 739; Turner and Steiner, ibid., 1939, 18, 45; Barnes, Lancet, 1959, II, 149. 
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compounds have been prepared in optically inactive forms by earlier workers, but the 
L-forms have never been described. 


Roche, Michel, and Wolf * prepared 3-iodo-pL-thyronine from 3,5-di-iodo-DL-thyronine 
by partial catalytic reduction. The yield of pure 3-iodothyronine was not reported. We 
have prepared 3-iodo-L-thyronine by substantially the same method as the French workers; 
but the hydrochloride of 3,5-di-iodo-L-thyronine is too soluble in hot 2N-hydrochloric acid 
to be separated by the method reported for the DL-series. 

In order to follow the course of the partial reduction, and of later iodinations, we have 
developed a method of paper chromatography that permits as little as 1% of thyronine or 
3,5-di-iodothyronine in 3-iodothyronine to be estimated, and the same method has been 
used to check the purity of other iodinated thyronines. 

The hydrochloride of 3-iodo-L-thyronine crystallizes well from a mixture with 
L-thyronine in hydrochloric acid, provided that the concentration of the latter amino-acid 
does not exceed about 30%. However, if the 3-iodo-L-thyronine contains more than 
about 5% of 3,5-di-iodo-L-thyronine, some of the hydrochloride of the latter compound 
crystallizes with that of 3-iodo-1-thyronine and cannot be reduced to less than 1% except 
with great loss. It is therefore necessary to check the composition of the crude reduction 
products obtained by using varying amounts of hydrogen. 

3,3’,5’-Tri-iodo-L-thyronine was prepared in about 70% yield by iodination of 3,3’-di- 
iodo-L-thyronine in aqueous diethylamine with 120% of the calculated amount of iodine. 
However, iodination of 3-iodo-L-thyronine, by Roche, Michel, and Wolf’s method,’ gave 
a product containing about 5°% of 3,3’,5’-tri-iodo-L-thyronine and about 10% of 3-iodo-1- 
thyronine. We finally obtained 3,3’-di-iodo-L-thyronine containing less than 1% each of 
3-iodo- and 3,3’,5’-tri-iodo-L-thyronine by treating 3-iodo-1-thyronine with 140% of the 
calculated amount of iodine and separating the di-:from the tri-iodothyronine as their 
ammonium salts in 1,1-dimethylpropan-l-ol on a cellulose-powder column. Both these 
compounds have been reported to occur in Nature.*5~ 

The ease with which 3,3’-di-iodothyronine loses iodine from ring B deserves comment. 
Reduction and demethylation of «-benzamido-3-iodo-4-(3-iodo-4-methoxyphenoxy)- 
cinnamic acid (I) with hydriodic or hydrobromic acid, even in the presence of red phos- 
phorus,® gave only 3-iodo-pL-thyronine. We have found that boiling 3,3’-di- or 3,3’,5’- 
tri-iodo-L-thyronine with 2N-hydrochloric acid for 30 min. causes less than 1% loss of 
iodine. However, when a solution of 3,3’-di-iodo-L-thyronine in 0-5N-alcoholic hydro- 
chloric acid was left for 48 hours at room temperature, {«],2° changed from +18-8° to 
+20-4°, which suggests that there had been some conversion into 3-iodo-L-thyronine. 
On the other hand, there was no noticeable decomposition under the alkaline conditions 
used for chromatography during short periods. 


J I NHBz I I 


! 
nods \-o-€ 4 \-cus6-co wot Yo \-cu, co 


(I) I (il) 


The loss of iodine from ring B of thyroxine-like compounds is not confined to 3,3’-di- 
iodothyronine. Meltzer, Lustgarten, and Fischmann? attempted to demethylate methyl 
3,5-di-iodo-4-(3-iodo-4-methoxyphenoxy)phenylacetate under acid conditions, but were 
unable to avoid loss of iodine. Similarly, 3,5-di-iodo-4-(4-hydroxy-3-iodophenoxy)- 
phenylacetic acid (II) loses iodine when boiled with hydriodic acid, but we have not been 


Roche, Michel, and Wolf, Bull. Soc. chim. France, 1957, 462. 

Roche, Michel, Wolf, and Nunez, Biochim. Biophys. Acta, 1956, 19, 308. 
Roche, Michel, and Nunez, Bull. Soc. Chim. biol., 1958, 40, 361. 
Gemmill, Anderson, and Burger, J. Amer. Chem. Soc., 1956, 78, 2434. 

* Meltzer, Lustgarten, and Fischmann, J. Org. Chem., 1955, 22, 1577. 
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able to isolate the pure di-iodo-compound from the reaction mixture. Finally, 3’,5’-di- 
iodothyronine readily loses iodine when warmed in the dry state or in neutral solution, and 
demethylation of its ether requires mild conditions.§ 

We have iodinated L-thyronine by a modification of the method of Clayton and Hems ® 
and have prepared pure 3’,5’-di-iodo-L-thyronine without isolating 3’-iodo-L-thyronine. 
The hydrochloride of the di-iodo-compound is very sparingly soluble in boiling 2N-hydro- 
chloric acid, and traces of 3’-iodo-1-thyronine are easily removed from 3’,5’-di-iodo-L- 
thyronine by treatment with hydrochloric acid. 3’-Iodo-L-thyronine was conveniently 
prepared by treating thyronine with an excess of iodine and removing the di-iodo- 
thyronine as its hydrochloride. 

Paper chromatography in 1,l-dimethylpropan-l-ol and 6N-ammonia separates any 
mixture of thyronine and iodinated thyronines likely to be found in preparative work, and 
it can be used to examine up to 10“ g. of product. Systems containing even freshly 
purified dioxan lead to artefacts through elimination of iodine. This property of dioxan 
has been observed before,” and it is probably responsible for the large number of spots 
observed by Donhoffer et al.“ when they chromatographed several thyroxine-like com- 
pounds in solvents containing dioxan. 

The spots may be detected through the phenolic hydroxyl group by spraying with a 
mixture of potassium ferricyanide and ferric chloride (Barton’s reagent).2 This gives 
bright spots of Turnbull’s blue, which are well graded in size and intensity according to 
the concentration of the amino-acid. A more sensitive method of detection, depending 
on the catalysis by iodide ion of the reduction of ceric salts by arsenious acid, is less 
suitable for comparative work. Barton’s reagent will clearly detect as little as 5 x 107 g. 
of thyronine and 10° g. of any of the iodinated thyronines on a chromatogram; and the 
addition of, e.g., 10° g. of thyronine to 10“ g. of pure 3-iodothyronine, followed by 
chromatographic separation, gives a spot for thyronine similar in size and intensity of 
colour to a reference spot containing only 10° g. of thyronine. The chromatograms are 
stable for at least two years. 

For refined work it is best to dry the chromatogram and run it again in the same 
solvent and in the same direction 14 before spraying. This increases the separation and 
improves the definition; to estimate.as little as 1% of 3,5-di-iodo- in 3-iodo-thyronine 
it is in fact essential to run the paper twice. 

Biological tests carried out in these Laboratories have shown that none of these 
compounds causes sufficient depression of blood cholesterol in rats to encourage further 
testing. Oxygen-consumption tests in both rats and mice, and goitre-prevention tests 
in rats, showed no significant activity.!® 


EXPERIMENTAL 


M. p.s are corrected. Rotations refer to 1: 1 (v/v) N-HCI-EtOH solutions (c 1). 

Paper Chromatography.—The compounds to be analysed were dissolved in absolute ethanol- 
2n-ammonia (3: 1 v/v; 25 mg. in 5 ml.) and applied to Whatman No. 1 chromatography paper 
(10” x 10”) within 1 hr. with an “‘ Agla ” micrometer syringe. The spots (100 yg.) were applied 
in 2 ul. portions, which were dried at room temperature with a hair-drier. Smaller quantities 
of reference spots were applied similarly, from solutions diluted 1 in 10. Ascending chromato- 
grams were equilibrated for } hr. and run for about 18 hr. at 25° in redistilled 1,1-dimethyl- 
propan-l-ol saturated with 6N-ammonia. After drying at 37° or less, the papers were sprayed 


* Block and Powell, J. Amer. Chem. Soc., 1942, 64, 1070. 
* Clayton and Hems, J., 1950, 840. 

%® Maclagan, Bowden, and Wilkinson, Biochem. J., 1957, 67, 5. 

1 Donhoffer, Jarai, Mesty4n, Szegvari, and Varnai, Naturwiss., 1958, 45, 264. 
1 Barton, Evans, and Gardher, Nature, 1952, 170, 249. 

8 Bowden, Maclagan, and Wilkinson, Biochem. J., 1955, 59, 93. 

14 Jeanes, Wise, and Dimler, Analyt. Chem., 1951, 28, 415. 

18 Cuthbertson, Elcoate, Ireland, and Mills, unpublished work. 

%* Tomich, Woollett, and Pratt, J. Endocrinol., 1960, 20, 65. 
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with about 10 ml. of an aqueous solution made by mixing equal volumes of 1% ferric chloride 
and 1% potassium ferricyanide solution just before use. They were immediately washed for 
2 min. with 2N-hydrochloric acid, then twice with water, blotted, and dried at room temperature, 

The Ry values of some amino-acids in this system at 25° are given in the annexed Table. 


Thyronine Ry Thyronine 
CII, SBE icc Da ceebbstncteneehesies 0-26 3’,5’-Di-iodo- 
3-Iodo- . 3,5,3’-Tri-iodo- 
3’-Iodo- - 3,3’,5’-Tri-iodo- 
3,3’-Di-iodo- - Tetra-iodo- 
3,5-Di-iodo- 


3-Iodo-L-thyronine.—The amount of hydrogen to be used with each batch of Raney nickel, 
made by the method of Covert and Adkins,” was found by carrying out hydrogenations as 
described in the next paragraph, using, in the first trial, 100, 150, 200, and 250 ml. of hydrogen. 
The crude, dry product was then dissolved in hot 2N-hydrochloric acid (150 ml.) and taken to 
pH 5-5 with concentrated ammonia. The total solid was collected after refrigeration and 
washed with water, and its composition found by chromatography. Products containing less 
than 3% of 3,5-di-iodo-L-thyronine and less than 30% of L-thyronine were recrystallized as 
the hydrochlorides, and the weights and compositions of these were determined. 

3,5-Di-iodo-L-thyronine (5-25 g.) was dissolved in 95% ethanol (200 ml.), and concentrated 
aqueous ammonia (50 ml.), and Raney nickel (5-0 ml.) were added. The mixture was hydro- 
genated during about 30 min. at atmospheric temperature and pressure, and after filtration 
the solvent was removed under reduced pressure. The residue was dissolved in boiling 2n- 
hydrochloric acid (200 ml.), treated with a little sodium hydrogen sulphite and charcoal, filtered, 
and allowed to cool slowly to room temperature. The colourless needles were collected next 
day and recrystallised from 2n-hydrochloric acid (35 ml./g.) by allowing the solution to cool 
slowly and remain at room temperature for 5hr. When pure, the hydrochloride was dissolved 
in hot 0-5n-hydrochloric acid (40 ml./g.) and the pH slowly adjusted to 5-5 at the b. p. with 
concentrated ammonia. Needles of 3-iodo-L-thyronine rapidly separated; they had m. p. 253° 
(decomp.), [a),”" + 24-9° [Found: C, 43-3; H, 4-0; I, 300; loss of wt. (over P,O, for 10 hr. at 
120°/0-05 mm.), 3-5. C,,;H,sO,NI,H,O requires C, 43-2; H, 3-9; I, 30-4; H,O, 4:3%]. 

3,3’,5’-Tri-iodo-L-thyronine.—3-Iodo-L-thyronine (834 mg.) was treated in 33% aqueous 
diethylamine (9 ml.) with a solution of iodine (1170 mg.) and potassium iodide (3-0 g.) in water 
(4 ml.), with stirring, during 20 min. The brown solution was shaken for 15 min. and water 
(5 ml.) added. The pH was adjusted to 5 by 2n-hydrochloric acid and after refrigeration for 
1 hr. the pale brown solid was collected, washed with water, and dissolved in cold ethanol 
(60 ml.) containing N-sodium hydroxide (6 ml.). After filtration the pH was adjusted to 5 
by 10% acetic acid, and the solution shaken with charcoal and kieselguhr at room temperature 
for15 min. The clear filtrate was treated slowly at the b. p. with hot water (300 ml.). Needles 
slowly separated, and the solution was cooled slowly, then refrigerated overnight, giving 
3,3’,5’-tri-iodo-L-thyronine (882 mg., 66%), m. p. 206° (decomp.), {a],,?4 + 16-7° (Found: C, 27:1; 
H, 2-1; N, 2-1; I, 56-2. C,,H,,O,NI;,H,O requires C, 26-9; H, 2-1; N, 2-1; I, 56-9%). 

3,3’-Di-iodo-L-thyronine.—3-Iodo-L-thyronine (1-668 g.) was treated in 33% aqueous diethyl- 
amine (18 ml.) with iodine (1420 mg.) and potassium iodide (4-0 g.) in water (10 ml.) as above, 
and shaken for 1 hr. Water (10 ml.) was then added, and most of the diethylamine was removed 
under reduced pressure at 30°. The pH was adjusted to 5-6 by 2n-acetic acid, and the solid 
collected, washed with ice-water, and dried under reduced pressure, leaving a pale brown 
powder (2-425 g.). The crude di-iodothyronine was chromatographed in 1,1-dimethylpropan-l- 
ol saturated with 6N-ammonia (50 ml.) on Whatman standard-grade cellulose powder (60 g.; 
3 x 32cm.). Fractions were eluted with the same solvent and examined by paper chromato- 
graphy, and the fractions which contained <1% of 3-iodothyronine and <12% of 3,3’,5’-tri- 
iodothyronine (1-26 g. in all) were pooled and rechromatographed on an identical column. 
3,3’-Di-iodo-L-thyronine containing <1% each of 3-iodothyronine and 3,3’,5’-tri-iodothyronine 
was obtained in 45% yield (from 3-iodo-L-thyronine) as needles, m. p. 196° (decomp.), {2),” 
+18-8° (Found: N, 2-7; I, 45-6. C,,H,,0,NI,,2H,O requires N, 2-5; I, 45-3%). The amino- 
acid can be crystallized from 80% methanol (5 ml./g.) in 70% yield. 


7 Covert and Adkins, J]. Amer. Chem. Soc., 1932, §4, 4116. 
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3’,5’-Di-iodo-L-thyronine.—t-Thyronine (5-46 g.) was treated in 33% aqueous ethylamine 
(1100 ml.) with iodine (17-7 g.) and potassium iodide (47 g.) in water (310 ml.) as‘above during 
lhr. The solution was set aside for 1 hr. longer, then most of the ethylamine was removed 
under reduced pressure. The pH was adjusted to 6-1 by 20% acetic acid, and the yellow solid 
collected. It was dissolved in ethanol (150 ml.) containing 2N-hydrochloric acid (25 ml.), and 
charcoal (2 g.) was added to the deep orange solution. After being shaken in the cold for 1 hr. 
and filtered, the solution was again treated with charcoal, giving an almost colourless filtrate, 
which was taken to pH 5 by dilute ammonia and concentrated to about 200 ml. under reduced 
pressure. The mixture was refrigerated for 1 hr. and the pale yellow solid was collected, 
washed with water several times, and dried, leaving a pale buff solid, 6-72 g. (64%), m. p. 
198° (decomp.). 

This solid was ground and then shaken for 2 hr. with 0-1N-sodium carbonate. The cloudy 
liquid was decanted from a dark residue (970 mg.), then shaken with kieselguhr and filtered, 
and the pH was adjusted to 5-5 in the cold with 2n-acetic acid. The almost colourless 3’,5’-di- 
iodothyronine was dried at room temperature in a neutral atmosphere, leaving 4-23 g. (40%) of 
material, m. p. 198° (decomp.), which contained at least 5% of 3’-iodothyronine. It was 
boiled with 2Nn-hydrochloric acid (250 ml.), and the almost colourless crystals were collected 
from the boiling solution and washed with more boiling 2N-hydrochloric acid (20 ml.). The 
residual hydrochloride was dissolved in cold 0-1N-hydrochloric acid (100 ml.) and ethanol 
(50 ml.). Cold saturated sodium acetate was added until the pH was about 5. 3’,5’-Di-iodo-.- 
thyronine rapidly separated as colourless crystals (3-40 g., 32%), m. p. 205° (decomp.), [ajJ,,** 
+10-5° (Found: C, 33-4; H, 3-1; N, 2-7; I, 46-4. C,,H,,0,NI,,H,O requires C, 33-2; H, 2-8; 
N, 2:6; I, 46-7%). This material contained less than 2% of 3’-iodo-1-thyronine. Roche 
et al.,3 and Block and Powell,® report m. p. 207° for 3’,5’-di-iodo-pi-thyronine. 

3’-Iodo-L-thyronine.—.-Thyronine (2-73 g.) was treated in 33% aqueous ethylamine (550 ml.) 
with iodine (3-81 g.) and potassium iodide (8 g.) in water (75 ml.) with stirring, during 30 min. at 
room temperature. The pale brown solution was left for 1 hr. and most of the ethylamine was 
removed under reduced pressure. The pH was adjusted to 6 with 2n-hydrochloric acid at 5°, 
then the solution was refrigerated for 1 hr. and the solid collected. The mixed amino-acids 
were dissolved in 2N-hydrochloric acid (200 ml.). The solution deposited a dark liquid, which 
later solidified. The mixture was shaken for 2 hr., and the solid (1-91 g.), which contained 
about 50% each of 3’-iodo- and 3’,5’-di-iodo-L-thyronine, was filtered off, and the filtrate taken to 
pH 6 by 2n-ammonia, giving 3’-iodothyronine (1-76 g.) which contained about 8% of 3’,5’-di- 
iodothyronine. The residue was extracted again with 2N-hydrochloric acid (50 ml.), leaving 
a solid which contained about 70% of 3’,5’-di-iodo-L-thyronine and about 30% of 3’-iodo-1- 
thyronine. The filtrate on neutralization gave 3’-iodo-L-thyronine (0-28 g.) which contained 
less than 5% of 3’,5’-di-iodo-L-thyronine. The two crops of 3’-iodo-L-thyronine were combined, 
treated with cold 10N-hydrochloric acid (25 ml.), diluted to 125 ml. with water, and shaken for 
2hr. The precipitate was filtered off, and the filtrate, when taken to pH 6, deposited 3’-iodo-.- 
thyronine (1-50 g., 30%) as off-white needles, m. p. 207° (decomp.), [a],2* +15-7° (Found: 
C, 42-1; H, 4-5; N, 3-4; I, 30-0. C,,;H,,O,NI,2H,O requires C, 41-4; H, 4-2; N, 3-2; I, 29-2%). 
This material contained less than 2% of 3’,5’-di-iodo-1-thyronine. Roche et al.* report the 
same m. p. for 3’-iodo-pL-thyronine. 


Graxo LaBoraToriegs, Ltp., 
GREENFORD, MIDDLESEX. [Received, January 7th, 1960.} 
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542. Trifluoroisopropylidene Derivatives of Mannitol.* 
By E. J. Bourne, A. J. HuGccarp, M. Stacey, and J. C. TATLow. 


Condensation of p-mannitol with 1,1,1-trifluoroacetone in the presence of 
concentrated sulphuric acid gives a mixture of bis- and tris-O-trifluoroiso- 
propylidenemannitol.t Two crystalline compounds isolated from the di- 
ketal fraction have been shown to be isomeric forms of 1,2:5,6-bis-O-tri- 
fluoroisopropylidene-p-mannitol, differing in the configurations of the carbon 
atoms carrying the trifluoromethyl groups. The syrupy triketal fraction is 
probably a complex mixture of similar isomeric forms of 1,2:3,4:5,6-tris-O- 
trifluoroisopropylidene-p-mannitol. The 1,3-dioxolan rings in these com- 
pounds are exceptionally stable to acids and to other reagents. 


AFTER review ! of published data on cvclic acetals and ketals of polyhydroxy-compounds, 
it was possible ? to extend Hann and Hudson’s empirical rules,? governing the order in 
which any aldehyde reacts with the hydroxyl groups in an acyclic polyol. These rules 
were interpreted subsequently in terms of the spatial arrangement of the atoms in the 
parent polyols * and in the cyclic products.5 Less experimental evidence was available 
about syntheses of cyclic ketals of polyols, but it was apparent that there was a marked 
preference here for the formation of five-membered rings, which could be of either «- or 
aT-type.4? As regards the effect of substituents, it had been reported ®? only that electro- 
philic and electrophobic substituents favoured the production of, respectively, five- 
membered and six-membered rings from glycerol. We now record studies of the condens- 
ation of D-mannitol with 1,1,1-trifluoroacetone. 

Commercial D-mannitol and an excess of 1,1,1-trifluoroacetone in the presence of 
concentrated sulphuric acid yielded a fluorine-containing oil; this was separated by 
distillation into two fractions, which gave analyses correct for tris- and bis-O-trifluoroiso- 
propylidenehexitols, the former predominating. With 2-2 mols. of ketone the diketal 
fraction was the main product. 

It was not possible to characterise the triketal fraction by the customary technique of 
partial hydrolysis with dilute acid, owing to the remarkable stability of the ketal groups. 
Thus it was recovered unchanged after treatment with 9N-sulphuric acid at 100° for 3 hr., 
with 47% hydriodic acid at 160° for 3 hr., and with the acetolysing mixture described by 
Hann, Maclay, and Hudson § at 100° for 2 hr. In addition, the triketal was resistant to 
oxidation (permanganate), reduction (Raney nickel, lithium aluminium hydride), and 
aqueous alkali. 

This resistance of the triketal towards acid is to be expected if the rate-determining 
step is the rupture of a carbon-oxygen bond in the protonated species, as in the case of 
acyclic acetals.* This step (and indeed the initial protonation) would be opposed by 
the strongly electrophilic trifluoromethyl group. Similarly, reaction with the acetylium 


* Presented at XIVth Internat. Congr. Pure Appl. Chem., Zurich, 1955. 

+ By formal nomenclature [‘‘ Nomenclature of Organic Chemistry” (I.U.P.A.C. 1957 Rules), 
Butterworths, London, 1958] the name isopropylidene is restricted to the unsubstituted group (rule 
A-4-1), and the group CF,*CMe= should be termed 2,2,2-trifluoro-l-methylethylidene. However, the 
name trifluoroisopropylidene is used in this paper to preserve the analogy with CMe,=. Ep. 


1 Barker and Bourne, Adv. Carbohydrate Chem., 1952, 7, 137. 
2 Barker and Bourne, /., 1952, 905. 
* Hann and Hudson, J. Amer. Chem. Soc., 1944, 66, 1909; Ness, Hann, and Hudson, ibid., 1948, 70, 
765. 
Barker, Bourne, and Whiffen, /., 1952, 3865. 
Mills, Adv. Carbohydrate Chem., 1955, 10, 2. 
Hibbert, Morazain, and Paquet, Canad. J. Res., 1930, 2, 131. 
Trister and Hibbert, Canad. J. Res., 1936, 14, B, 415. 
Hann, Maclay, and Hudson, J. Amer. Chem. Soc., 1939, 61, 2432. 
Ingold, ‘‘ Structure and Mechanism in Organic Chemistry,” G. Bell and Sons Ltd., London, 1953, 
p. 334. 
4@ Newman and Harper, ]. Amer. Chem. Soc., 1958, 80, 6350. 
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jon (CH,*CO*), the active species in acetolysis, would be inhibited. Nevertheless, the 
magnitude of the difference in the stabilities to acids of isopropylidene and trifluoroiso- 
propylidene ketals is surprising, though cyclic acetals containing trichloromethyl groups 
also have enhanced stability towards acids *™ and trifluoroacetone forms a solid hydrate.” 


! 
F,C. ,O-C- 


Fast FC. 9 7 
Me~ OP Ht Me~ one Me~ So C- 


The powerful effects of neighbouring trifluoromethyl groups on the properties of the oxygen 
atoms in alcohols are now well established." 

The diketal fraction contained at least two isomers. A portion solidified, and on 
repeated recrystallisation gave a bis-O-trifluoroisopropylidenehexitol (isomer A, m. p. 
128—129°). This gave a diacetate (m. p. 91—93°) and a dimethyl ether (m. p. 46—47°), 
which confirm the presence of two free hydroxyl groups. No isomeric diketal was isolated 
directly from the syrupy residues from the original crystallisation, but a second diacetate 
(m. p. 131—132°) was obtained which was deacetylated catalytically to give the parent 
diketal (isomer B, m. p. 82—83°); methylation of this yielded a new dimethyl ether (m. p. 
67—-68°). Each diketal was converted into the corresponding diacetate and then 
regenerated, showing that no interconversions of the ketals had occurred during their 
isolation. 

Since the purified diketal isomers could be isolated only in relatively small yield, we 
established that neither was derived from D-sorbitol present as an impurity in the 
commercial D-mannitol first used, by preparing both from D-mannitol which had been 
crystallised until infrared analysis revealed no impurity. Thus unless inversion occurred 
during their synthesis, which is unlikely, both diketals were D-mannitol derivatives. 

Each diketal consumed one mol. of lead tetra-acetate, without yielding formaldehyde, 
so that each diketal contained a non-terminal «-glycol group. This was proved in each 
case to involve the 3,4-positions by the isolation, from the oxidation products, of 2,3-O-tri- 
fluoroisopropylidene-D-glyceraldehyde (I), as crystalline derivatives with dimedone and 
2,4-dinitrophenylhydrazine. Molecular-weight determinations and elemental analyses on 
the former derivatives showed that two dimedone residues were involved for each 
glyceraldehyde unit. Thus each diketal is a 1,2:5,6-bis-O-trifluoroisopropylidene-p- 
mannitol (II). This was confirmed for isomer A when its dimethyl ether (III) was 
synthesised from the known !¢ 3,4-di-O-methyl-p-mannitol (IV) and 1,1,1-trifluoroacetone. 

Evidently the isomeric diketals differed, not in the position of the ketal groups on the 
mannitol moiety, but in the stereochemical arrangements at the carbon atoms carrying the 
trifluoromethyl groups. This was proved when the 2,3-0-trifluoroisopropylidene-p-glycer- 
aldehydes (I) derived from the two diketals gave different dimedone and 2,4-dinitrophenyl- 
hydrazine derivatives. The isomeric 2,3-0-trifluoroisopropylidene-p-glyceraldehydes have 
severally structures (Ia and b) but it is not yet possible to say which is which. It follows 
that the two D-mannitol diketals A and B have two of the structures (Ila—c). 

Although we cannot fix absolutely the stereochemistry of the trifluoroisopropylidene 
groups the following observations are significant. The diketal A, after oxidation with lead 
tetra-acetate, yielded 1-73 mol. of a pure crystalline dimedone derivative of 2,3-O-trifluoro- 
isopropylidene-D-glyceraldehyde (isomer A); thus the two ketal rings had the same 
stereochemistry (IIa or IIc). On the other hand, the diketal B gave 1-72 mol. of a mixture 
of dimedone derivatives, from which only 0-65 mol. of pure material (isomer B) could be 

" Goodhue, White, and Hixon, J. Amer. Chem. Soc., 1930, 52, 3191. 

2 Swarts, Bull. Sci. Acad. Roy. Belg., 1927, 18, 175. 

8 Swarts, Bull. Soc. chim. belges, 1929, 38, 99. 

* Bourne, Stacey, Tatlow, and Worrall, ]., 1958, 3268. 


8 Whiffen, Chem. and Ind., 1957, 129. 
** Bourne, Huggard, and Tatlow, unpublished results. 
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isolated. Likewise the two 2,4-dinitrophenylhydrazones were isolated in yields of 0-45 mol, 
(from isomer A) and 0-24 mol. (from isomer B). Probably, therefore, the diketal B has 
the “‘ mixed ”’ structure (IIb). It is likely that the crude diketal fraction contained also 
the third isomer but this could not be isolated. In addition, small amounts of the 1,2:3,4- 
diketals were probably present in the crude diketal fraction since a trace of formaldehyde 


"Sc—o ie 
OHC~/ at. onc7y ME 
H,Camo” ‘Me H,C—==o% “cr, 
(Ia) (Ib) 
R'a O-CH, 
Re” 


: CFyCMe7> f 
O-C-H ~O-C-H 
HO-C-H MeO-C-H 
H-C-OH H-C-OMe 
H-C-O. ok H-C-O, 
H,C-O° “R‘ H,C-O~ 

(II) a: R'= R?=Me, R?=R*=CF, (111) 

b: R'= R*=Me, R?=R7=CF, 

c: R' = R? =CF,, R?=R*=Me 


CMe-CF, 


was isolated, as its dimedone derivative, from the products of oxidation with lead tetra- 
acetate. Undoubtedly, the syrupy triketal fraction was a mixture of the various isomeric 
forms of 1,2:3,4:5,6-tris-O-trifluoroisopropylidene-D-mannitol. 

From this work it is clear that 1,1,1-trifluoroacetone parallels acetone itself 1»? in the 
pattern of its condensation with p-mannitol; each gives rise to the 1,2:3,4:5,6-triketal, 
principally via the 1,2:5,6-diketal. However, the trifluoromethyl group greatly stabilises 
the 1,3-dioxolan ring, and this is believed to be the principal reason why it was possible to 
isolate isomers differing in the orientation of the trifluoroisopropylidene groups. Isolation 
of such isomers, long recognised as theoretically possible, is usually impossible in 
practice; it has been reported for 1,3:5,7-di-O-benzylideneperseitol * and 1,3-O-benzylidene- 
glycerol; 1718 but in these cases the isomers are very readily interconverted under mild 
conditions. Syntheses of cyclic acetals and ketals from polyols and carbonyl compounds 
are normally readily reversible, so that the stereochemistry of a given ring in a product 
is determined by thermedcynamic considerations.5 In the present case, it seems unlikely 
that the reaction is reversible, because of the stability of the ketal, and thus the stereo- 
chemistry of the products is determined by kinetic factors. 


EXPERIMENTAL 

Bis- and Tris-O-trifluoroisopropylidene-D-mannitol—A mixture of p-mannitol (19-0 g.), 
1,1,1-trifluoroacetone (20 ml.; 2-2 mol.) and concentrated sulphuric acid (70 ml.) was shaken at 
room temperature for 50 hr., then poured into ice-water and extracted exhaustively with ether. 
The extract was neutralised with sodium hydrogen carbonate, washed, dried (MgSO,), and 
concentrated to a syrup (20-4 g.), which was fractionally distilled to give a mixture of tris-O- 
trifluoroisopropylidene-p-mannitols (1-94 g.), b. p. 74°/0-1 mm., ,"* 1-3900, [a],,!7 +9-2° (c 3-15 
in EtOH) (Found: C, 38-8; H, 3-7; F, 36-8. Calc. for C,,H,,O,F,: C, 38-8; H, 3-7; F, 36-8%), 
and a mixture of bis-O-trifluoroisopropylidene-p-mannitols (10-53 g.), b. p. 120—123°/0-15 mm. 
(Found: C, 39-2; H, 4:2; F, 31-4. Calc. for C,,.H,,O,F,: C, 38-9; H, 4-4; F, 30-8%). 

In the same way, D-mannitol (6-57 g.), 1,1,1-trifluoroacetone (5-4 mol.), and concentrated 
sulphuric acid (25 ml.), shaken together at room temperature for 96 hr., yielded the triketal 


17 Brimacombe, Foster, and Stacey, Chem. and Ind., 1958, 1228. 
18 Baggett, Foster, and Stacey, Chem. and Ind., 1958, 1229. 
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(6-01 g.) and diketal (3-32 g.) fractions. Thus an increased proportion of the ketone gave 
relatively more of the triketal. . 

Fractionation of the Mixed Diketals.—The mixture (10-5 g.) solidified when cold. Crystallised 
from carbon tetrachloride (20 ml.), it gave a solid (4-1 g.), together with a syrup (X) (6-3 g.) from 
the mother-liquors. Repeated recrystallisation of the solid from carbon tetrachloride and 
from benzene gave 1,2:5,6-bis-O-trifluoroisopropylidene-D-mannitol (isomer A) (1-56 g.), m. p. 
128—129°, [aJ,'° +12-0° (c 2-50 in EtOH) (Found: C, 38-7; H, 4-6; F, 30-5%). Acetic 
anhydride (0-5 ml.) in pyridine (3 ml.) converted the diketal (A) (0-22 g.) in 72 hr. at 23° into its 
3,4-diacetate (isomer A) (70%), m. p. 91—93° (from aqueous ethanol), [aJ,,!*> +28-0° (c 2-65 in 
CHCI,) (Found: C, 42-5; H, 4-7; F, 24-7; Ac, 20-3. C gH O,F, requires C, 42-3; H, 4-4; F, 
25-1; Ac, 189%). The m. p. of this diacetate was depressed on admixture with its isomer B. 
The diketal (isomer A) was regenerated (65%) by deacetylation with sodium methoxide in dry 
methanol. 

Syrup (X) was treated with acetic anhydride (10 ml.) in pyridine (15 ml.) at 15° for 48 hr. 
Isolation of the product in the usual manner, followed by five crystallisations from ethanol, 
yielded 3,4-di-O-acetyl-1,2:5,6-bis-O-trifluoroisopropylidene-D-mannitol (isomer B) (1-34 g.), m. p. 
131—132°, {aJ,’* +19-7° (c 6-90 in CHCl,) (Found: C, 42-5; H, 4-6; F, 25-0; Ac, 19-2%). 
Catalytic deacetylation afforded, in 72% yield, 1,2:5,6-bis-O-trifluoroisopropylidene-D-mamnitol 
(isomer B), m. p. 82—83°, [a],,** +2-2° (c 0-92 in CHCl) (Found: C, 39-1; H, 4-5; F, 31-0%). 
Reacetylation regenerated the diacetate (isomer B) (79%). 

In repetitions of this experiment, the D-mannitol used had been crystallised repeatedly from 
aqueous ethanol until infrared analysis indicated that a small impurity (probably sorbitol) had 
been removed completely. The diketal, m. p. 128—129°, and diacetate, m. p. 131—132°, 
were again isolated, in proportions similar to those above. 

Oxidation of 1,2:5,6-Bis-O-trifluoroisopropylidene-D-mannitol (Isomey A).—Quantitative 
determination }° of the oxidation of the diketal with lead tetra-acetate in glacial acetic acid 
showed that, after 50, 70, and 120 min., the consumption of the oxidant was 0-86, 0-99, and 
1-04 mol., respectively. 

The diketal (0-0455 g.) was oxidised with excess of a saturated solution of lead tetra-acetate 
in acetic acid, and the products were steam-distilled under reduced pressure. The distillate, 
adjusted to pH 6-0, was treated with dimedone (0-120 g.) in ethanol (1-5 ml.) at 100° for 10 min. 
and then at room temperature for 12 hr. The precipitate was the bisdimedone derivative 
(isomer A) of 2,3-O-trifluoroisopropylidene-p-glyceraldehyde (1-73 mol.), m. p. 133—134°, un- 
changed by crystallisation from aqueous alcohol, {a],!° —8-2° (c 3-16 in CHCI,), fluorine test 
positive (Found: C, 58-9; H, 6-7%; M, by cryoscopy in benzene, 410. C,,H,,O0,F, requires 
C, 59-2; H, 65%; M, 446). 

In a similar experiment, the steam-distillate from the oxidised diketal (isomer A) (0-076 g.) 
was mixed with 2,4-dinitrophenylhydrazine (0-081 g.) in concentrated hydrochloric acid (50 ml.). 
The yellow precipitate was 2,3-O-trifluoroisopropylidene-p-glyceraldehyde 2,4-dinitrophenyl- 
hydvazone (isomer A) (0-45 mol.), m. p. 128—129° (from ethanol) (Found: C, 39-7; H, 3-2; F, 
15:3. C,,H,,O,N,F, requires C, 39-6; H, 3-1; F, 15-6%). 

Oxidation of 1,2:5,6-Bis-O-trifluoroisopropylidene-p-mannitol (Isomer B).—The methods 
employed were as for isomer A. The consumption of lead tetra-acetate after 115, 160, and 
250 min. was 0-86, 0-98, and 0-98 mol., respectively. 

The diketal (isomer B) (0-192 g.), after oxidation, gave a precipitate (1-72 mol.) of fluorine- 
containing dimedone derivatives, m. p. 139—144°. Several crystallisations from aqueous 
ethanol were necessary to obtain the bisdimedone derivative (isomer B) of 2,3-O-trifluoroiso- 
propylidene-p-glyceraldehyde (0-65 mol.), m. p. 161—162°, {aJ,!! —22-1° (c 1-72 in CHCI,) 
(Found: C, 59-3; H, 6-2%; M, by cryoscopy in benzene, 413). This compound depressed the 
m. p. of its isomer A. No more pure material could be isolated from the mother-liquors. 

From the diketal (isomer B) there was isolated, after oxidation, 2,3-O-trifluoroisopropylidene- 
D-glyceraldehyde 2,4-dinitrophenylhydvazone (isomer B) (0-24 mol.), m. p. 101—102° (from 
ethanol), depressed by its isomer A (Found: C, 39-8; H, 2-9; F, 15-2%). Again no more pure 
material could be isolated from the mother-liquors. 

3,4-Di-O-methyl-1,2:5,6-bis-O“trifluoroisopropylidene-D-mannitol.—(a) From the diketals by 
methylation. Sodium (0-40 g.) was added in small portions to a solution of the diketal (isomer A; 
m. p. 128—129°; 1-26 g.) in liquid ammonia. The solution was cooled to —70° and methyl 

* Hockett and McClenahan, J. Amer. Chem. Soc., 1939, 61, 1667. 
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iodide (4-0 ml.) added slowly. Volatile material was removed and the residue was extracted 
exhaustively with chloroform; the extracts were washed, dried (MgSO,), and concentrated to 4 
syrup (0-89 g.) which crystallised. Recrystallisation from ethanol gave plates of the 3,4-dj. 
methyl ether (isomer A) (0-40 g.), m. p. 46—47°, [a],,1* + 13-4° (c 3-12 in CHCI,) (Found: C, 42-5. 
H, 5-2; F, 28-5; OMe, 15-3. C,,H,.O,F, requires C, 42-2; H, 5-1; F, 28-6; OMe, 15-6%). 

Likewise, the diketal (isomer B, m. p. 82—83°) gave a 67% yield of the 3,4-dimethyl ethey 
(isomer B), m. p. 67—68°, [a],,"* +8-6° (c 0-84 in CHCI,) (Found: C, 42-6; H, 5-0; F, 28-1; 
OMe, 158%). 

Although several mixtures of the two isomeric dimethyl ethers were examined none had 
m. p. below 46°; the two ethers gave markedly different infrared spectrographs in the region 
700—1500 cm.*}. 

(b) From 3,4-di-O-methyl-p-mannitol. Concentrated sulphuric acid (20 ml.) was added 
slowly to a mixture of 1,1,1-trifluoroacetone (15-0 ml.) and 3,4-di-O-methyl-p-mannitol (5-33 g., 
prepared '* from 1,2:5,6-di-O-isopropylidene-p-mannitol). The mixture was shaken at room 
temperature for 2 days, poured into ice-water, and extracted with chloroform. The extract 
was washed with sodium hydrogen carbonate, dried (MgSO,), and concentrated to a syrup 
(5-99 g.), which on distillation afforded a fraction (1-75 g.), b. p. 90°/0-1 mm., which crystallised, 
Crystallisation thrice from ethanol gave 3,4-di-O-methyl-1,2:5,6-bis-O-trifluoroisopropylidene- 
D-mannitol (isomer A) (0-72 g.), m. p. 46—47°, [a),,1® +12-7° (c 2-37 in CHCl,) (Found: C, 42-5; 
H, 5-2; F, 28-9; OMe, 15-1%). The m. p. of this compound was not depressed by either of the 
isomers described above, but its infrared spectrum was identical with that of isomer A. 
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543. Some Further Derivatives of-4-Hydroxyisophthalic Acid. 
By J. M. Z. GLrapycu and E. P. TAytor. 


Numerous derivatives of 4-hydroxyisophthalic acid have been prepared 
and tested as potential analgesics, diuretics, fungicides, local anzsthetics, 
and neuromuscular blocking agents. A novel concurrent transesterification 
and transetherification is reported. 


CoMPARATIVELY little work appears to have been done on the pharmacological activity of 
4-hydroxyisophthalic acid and its derivatives. The analgesic and antipyretic properties 
of the parent acid have been described by Chesher et a/.,? and its absorption and excretion 
in rats and human subjects have also been investigated. Fosdick and Fancher* found 
some alkyl and aminoalkyl esters of 4-methoxyisophthalic acid to possess an anesthetic 
efficiency approximately equal to that of procaine. Antitubercular activity has been | 
claimed 5 for 6-amino-4-hydroxyisophthalic acid (a by-product in the manufacture of 
4-aminosalicylic acid), but other workers®? have reported lower activity. Diethyl 
5-amino-4-hydroxyisophthalate * has no antibacterial activity.® Salts 1° and acyl deriv- 
atives ™ of 4,6-dihydroxyisophthalic acid, and salts of 5-halogeno-4,6-dihydroxyisophthalic 
acid ™ have been claimed to possess analgesic and antiarthritic activity. 

Chesher, Collier, Robinson, Taylor, Hunt, Jones, and Lindsey, Nature, 1955, 175, 206 

Collier and Chesher, Brit. J. Pharmacol., 1956, 11, 20. 

Robinson, Fehr, and Fitzgerald, Biochem. J., 1956, 68, 362. 

Fosdick and Fancher, J. Amer. Chem. Soc., 1941, 68, 1277. 

Bavin, Drain, Seiler, and Seymour, J. Pharm. Pharmacol., 1952, 4, 844. 
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5 
® Beyerman and Alberda, Rec. Trav. chim., 1950, 69, 1021. 

7 Checcacci, Logemann, Pistoia, and Lauria, Nature, 1954, 178, 588. 
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Hunt, Jones, and Lindsey, J., 1956, 3099. 
Collier, unpublished results quoted in ref. 8. 
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In view of these results and since salicylamide and certain of its derivatives possess 
analgesic, antipyretic, or antifungal activity, it was initially decided to examine a series 
of amides of 4-hydroxy- and 4-alkoxy-isophthalic acids, some of which we have already 
reported.1* The most active analgesic of the compounds tested was the 3-monoamide (1), 
which was more active and less toxic than the parent acid in rats. Although still significant, 
the activity when administered orally was less than by intraperitoneal injection. Other 
derivatives, ¢.g., the corresponding ethylamide and 4-n-propoxyisophthalamide, showed 
good analgesic activity when administered intraperitoneally but were ineffective orally. 
(After our work had been completed, Erlenmeyer ** reported that monoamides of 
4-hydroxyisophthalic acid possessed marked analgesic activity and low toxicity; they 
were well tolerated in humans, and caused fewer undesirable secondary effects than the 
usual salicylic acid preparations.) None of the compounds of this series tested by us 
was found to have encouraging antifungal activity. 

Since most of the 3-monoamides have been prepared by aminolysis of the 3-mono- 
methyl ester (II), it is desirable to clear up certain misconceptions in the literature. Hunt, 
Jones, and Lindsey * obtained the isomeric 1-monomethy] ester (III) by partial hydrolysis 
of the dimethyl ester with boiling aqueous-methanolic potassium hydroxide. We have 


OH OH OH 
ae Sag 8 ag 
CO}H CO>H CO,Me 


(I) (II) (111) 


confirmed this but in addition have shown that hydrolysis of the dimethyl ester with 
aqueous sodium hydroxide at room temperature gives the 3-monomethy]l ester (II).1” It is 
stressed, however, that our results do not contradict those of Hunt, Jones, and Lindsey, 
despite a recent statement to this effect by Dansi e¢ al.18 

We esterified 4-hydroxyisophthalic acid with methanol and sulphuric acid, but were 
unable to confirm the finding of Dansi e¢ al. that the 3-monomethyl ester was formed; 
when the experimental conditions were suitably controlled, the crude 1-monomethy] ester 
was isolated in 54% yield. Similarly we failed to isolate any 3-monomethyl ester on 
hydrolysis of the dimethyl ester with 8% sodium carbonate at 37° under the conditions 
of Dansi et al., obtaining only small yields of the 1-monomethy]l ester and 4-hydroxyiso- 
phthalic acid, together with unchanged dimethyl ester. 

Attempts to confirm the results of Dansi e¢ al. concerning the preparation of the 3-N-n- 
butylamide and its 1-methyl ester, and of the di-n-butylamide also failed. By refluxing 
an alcoholic solution of dimethyl 4-hydroxyisophthalate and n-butylamine we obtained, 
not the di-n-butylamide, but the n-butylamine salt (IV) of the 1-monoester 3-amide; the 
same compound was also obtained by carrying out the reaction at room temperature. 
The identity of this product was proved by cold basification, followed by immediate 
acidification, which gave the 1-monoester 3-n-butylamide, and by alkaline hydrolysis at 
room temperature, which gave the acid 3-n-butylamide. The m. p.s of our ester amide 
and 3-n-butylamide do not agree with those reported by Dansi ef al.; we have prepared 
these two compounds by. various methods and obtained consistent physical constants. 

Dansi et al. report that they have repeated Jacobsen’s claim ™ that 4-hydroxyiso- 
phthalamide is readily obtained by ammonolysis of the dimethyl ester, but, as we have 

* Ross and Hart, J. Pharmacol., 1947, 89, 205. 

™ Coates, Drain, Kerridge, Macrae, and Tattersall, J. Pharm. Pharmacol., 1957, 9, 855; Jules, Faust, 
and Sahyun, J. Amer. Pharm. Assoc., Sci. Ed., 1956, 45, 514; Hok, Hamilton, Pilcher, and Nieman, 
Antibiotics and Chemotherapy, 1956, 6, 456; Pilcher and Hamilton, ibid., p. 573. 

Gladych, Lindsey, and Taylor, J., 1957, 4834. 

Erlenmeyer, B.P. 802,841. 
? Gladych and Taylor, J., 1956, 4678. 


os Dansi, Garzia, Grasso, and Semeria, Boll. Chim. Farm., 1957, 96, 388. 
Jacobsen, Ber., 1878, 11, 380. 
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previously indicated,” it is necessary to use very vigorous conditions in order to carry out 
this reaction and to avoid formation of the ester amide. 

The 3-monohydrazide of 4-hydroxyisophthalic acid, obtained by the action of hydrazine 
hydrate on the 3-monomethy] ester,1* when condensed with acetone yielded the hydrazone 
(V), which was readily hydrolysed back to the hydrazide by boiling 95% ethanol. 

Following the lead of Fosdick and Fancher,‘ we prepared a series of dialkylaminoalky] 
esters of 4-alkoxyisophthalic acids for test as potential local anesthetics. Some of these 
have considerable activity, in particular, the dihydrochloride of bis(diethylaminoethy]) 
4-n-propoxyisophthalate (VI). This compound, although approximately 3-5 times as 
toxic as procaine hydrochloride in mice, has approximately 4-5 times the local anesthetic 
activity of procaine hydrochloride in guinea pigs. 


+ 
OH,NH,Bu OH OPr Q-CH,*CH;-NEt,  , 


CO-NHBu *Y gaseeaasse CO-0-CH,-CH;-NEt; CO-O-CH,-CH,-NEt, 


+ 
CO,Me CO,H CO-O-CH,:CH,-NEt, CO-O0-CH,-CH,NEt, 
(IV) (V) 2HCI (yi) 3 (VII) 


In view of their structural resemblance to Gallamine, some trisquaternary salts of 
dialkylaminoalkyl 4-dialkylaminoalkoxyisophthalates have been synthesised as possible 
neuromuscular blocking agents. The most active member of this series was the tris- 
ethiodide (VII) of bis(diethylaminoethyl) 4-2’-diethylaminoethoxyisophthalate which had 
a curare-like action of comparatively short duration. This compound has been indepen- 
dently prepared and its pharmacology described by Carissimi et al.” 

Our method of preparation of these compounds, which consisted of treating dimethyl 
4-methoxyisophthalate with an excess of a dialkylaminoalkanol in the presence of metallic 
sodium, and subsequent quaternisation of the product, involved a concurrent trans- 
etherification and transesterification which has apparently not been realised hitherto. 

During the preparation of dimethyl 4-methoxyisophthalate, the desired product was 
obtained when dimethyl 4-hydroxyisophthalate was heated with methyl iodide in methanol 
in the presence of anhydrous potassium carbonate, but diethyl 4-methoxyisophthalate 
resulted when ethanol was used as solvent. 


OR’ OH 
R R’ CO-NH-CH,CH-CH;-Hg-OH (7% )CO,H 
(VIII) H  CHyCO,H OMe Lika OMe (X) 
(IX) CO,H H R CO-NH-CH,:CH-CH)-Hg-OH 


Two analogues of Mersalyl (VIII) were prepared as potential diuretic agents, but both 
were less active than Mersalyl when administered intraperitoneally to rats. The synthesis 
of these two compounds, (IX) and (X), involved the treatment of the appropriate mono- 
methyl ester of 4-hydroxyisophthalic acid with allylamine, and subsequent mercuration 
with mercuric acetate. 

The pharmacological properties of all these compounds will be described in full 
elsewhere. 


EXPERIMENTAL 


Light petroleum had b. p. 40—60°. 


Esters of 4-Hydvoxyisophthalic Acid—The 1-monomethyl ester was prepared according to 
Hunt, Jones, and Lindsey’s directions,’ and also by the following method: 4-Hydroxyiso- 
phthalic acid (21-6 g.), methanol (216 ml.), and concentrated sulphuric acid (6-0 ml.) were 


2° Carissimi, Ravenna, Milla, Grumelli, and Grasso, Farmaco, Edn. Sci., 1958, 18, 231. 
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boiled under reflux for 3 hr. The mixture was then cooled and poured into ice-water (450 ml.). 
Sufficient solid sodium hydrogen carbonate was added to bring the pH to 8, and the mixture 
was filtered; the crude insoluble dimethyl 4-hydroxyisophthalate, after being washed with 
water and dried, had m. p. 95—96° (lit.,8 97-5°) (9-3 g., 37%). The aqueous-methanolic filtrate 
was acidified with hydrochloric acid to Congo Red, and the crude 1-methyl hydrogen 4-hydroxy- 
isophthalate filtered off, washed with water, and dried (12-6 g., 54%). This crystallised from 
aqueous methanol in plates, m. p. 199—199-5° (lit.,* 200°), undepressed on admixture with a 
sample prepared by partial hydrolysis of the dimethyl ester with aqueous-methanolic potassium 
hydroxide. Hydrolysis of the dimethyl ester with 8% aqueous sodium carbonate at 37° by 
the method of Dansi et al.!* gave unchanged dimethyl ester (32%), 1-monomethy] ester, m. p. 
199—199-5° (14%), and crude 4-hydroxyisophthalic acid, m. p. 290—300° (decomp.) (12%). 
No 3-monomethy] ester could be isolated. 

The 3-monomethyl and 3-monoethyl esters were prepared by partial hydrolysis of the 
corresponding dialkyl ester with excess of aqueous sodium hydroxide at room temperature.’” 

The following mixed dialkyl esters were prepared by Fischer—Speier esterification of the 
appropriate 3-monoalkyl esters: 3-ethyl 1-methyl 4-hydroxyisophthalate, rosettes, m. p. 45— 
46-5°, from aqueous acetone (Found: C, 58-6; H, 5-25. C,,H,,0; requires C, 58-9; H, 5-4%); 
l-ethyl 3-methyl 4-hydroxyisophthalate, needles, m. p. 92—92-5°, from absolute ethanol (Found: 
C, 59-0; H, 5-4%). 

Transesterification of Dimethyl 4-Hydroxyisophthalate—Dimethyl 4-hydroxyisophthalate 
(10-5 g., 0-05 mole), anhydrous potassium carbonate (6-9 g., 0-05 mole), and absolute ethanol 
(250 ml.) were heated under reflux for 48 hr. with the exclusion of moisture, then evaporated 
to dryness in vacuo, the solid residue (14-3 g.) was dissolved in water (100 ml.), and 2n-hydro- 
chloric acid was added to pH 8-4—8-7. The crude diethyl 4-hydroxyisophthalate (3-34 g., 
28%) was filtered off, dried, and recrystallised from light petroleum as rosettes, m. p. and mixed 
m. p. 52—53° (lit.,8 54-5°) (Found: C, 60-25; H, 5-9. Calc. for C,,H,,0,;: C, 60-5; H, 5-9%). 
The aqueous filtrate was acidified to pH 3-6 and the precipitated crude 1l-ethyl hydrogen 
4-hydroxyisophthalate (5-01 g., 47-7%) was filtered off and dried at 90°. It recrystallised from 
aqueous ethanol as rosettes, m. p. and mixed m. p. 194—195° (lit.,* 195-6°) (Found: C, 57-1; 
H, 4:6. Calc. for CygHy)O;: C, 57-1; H, 48%). 

Esters of 5-Substituted 4-Hydroxyisophthalic Acids.——Dimethyl 5-bromo-4-hydroxyiso- 
phthalate was prepared according to instructions of Hunt e¢ al.® 

3-Methyl hydrogen 5-bromo-4-hydroxyisophthalate was prepared from the dimethyl ester by 
partial hydrolysis,!” and crystallised from absolute ethanol in needles, m. p. 249—250° (Found: 
C, 39-2; H, 2-8; Br, 29-1. C,H,BrO, requires C, 39-3; H, 2-6; Br, 29-1%). 

Dimethyl 4-hydroxy-5-iodoisophthalate was prepared as follows: Iodine monochloride (4-9 g.) 
in acetic acid (10 ml.) was added slowly, with stirring, to dimethyl 4-hydroxyisophthalate 
(2-1 g.) in acetic acid (30 ml.); the mixture was heated on a steam-bath for 30 min. and cooled. 
Water (125 ml.) was added, and the precipitate filtered off, washed with water, sodium thio- 
sulphate solution, and again water, and dried. The product (3-0 g., 89%) crystallised from 
acetone in needles, m. p. 145—145-5° (Found: C, 36-0; H, 2-5; I, 37-8. Cj, )H,IO, requires 
C, 35-7; H, 2-7; I, 37-8%). A very small quantity of the same compound was obtained when 
the sodio-derivative of dimethyl 4-hydroxyisophthalate was treated with potassium tri-iodide 
solution at room temperature (cf. general method of Papa et al.*"), the major product, other than 
unchanged dimethyl ester, being 3-methyl hydrogen 4-hydroxyisophthalate, m. p. 253—254° as 
recorded.” lodination of 4-hydroxyisophthalic acid in alkaline solution with potassium 
tri-iodide gave only 4-hydroxy-3,5-di-iodobenzoic acid and 2,4,6-tri-iodophenol (cf. Hunt 
et al.* who found that 4-hydroxyisophthalic acid was converted into 2,4,6-tribromophenol by 
aqueous bromine). ; 

Esters of 4-Alkoxy- and 4-Dialkylaminoalkoxy-isophthalic Acids.—The foliowing esters were 
prepared by Fischer—Speier esterification of the appropriate alkoxy-acids: !5 dimethyl 4-ethoxy- 
isophthalate, needles, m. p. 65-5—66-5°, from light petroleum (Found: C, 60-6; H, 5-8. C,,H,,O; 
requires C, 60-5; H, 5-9%); diethyl 4-methoxyisophthalate, prisms, m. p. 53-5—54° (lit., 57°), 
from light petroleum (Found: C, 61-6; H, 5-9. Calc. for C,,H,,O,: C, 61-9; H, 6.4%); dimethyl 
4-n-butoxyisophthalate, needles, m. p. 44—45°, from light petroleum (Found: C, 63-4; H, 6-5. 
C,4H,,O; requires C, 63-15; H, 68%); diethyl 4-benzyloxyisophthalate, prisms, m. p. 64-5— 
65:5°, from light petroleum (Found: C, 69-4; H, 6-2. C,gH,,O, requires C, 69-5; H, 6-15%). 

*! Papa, Breiger, Schwenk, and Peterson, J. Amer. Chem. Soc., 1950, 72, 4906. 
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The following esters were prepared by O-alkylation of dialkyl 4-hydroxyisophthalates in a 
suitable solvent with the appropriate alkyl bromide or iodide in the presence of anhydrous 
potassium carbonate (cf. Gladych e¢ al.1*): dimethyl 4-methoxyisophthalate (solvent methanol), 
needles, m. p. 98—99° (lit.,8 95°) from light petroleum (Found: C, 58-8; H, 5-3. Calc. for 
C,,H,,0;: C, 58-9; H, 5-4%) [when ethanol was used as solvent, diethyl 4~-methoxyisophthalate 
was obtained as prisms, m. p. and mixed m. p. 53—54° (from light petroleum) (Found: C, 61-9; 
H, 6-1%)]; 1l-ethyl 3-methyl (solvent acetone), needles, m. p. 59—59-5°, from light petroleum 
(Found: C, 60-25; H, 5-5. C,,H,,0, requires C, 60-5; H, 5-9%), and 1-methyl 3-ethyl 4-methoxy- 
isophthalate (solvent acetone), needles, m. p. 58—58-5°, from light petroleum (Found: C, 60-2; 
H, 5°9. C,,H,,O, requires C, 60-5; H, 5-9%) (mixed m. p. of these two 42-5—47-5°); dimethyl 
4-2’-dimethylaminoethoxyisophthalate hydrochloride (this reaction was unsuccessful with methanol 
or acetone as solvent, but use of ethanol gave a 2% yield), needles, m. p. 131—132°, from 
ethanol-ether (Found: C, 52-8; H, 7:0; N, 4:3; Cl, 11:2. C,H. CINO; requires C, 52-9; 
H, 6-35; N, 4-4; Cl, 11-2%). 

The following bisdiethylaminoethyl esters were prepared from 4-alkoxyisophthalic acids by 
treatment with thionyl chloride followed by 2-diethylaminoethanol (cf. general method of 
Fosdick and Fancher‘): 4-ethoxyisophthalate dihydrochloride, needles, m. p. 178—179°, from 
absolute ethanol (Found: N, 6-2; Cl, 15-25. C,.H;,Cl,N,O; requires N, 5-8; Cl, 14-8%), 
4-n-propoxyisophthalate dihydrochloride (V1), needles, m. p. 146—147°, from absolute ethanol 
(Found: C, 55-5; H, 8-1; N, 5-6; Cl, 14-4. C,3Hg Cl,N,O, requires C, 55-75; H, 8-1; N, 5-7; 
Cl, 14:3%) [dimethiodide, rosettes, m. p. 200—200-5° (decomp.), from methanol—ether (Found: 
C, 42-9; H, 5-85; N, 3-6; I, 35-2. C,;H,,I,N,O, requires C, 42-5; H, 6-3; N, 4-0; I, 36-0%); 
diethiodide, rosettes, m. p. 181—182°, from methanol-ether (Found: C, 44-0; H, 6-6; N, 3-95; 
I, 34:0. C,,H,,I,N,O, requires C, 44:1; H, 6-6; N, 3-8; I, 346%), 4-allyloxyisophthalate 
dihydrochloride, needles, m. p. 153—154°, from absolute ethanol-ether (Found: C, 55-55; 
H, 7-75; N, 5-5; Cl, 14:3. C,3H;,Cl],N,O; requires C, 56-0; H, 7-8; N, 5-7; Cl, 14.4%) [di- 
methiodide, rosettes, m. p. 191—192° (decomp.), from methanol-ether (Found: C, 42-9; H, 57; 
N, 3-8; I, 35-5. C,,H,.I,N,O, requires C, 42-6; H, 6-0; N, 4-0; I, 36-1%)]; 4-isopropoxyiso- 
phthalate dihydrochloride, needles, m. p. 129—131°, from absolute ethanol—ether (Found: 
N, 5-9; Cl, 14-3. C,H yg Cl,N,O; requires N, 5-7; Cl, 14.3%); 4-n-butoxyisophthalate dihydro- 
chloride, rosettes, m. p. 133—134°, from absolute ethanol-ether (Found: C, 55-8; H, 8-35; 
N, 5-5; Cl, 13-8. C,,H,,Cl,N,O, requires C, 56-6; H, 8-3; N, 5-5; Cl, 13-95%). 

The last-mentioned hydrochloride was also prepared by transesterification as follows: 
Dimethyl 4-n-butoxyisophthalate (13-3 g., 0-05 mole), 2-diethylaminoethanol (23-4 g., 0-2 mole), 
anhydrous potassium carbonate (6-9 g., 0-05 mole), and dry toluene (100 ml.) were heated 
together for 40 hr. at such a rate that only material of b. p. up to 65° distilled through a Vigreux 
column. After cooling, sufficient water was added to dissolve the solid, and the toluene layer 
was separated, washed with water, and dried (MgSO,). The solvent was then removed in vacuo, 
and the residual pale yellow oil (13-5 g.) dissolved in a small quantity of absolute ethanol and 
treated with a slight excess of alcoholic hydrogen chloride. Anhydrous ether was then added 
to turbidity, a seed of the hydrochloride added, and the mixture left for some days. After 
filtration and recrystallisation from absolute ethanol-ether, the dihydrochloride of bis(diethyl- 
aminoethyl) 4-n-butoxyisophthalate was obtained as rosettes, m. p. and mixed m. p. 133—134” 
(1-09 g.); it gave a diethiodide, rosettes, m. p. 195—196° (decomp.) (from absolute ethanol- 
ether) (Found: C, 45-4; H, 6-7; N, 3-4; I, 33-4. C,,Hs9I,N,0, requires C, 44-9; H, 67; 
N, 3-7; I, 340%). 

Certain esters were prepared by concurrent transetherification and transesterification of 
dimethyl 4-methoxyisophthalate, for example, bisdimethylaminoethyl 4-dimethylamino- 
ethoxyisophthalate trimethiodide. Dimethyl 4-methoxyisophthalate (5-62 g., 1 mol), 
dimethylaminoethanol (11-17 g., 5 mol.), and toluene (100 ml.) were dried by distillation until 
the temperature of the vapour reached 110°. The solution was then cooled, sodium (0-1 g) 
added, and methanol distilled off slowly (2 hr.) through a Vigreux column with exclusion of 
moisture. The residual liquid was then refluxed for 40 hr., cooled, and extracted with 2n- 
hydrochloric acid; the acid extract was washed with benzene and made alkaline with 13% 
ammonia solution to pH 9—9-6. The resulting oil was extracted with benzene, and the 
combined extracts were washed with water and dried (MgSO,). The solvent was recovered 
in vacuo, and the oily residue refluxed with methyl iodide (10 g.) in dry benzene (50 ml.) for 16 
hr., cooled, and treated with excess of anhydrous ether. The precipitate was filtered off, washed 































[1960] Derivatives of 4-Hydroxytsophthalic Acid. 2725 


with ether, and dried (7-3 g.); after two recrystallisations from methanol-ether, the required 
trimethiodide was obtained as pale yellow rosettes, m. p. 217—218° (decomp.) (Found: C, 34-0; 
H, 51; N, 4:8; I, 45-5. C,3HyI5N,0; requires C, 33-6; H, 5-2; N, 5-1; I, 464%). The 
corresponding trisethiodide formed pale yellow rosettes, m. p. 197-5—198-5° (Found: C, 36-1; 
H, 5°8; N, 4:9; I, 43-4. CygH,,I5N,O, requires C, 36-15; H, 5-6; N, 4-9; I, 44-15%). 

Similarly, dimethyl 4-methoxyisophthalate (44-8 g., 1 mol.), 2-diethylaminoethanol (117 g., 
5 mol.), and toluene (1000 ml.), dried as before, were treated with sodium (2-0 g.) and distilled 
through a Vigreux column for 18-5 hr. at such a rate that the vapour temperature did not 
exceed 65°. The cooled residue was extracted with 2n-hydrochloric acid, the extract basified 
with solid potassium carbonate, and the resulting oil extracted with benzene and dried (Na,SO,). 
After removal of solvent, the oil (69-5 g.) was mixed with ethyl iodide (102 g., 10% excess) in 
ethyl methyl ketone and left at room temperature for 100 hr. The supernatant liquid was then 
decanted from the gum which had separated; the latter, when triturated with ether, solidified; 
it was dried (100 g.) and recrystallised from methanol-ether; bisdiethylaminoethy] 4-diethyl- 
aminoethoxyisophthalate triethiodide was obtained as almost colourless needles, m. p. 205— 
206° (decomp.) (Found: C, 40-5; H, 6-2; N, 4-5; I, 39-7. Calc. for CygHggl,N,0,;: C, 40-55; 
H, 6:4; N, 4:4; I, 40-2%). Carissimi et a/.*° record m. p. 78° (decomp.) for material made 
differently, but have apparently not recrystallised their product; repeating their work, we 
found the crude product to melt with frothing between 70° and 80°, but after several recrystal- 
lisations from methanol-ethanol-ether, it had m. p. 205—206°. 

Amides.—3-Monoamides. A mixture of the 3-monoamide of 4-hydroxyisophthalic acid 
(4-4 g., 1 mol.), propyl iodide (12-4 g., 3 mol.), anhydrous potassium carbonate (6-7 g., 2 mol.), 
and ethanol (150 ml.) was heated under reflux for 39 hr., cooled, filtered, concentrated to small 
bulk, and treated with excess of water. The product (4 g.) that separated was recrystallised 
twice from ethanol, giving needles of propyl 3-carbamoyl-4-propoxybenzoate, m. p. 142—143° 
(Found: C, 63-0; H, 7:2; N, 5-2. C,,H,yNO, requires C, 63-4; H, 7:2; N, 5:3%). With 
2n-sodium hydroxide at room temperature for 5 hr., this yielded 3-carbamoyl-4-propoxybenzoic 
acid, needles (from dimethylformamide), m. p. 263—264° (decomp.) (Found: C, 58-8; H, 6-3; 
N, 6:3. C,,H,,;NO, requires C, 59-2; H, 5-9; N, 63%); allyl 4-allyloxy-3-carbamoylbenzoate, 
prisms, m. p. 108—110°, from absolute ethanol (Found: C, 63-8; H, 5-8; N, 4-7. C,,H,,NO, 
requires C, 64-4; H, 5-8; N, 54%), and the corresponding acid, needles, m. p. 230—231° 
(decomp.) (from dimethylformamide) (Found: C, 59-9; H, 4-9; N, 6-25. (C,,H,,NO, requires 
C, 59-7; H, 5-0; N, 6-3%), were obtained similarly. 

5-Bromo-3-carbamoyl-4-hydroxybenzoic acid, prepared by ammonolysis } of the corresponding 
methyl ester, crystallised from aqueous ethanol as needles, m. p. 277—278° (decomp.) (Found: 
C, 37-5; H, 2-6; N, 5:2. C,H,BrNO, requires C, 36-9; H, 2-3; N, 5-4%). 

The following were prepared from the 3-monomethyl ester by aminolysis with the appro- 
priate alkylamines in sealed tubes at 100—110° for 4—5 hr.: 3-N-methyl-, m. p. 280—281° 
(decomp.) (Found: C, 55°5; H, 4:8; N, 6-7. C,H,NO, requires C, 55-4; H, 4-65; N, 7-2%), 
3-NN-dimethyl-, m. p. 224—225° (decomp.) (Found: C, 57-2; H, 5-4; N,6-9. C, 9H,,NO, requires 
C, 57-4; H, 5-3; N, 6-7%), 3-N-ethyl-, m. p. 242—243° (decomp.) (Found: C, 57-5; H, 5-3; 
N, 6-65. C,)H,,NO, requires C, 57-4; H, 5-3; N, 6-7%) (in attempts to prepare the NN-di- 
ethylamides dealkylation or failure to react was observed), 3-N-propyl-, m. p. 243—244° 
(decomp.) (Found: C, 59-3; H, 5-9; N, 6-05. C,,H,,NO, requires C, 59-2; H, 5-9; N, 63%), 
all needles from aqueous dimethylformamide, and 3-N-butyl-carbamoyl-4-hydroxybenzoic 
acid, plates, m. p. 241—242°, from aqueous dimethylformamide (Found: C, 60-8; H, 6-3; 
N, 5°75. Calc. for C,,H,;NO,: C, 60-8; H, 6-4; N, 59%) (Dansi et al.4* record m. p. 260°). 

The butylamide with methanol and toluene-p-sulphonic acid in benzene (cf. Gladych e¢ al.) 
gave methyl 3-N-butylcarbamoyl-4-hydroxybenzoate as rosettes, m. p. 58-5—59° (lit.,1* 200°) 
(from light petroleum) (Found: C, 62-3; H, 6-6; N, 5-6. Calc. for C,;H,,NO,: C, 62-15; 
H, 6-8; N,5-6%). This was also obtained as follows: Butylamine (25 ml.), dimethyl 4-hydroxy- 
isophthalate (5-0 g.), and 95% ethanol (50 ml.) were heated under reflux for 2 hr., then 
evaporated to dryness in vacuo. The residue recrystallised from absolute ethanol to give the 
butylamine salt (IV) (3-7 g.) of methyl 3-N -butylcarbamoyl-4-hydroxybenzoate as plates, m. p. 
129-5—130° (Found: C, 63-0; H, 9-0; N, 8-6. C,,H,,N,O, requires C, 63-0; H, 8-7; N, 8-6%). 
This (2 g.) was dissolved in cold 2N-sodium hydroxide (25 ml.) and immediately made acid to 
Congo Red with hydrochloric acid. The oil which separated was extracted with ether, washed 
with water, dried (Na,SO,), and recovered, as an oil (1-2 g.) which crystallised in vacuo and on 
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crystallisation once from acetone-light petroleum and twice from light petroleum gave rosettes, 
m. p. and mixed m. p. 58-5—59°. On hydrolysis of the butylamine salt (IV) (2-0 g.) with 
n-sodium hydroxide (30 ml.) at room temperature for 5 hr., the 3-N-butylcarbamoyl-4-hydroxy- 
benzoic acid, m. p. and mixed m. p. 241—242°, was obtained (1-46 g.). 

The 3-hydrazide of 4-hydroxyisophthalic acid was prepared by treatment of the 3-mono- 
methyl ester with hydrazine as described by Dansi e¢ al.4® After concentration, the mixture 
was acidified to Congo Red with dilute hydrochloric acid, and the precipitate recrystallised 
twice from aqueous ethanol. The resulting cream rosettes had m. p. 275—276° (lit.,1* 274° 
(Found: C, 49-3; H, 4:4; N, 14-3. Calc. for C,H,N,O,: C, 49-0; H, 4-1; N, 143%). This 
hydrazide (1 g.) was heated with acetone (10 mal. ) ‘and water (10 ml.) on a steam-bath for 20 
min. After cooling, 5-carboxy-2-hydroxy-N’-isopropylidenebenzhydrazide (V) was filtered off, 
washed with acetone, and dried. The microcrystalline crude product (1-06 g.) had m. p. 
300—302° (decomp) (Found: C, 55-6; H, 5-1; N, 22-2. C,,H,,.N,O, requires C, 55-9; H, 5:1; 
N, 11-:9%). Attempts to recrystallise it from boiling 95% ethanol resulted in hydrolysis to the 
original hydrazide, m. p. and mixed m. p. 275—276° (decomp.). 

Mersalyl Analogues (IX) and (X).—5-Carboxy-N-(3-hydroxymercuri-2-methoxypropyl)- 
salicylamide (IX). 3-Methyl hydrogen 4-hydroxyisophthalate (1-9 g.) and allylamine (2-3 g.) were 
heated in a sealed tube at 106—117° for 4-5 hr.,?* diluted with water, and acidified to Congo Red. 
The precipitate (2-3 g.) was filtered off, washed with water, dried, and recrystallised from 
acetone, giving needles of N-allyl-5-carboxysalicylamide, m. p. 234—235° (decomp.) (Found: 
C, 59-7; H, 5-35; N, 6-2. C,,H,,NO, requires C, 59-7; H, 5-0; N, 63%). Mercuric acetate 
(1-44 g.) in methanol (40 ml.) was added dropwise to a refluxing solution of this amide (1-06 g.) 
in methanol (60 ml.); a fine white solid separated. After being boiled for 8 hr., the mixture 
was set aside overnight; the mercurial, when filtered off, washed with methanol, and dried 
in vacuo, had m. p. 225—226° (decomp.) (2-0 g.) (Found: C, 30-9; H, 3-1; N,3-2. C,,H,,HgN0, 
requires C, 30-7; H, 3-2; N, 30%). 

3-Carboxy -4-hydroxy-N -(3-hydroxymercuri -2- “ea es Se ek mee (X). 1-Methyl 
hydrogen 4-hydroxyisophthalate (2-0 g.) was heated with allylamine (2-3 g.) in a sealed tube at 
134—146° for 10 hr., and the reaction mixture worked ap as before. The product (2-0¢.), re- 
crystallised from acetone-light petroleum, gave needles of N-allyl-3-carboxy-4-hydroxybenzamide, 
m. p. 190—191° (Found: C, 59-9; H, 5-1; N, 6-1. C,,H,,NO, requires C, 59-7; H, 5-0; N, 6-3%). 
This, as in the previous experiment, gave the mercurial as a powder, m. p. 203—204° (decomp.) 
aiter sintering at 195° (Found: C, 31-1; H, 3-2; N, 3-2. C,,H,;HgNO, requires C, 30-7; 
H, 3:2; N, 3-0%). 

Miscellaneous Salts.—4-Hydroxyisophthalic acid (5-4 g., 1 mol.) was added to a warm 
solution of diethanolamine (6-3 g., 2 mol.) in absolute ethanol (25 ml.), and the solution 
evaporated to dryness in vacuo. The resulting viscous yellow oil (13 g.) solidified when kept 
over calcium chloride in a vacuum for 5 weeks. After several recrystallisations from methanol- 
ether, bis-[NN-di-(2-hydroxyethyl)ammonium] 4-hydroxyisophthalate was obtained as prisms, 
m. p. 76—77° (Found: C, 49-0; H, 7-2; N, 6-9. C,g,H.,N,O, requires C, 49-0; H, 7-2; N, 7-1%). 
The corresponding bis(2-hydroxyethylammonium) salt, prepared similarly, crystallised from 
ethanol as faintly pink needles, m. p. 137—138° (Found: C, 47-45; H, 6-6; N, 8-95. C,.H»9N,0, 
requires C, 47-4; H, 6-6; N, 9-2%). 


We thank Dr. H. O. J. Collier and Dr. P. F. D’Arcy for the pharmacological results and Mr. 
I. J. Gibson for technical assistance. 
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*2 Tsofin, Magidson, and Chkhikvadze, Russian Patent, 44,932/1935; Chem. Abs., 1938, 32, 2956; 
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[1960] Oza, Thaker, and Oza. 2727 


544. The Thermal Decomposition of Mercurous and Mercuric 
Hyponitrite. 
By T. M. Oza, R. H. THAKER, and GuNvantT T. Oza. 


The gaseous and solid products formed by decomposition of mercurous 
and mercuric hyponitrite when heated for various times at temperatures 
from 100° to 200° are reported. The effect of oxygen on the decomposition 
of the mercuric salt is also reported. 


Ray and GANGULI! found that mercurous hyponitrite decomposed slowly at 80°, rapidly 
at 150°, giving nitric and nitrous oxides, nitrogen dioxide, nitrogen, mercury, mercuric 
oxide, and mercurous nitrate. They assumed a tautomeric change between its ‘“ oxylic ” 
and “imidic” forms and represented the reactions as (HgNO), = 2Hg + 2NO (1), 
HgO-N:NO-Hg = (Hg,0) Hg + Hg0 + N,O (2) and 4(HgNO), = 2HgNO, + 6Hg + 
N, + N,0 (3). Divers,? in preparing mercuric hyponitrite, found that, on drying in air, it 
evolved nitric oxide copiously, forming mercurous nitrate. He represented the reactions 
as HgN,O, = HgO + N,O (4) and HgN,O, = Hg + 2NO (5). Neither Divers nor Ray * 
isolated the pure salt. 

We prepared pure mercuric hyponitrite, and decomposed weighed quantities of both 
the hyponitrites, in vacuo, at various temperatures up to 200° and for various times. 
Mixtures of the mercurous salt with mercuric oxide were similarly decomposed, and the 
mercuric salt was decomposed also in an atmosphere of oxygen. The products were 
examined quentitatively as far as possible. 

Between 100° and 180° both hyponitrites give mercurous and mercuric oxide, mercurous 
nitrite, mercury, nitrous and nitric oxide, nitrogen dioxide, and nitrogen. Mercurous 
nitrate is formed only at 180° and above. Admixture of mercuric oxide with either 
hyponitrite increases the production of mercurous nitrite. In oxygen, decomposition of 
mercuric hyponitrite is accelerated and more mercurous nitrite is produced, together with 
mercurous nitrate. Mercuric hyponitrite seems to decompose via the mercurous salt: 
2HgN,O, = Hg,N,0, + 2NO; Hg,N,O, = Hg,O + N,O. 


EXPERIMENTAL 


Materials.—Both the salts were prepared, in small quantities at a time, by double decom- 
position in the dark 4 between pure sodium hyponitrite pentahydrate and cold solutions of 
mercurous or mercuric nitrate (cf. refs. 5, 6). The precipitate formed was washed 6—8 times 
with a little water, then successively with alcohol and ether, and dried over sulphuric acid and 
phosphorus pentoxide in a darkened vacuum-desiccator (Found: Hg, 87-1; N, 6-2. Calc. for 
Hg,0,N,: Hg, 87-0; N, 61%. Found: Hg, 76-9; N, 10-8. Calc. for HgO,N,: Hg, 77-0; 
N, 107%). The mercurous salt was bright yellow, and the mercuric cream-coloured. Both 
were affected by light. The former started to decompose at 80—82°, and the latter suffered 
visible change on storage and decomposed at about 95°, but exploded if suddenly heated at 
160°. Mercuric oxide was prepared from solutions of potassium hydroxide and mercuric 
nitrate. 

The solubility in water of mercurous hyponitrite was 0-1058 g./l., of mercuric hyponitrite 
0-13225 g./l., and of yellow mercuric oxide 2-33 x 10 g./l.7_ Mercurous oxide was only 
negligibly soluble. 1n-Nitric acid had but slight effect on mercury and 0-5n-acid had none. 

Procedure.—A weighed amount of hyponitrite was placed in an all-glass system which 
was then evacuated and heated in an oil-bath at the required temperature (+2°). Gaseous 


: Ray and Ganguli, J., 1907,.91, 1399. 

* Divers, J., 1899, 75, 90, 119. 

* Ray, J., 1897, 71, 348. 

* Ray, J., 1897, 71, 95. 

5 Thum, Dissertn., Prague, 1893. 

* Ray, J., 1907, 91, 1904. 

* Carret and Herschler, J. Amer. Chem. Soc., 1938, 60, 299. 
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products were passed by means of a Sprengel pump through caustic alkali solution, which was 
titrated, before and after passage of the gas, to give the amount of dinitrogen trioxide. 

The residue from a decomposition was shaken with water till the filtrate gave no test for 
nitrite or nitrate or for mercurous mercury. The filtrate (A) contained nitrite, nitrate, and 
hyponitrite. The insoluble portion was treated with 0-5N-nitric acid, and the residual mercury 
collected on a sintered-glass funnel and weighed. The solution was treated with a very slight 
excess of 1% sodium chloride solution and filtered, and mercuric sulphide precipitated from the 
filtrate. In (A) the total mercury was determined as mercuric sulphide after oxidation of mer- 
curous ion; and in an aliquot part, heated at 60° sufficiently to decompose the hyponitrite § and 
oxidise the mercurous ion, nitrite was determined with permanganate. If nitrate was present, the 
total nitrate was also determined (ferrous sulphate method) after oxidation of nitrite. From the 
nitrite content the mercurous nitrite was calculated, and from the total nitrate less that equiva- 
lent to the nitrite, the amount of mercurous nitrate was deduced, mercurous ion being absent 
in (A). Unconsumed mercurous hyponitrite was calculated from the difference of total 
mercurous mercury and that as nitrite (and nitrate). In the products from mercuric hypo- 
nitrite, the mercurous mercury in (A) was almost equivalent to the nitrite, showing the presence 
of very little mercurous hyponitrite in the residue. 

Decomposition of mercurous hyponitrite. The product was yellow, interspersed with grey. 
Below 180°, nitrite but no nitrate was present; as mercuric nitrite is unstable at and above 80° 
(unpublished work), this nitrite must have been the mercurous salt, stabilized by the free 
mercury present. 

The results are shown in Table 1, from which the effects of (a) temperature and (b) time are 





TABLE 1. Effect of temperature and time on the decomposition of mercurous hyponitrite. 
Hg,N, O, Products (mole per mole 
“ SSR Gas evolved (ml. ) decomp.) 
‘taken "acum. —_— prhspirig Parc ramen ee: del alii 
Temp. (g.) (g.) Total NO NC Yo N,0 | N, Hg Hg,O HgO HgNo, 
(a) Effect of temperature (1 hr.) : 
100” 0-2520 0-0152 0-91 0-50 0-06 0-35 ° 0-785 0-342 0-181 0-198 
120 be 01658 10:15 5-2 0-9 3-6 0-45 0-678 0-242 0-580 0-208 ; 
140 0-2518 0-1842 11:20 5-69 1-02 4-0 0-51 0-817 0-183 0-575 0-214 
160 0-2524 0-2124 12-5 6-1 1-15 4-7 0-6 0-914 0-092 0-675 0-249 
180 0-2512 0-2512 14-2 6-65 1-35 5-5 0-7 0-906 0-031 0-760 0-266+ 
200 0-2516 0-2516 15-4 71 2-0 5-5 0-8 1-0 — 0-661 0-233} 
(b) Effect of time (120°) 
Min. 
15 0-2508 0-0329 1-75 =1-25 0-1 0-3 4 l 0-028 0-485 0-492 0-440 
30 a 0-0617 4:20 2-65 0-45 1-0 0-2 0-331 0-338 0-566 0-266 
45 0-2516 0-1160 758 405 0-8 2-5 0-3 0-635 0-273 0-544 0-228 
60 0-2520 01658 10:15 5-2 0-9 3-6 0-45 0-678 0-242 0-580 0-208 
120 0-2510 0-1821 11-0 5-55 1-05 4-0 0-45 0-689 0-219 0-590 0-226 
180 0-2506 0-1966 12-2 6-15 1-3 4-25 055 0-815 0-162 0-602 0-229 
* Trace.  { Trace of HgNO,;. { 0-06 mol. of HgNO,. 


clear and do not need detailed discussion. Another series of experiments at 120° for 1 hr. on 
weights of 0-06—0-60 g. of mercurous hyponitrite showed a slight tendency for the nitric oxide 
and nitrogen dioxide to increase, and nitrous oxide to decrease, with increasing mass. A 
series of experiments at 100° for 4, 1, or 2 hr. with 0-25 g. of hyponitrite (a) alone and (b) with 
addition of 0-1 g. of mercuric oxide showed that the latter caused a 5—7 fold increase in the 
weight of hyponitrite decomposed and in the proportion of mercurous nitrite formed. 

The above results would show that the initial change is presumably Hg,N,O, = Hg,O + N,0, 
mercury and mercuric oxide being formed from the mercurous oxide,® and that the formation 
of mercurous nitrite is due to the presence of mercuric oxide. Formation of oxyhyponitrite 
has been postulated by Addison, Gamlen, and Thompson,’ and the existence of two forms 
of hyponitrite also by Ray and Ganguli! and by Oza and Oza. One of these forms might 


* Oza, Oza, and Dipali, J. Indian Chem. Soc., 1951, 28, 75. 
* Bruns and Pfordten, Ber., 1888, 21, 2010. 

'° Addison, Gamlen, and Thompson, /., 1952, 338. 

11 Oza and Oza, J. Phys. Chem., 1956, 60, 192. 
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produce nitrous oxide and mercurous oxide, and the other would yield oxyhyponitrite, produc- 
ing mercurous nitrite and nitric oxide: Hg,N,O, + HgO = 2Hg + HgN,O, and HgN,O, = 
HgNO, + NO. 


TABLE 2. Effect of temperature and time on the decomposition of mercuric hyponitrite. 











HgN,0, Products (mole per mole 
———_- Gas evolved (ml.) decomp.) * 
taken decomp. ~—— =e Bbc tae 0 eee bce = 
Temp. (g.) (g.) Total NO, NO N,O N, HgNO, Hg,O HgO Hg 


(a) Effect of temperature (1 hr.) 


100° 0-2526 0-0192 131 0-12 0-75 0-35 Ol 0-142 0-0993 0-0771 0-567 
120 0-2514 01001 13-85 0-74 7-93 4-3 0-9 0-162 0-157 0-200 0-333 
140 0-2518 0-1094 16-9 1-05 9-15 5-65 1-1 0-164 0-125 0-221 0-257 
160 0-2508 02443 2615 2-25 12-0 10-5 145 0-142 0-0431 0-453 0-318 
180 02510 0-2510 2685 2-4 12-1 10:75 «16 0-146 0-147 0-473 0-350 
200 02508 02508 27-1 2-6 12-1 10-75-16 0-127 0-0058 0-475 0-358 
(b) Effect of time (100°) 

Min. 

15 0-2528 0-0553 6-26 0-37 3-2 2-4 0-3 0-129 0-116 0-235 0-244 
30 0-2504 0:0773 9-3 0-5 5-0 3-3 0-5 0-113 0-149 0-196 0-312 
45 0-2502 00960 12:45 0-7 7-0 4-1 0-6 0-121 0-144 0-192 0-314 
60 0-2514 01001 13°85 0-75 7-9 4:3 0-9 0-173 0-157 0-200 0-333 
120 0-2512 0-1615 19-1 1-4 10-1 6-5 1- 0-150 0-145 0-221 0-348 
180 0-2514 0-2431 25-8 2-0 12-3 9-9 1-6 0-132 0-066 0-485 0-250 


* The mixtures seemed to contain some mercurous hyponitrite. 


Decomposition of mercuric hyponitrite. The effects of temperature during 1 hr. and of time 
at 100° are shown in sections (a) and (b), respectively, of Table 2. The products are similar to 
those from the decomposition of the mercurous salt. 

A 10-fold increase in the weight of salt heated produced only a 4—5-fold increase in the 
products, the proportion of mercurous oxide increasing and that of mercuric oxide decreasing, 
and, as with the mercurous salt, the latter oxide is probably consumed by the mercuric 
hyponitrite. 








HgN,0, 
: ean Gas evolved (ml.) Surplus Solid products (g.) 
Time taken used Pe nN Ot en Og P rs aananein, 
(min.) (g.) (g.) NO, NO N,O N, (ml.) HgNO, Hg,O HgO Hg 


(a) In vacuo * 


30 0-2510 0-0008 0-27 Nil Trace Nil Nil 


| 
| 
| 


60 0:2524 00190 0-22 036 036 O-1 —  0-0026 0-0030 0-0012 0-008 
120 02502 40-0408 032 O81 090 02 — 06-0046 0-0091 0-0077 0-011 
240 0-2512 00-0836 0-64 21 2-3 0-35 — 0-0119 0-0220 0-0174 0-0152 

(b) In oxygen + . 

30 0-2522 00104 0-18 — 0-27 Trace 12:3 0-0098 Trace Nil Nil 

60 0-2510 00-0509 0-66 — 100 03 12-1 0-0192 - 0-0022 0-0086 
120 0-2516 0-0509 1-1 — 1-8 0-45 12:0 0-0255 pee 0-0088 0-0102 
240 0-2502 00-0832 2-2 --- 2-9 0-5 10-9 0-0410 os 0-0132 0-0184 

* No HgNO, formed. + Traces of HgNO, formed. 


Table 3 contains results of experiments at 100° in vacuo and in oxygen. Under the former 
conditions, nitric oxide, and under the latter, mercurous nitrite predominate in the early stages 
among the gases and solids respectively. 

These facts can be explained in terms of the two equations given on p. 2727. Nitrogen 
dioxide can, in either case, arise from mercurous nitrite, and nitrogen, nitrogen dioxide, and 
mercurous nitrite by the action of nitric oxide on mercuric oxide.’ 


THE MADHAVLAL RANCHHODLAL SCIENCE INSTITUTE, AHMEDABAD. 
Tue INSTITUTE OF ScrENcE, BompBay, INDIA. [Received, September 28th, 1959.] 


** Schoch, Amer. Chem. J., 1903, 29, 319. 
3 Oza, Nature, 1955, 175, 385. 





2730 Patterson, Gilpatrick, and Soldano: The Osmotic Behaviour 


545. The Osmotic Behaviour of Representative Aqueous Salt 
Solutions at 100°.* 


By C. Stuart Patterson, L. O. GILPATRICK, and B. A. SOLDANO. 


Experimental osmotic coefficients for representative aqueous salt solu- 
tions at 99-6° are presented as a function of concentration. The results are 
shown to be consistent with established concepts of electrolyte solutions. 


THE recent emergence of aqueous-solution homogeneous-type reactors has focused 
attention on the limited amount of information available on the thermodynamic behaviour 
of aqueous electrolytic solutions at elevated temperatures. In the light of this need, a 
high-temperature isopiestic unit has been built in order to extend to higher temperatures 
this highly successful vapour-pressure technique pioneered by Stokes and Robinson.! 

Details of construction and design of the present unit have been recorded.” In essence 
the apparatus consists of a magnetic balance operating in a water-vapour chamber. This 
arrangement permits weighing, 7m situ, of the equilibrium solutions contained in 20 titan- 
ium dishes, each of approximately 10 g. total weight. All transfers to and from the 
balance can be made without disturbing the internal system. 

This investigation is primarily concerned with an examination of the osmotic behaviour 
of a variety of salt solutions over a limited concentration range above 1 m at 99-65°. 
The systems studied were selected so that the representative behaviour of typical 1-1, 1-2, 
2-1, and 2-2 electrolytes at elevated temperatures and 25° might be compared. In the 
present work special emphasis is placed on the performance of the physical equipment and 
its reliability. A discussion of typical experimental conditions which would be encountered 
in any application of the isopiestic technique to elevated temperatures is also presented. 


EXPERIMENTAL 


Ten runs were made in which duplicate solutions of 7 salts were allowed to equilibrate with 
duplicate sodium chloride solutions and with a 100 ml. reservoir of sodium chloride solution at 
99-65° + 0-04°. 

The systems studied were lithium, potassium, cesium, and barium chlorides and sodium, 
magnesium, and uranyl sulphates. Where practicable, the solutes were weighed directly into 
titanium equilibration dishes. Owing to their hygroscopic nature, lithium chloride and uranyl 
sulphate were sampled by pipetting from stock ~lm- and ~2-5m-solutions, respectively. 
Sample sizes were selected to give at least 1 g. of water at equilibrium and yet maintain the 
total balance load within acceptable limits. This allowed the range from about Im to 42m 
(reference-salt concentrations) to be covered by a series of equilibrations using the same salt 
samples. 

Solution concentrations were changed by opening the unit and replacing the reservoir 
solution with a more concentrated one or by simply adding an estimated volume of water. 
This allowed the unit to be closed again after a minimum exposure and consequent loss of water 
which would result in salt deposition on the sides of the cups and would thus promote creeping. 
This problem is, of course, more severe here than in the usual room-temperature procedure. 
To offset this tendency for excessive loss of water from the cups during the initial phases of an 
equilibration, it was found desirable to place small dishes of pure water in the potassium chloride 
reservoir so that, during the initial period, water would tend to distil back into the sample 


* This paper is based upon work performed at Oak Ridge National Laboratory, which is operated 
for the Atomic Energy Commission by Union Carbide Corporation. A portion of this work was per- 
formed while the senior author was a member of the Chemistry Division of the Oak Ridge National 
Laboratory. Dr. R. E. Stoughton, who was in general charge of the effort during that interval, presented 
some of the data in preliminary form at a meeting of the American Chemical Society, Cleveland, Ohio, 
September, 1958. 


1 Stokes and Robinson, Trans. Faraday Soc., 1941, 37, 419. t 
2 B. A. Soldano, R. W. Fox, R. Stoughton, and G. Scatchard, ‘“‘ The Structure of Electrolytic 
Solutions,’’ John Wiley and Sons, Inc., New York, 1958, pp. 224—235. 
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dishes to replace the losses. This step was found to be profitable regardless of the net direction 
in which the water was expected to move in progressing toward eventual equilibrium. In 
particular, it was found superior to adding estimated portions to the individual dishes when 
moving to a more dilute point since the latter procedure prolongs the exposure time and causes 
water losses which may exceed the amount added and furthermore are variable from one 
solution to another. As an added check on the technique, the concentrations were initially 
selected in a few cases so that about half the cups approached equilibrium from the lower side 
and half from the upper side with respect to concentration. This should expose any incon- 
sistencies caused by differences in rate of evaporation or condensation among the various 
solutions or by failure to allow enough time to overcome these differences. - 

Although the instrumentation and procedure for determining the equilibrium weights were 
as described elsewhere,” it proved necessary to adopt slightly more involved techniques in order 
to minimize errors caused by drifts in the electronic null detection system. Preliminary tests 
indicated that weighings on a given standard weight (dish) could be reproduced within accept- 
able limits for several hours at a time but that occasionally a rapid drift in reading set in and 
extended well beyond the desired limits of precision. It is believed that this arose, in part, 
because the present electronic null detection system has been pushed to the limit of its 
sensitivity. Further, the mechanical null properties cannot be reasonably expected to adjust 
to thermal changes in a manner identical with that of the electrical system. Because of the 
uncertainties introduced by this unpredictable behaviour, extensive tests were conducted to 
determine what procedures would give the most reliable results. Several points in this connec- 
tion are pertinent: ; 

(1) Since the characteristics of the system drifted sufficiently from day to day, best results 
were obtained if the current readings were compared directly with those for standard weights 
determined during the same time interval, rather than with a long-term average of the standard 
results (our previous policy). 

(2) Sufficient curvature in the current—weight relation was found (four standards varying 
from 7 to 13-5 g. were used) for unknown weights to be evaluated most accurately only 
if linearity were assumed over short intervals (about 1 g.) between standards. A given unknown 
weight was always evaluated (by using the analytical equation for a straight line in the two- 
point form) from a standard just above it and one just below it. 

(3) Repeated weighings of a single standard showed that the occasional rapid drifts were 
completely unpredictable as to time of occurrence and magnitude of the change but generally 
were separated by periods of several hours during which reproducible readings could be made. 
It therefore became necessary to make a given weighing on the same plateau as its correspond- 
ing standard readings. This was best done by repeated weighings of the standards during the 
course of the various determinations. The sequence of unknowns was then usually begun 
again and each reweighed in the same order until the results for the several consecutive cups 
reproduced the previous readings satisfactorily. Any abrupt change in the balance response 
could easily be detected in this manner. 


DISCUSSION 


The performance of the system can be evaluated by referring to Table 1, wherein the 
average values for measured pairs of isopiestic ratios are listed for each salt relative to 
sodium chloride. The isopiestic ratio, R, is defined as: 


R = $/¢eta = (v™)sta/(vm) 


where v is the idealized number of ions formed per mole of salt in the assumed standard 
state (i.c., v = 3 for Na,SO,), m is the molality of the solute, and ¢ is the molal osmotic 
coefficient.* The last line of Table 1 records the mean standard deviation between pairs of 
measurements for each salt and demonstrates that the precision of the data is closely 
allied to the magnitude of the change in molality over the concentration range. For 
example, magnesium sulphate exhibits the best precision (6 = 0-0011) and the smallest 
change in molality (97%). Uranium sulphate shows the next best precision (« = 0-0022) 
and the next smallest change in molality (142°) over the range of concentration measured. 


tee ~~ oo. and Stokes, ‘‘ Electrolyte Solutions,” Butterworths Scientific Publications, London, 
» p. 28. 
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This linear correlation relating precision and percent molality change holds reasonably wel] 
for all cases except cesium chloride and leads to the conclusion that the rate of attainment 
of equilibration must have affected the over-all precision, especially in those cases where 


TABLE 1. Experimental isopiestic ratios measured at 99-6°.* 





Average Average isopiestic ratios relative to NaCl 
Expt. molality - “A nny 
No. NaCl LiCl KCl CsCl Na,SO, BaCl, MgSO, _UO,S0, 
1 0-958 1-008 0-965 0-941 0-717 0-895 0-504 0-460 
2 1-096 1-012 0-961 0-930 0-697 0-897 0-521 0-465 
3° 1-272 1-013 0-952 0-920 — 0-904 0-541 0-496 
4° 1-850 1-035 0-938 0-905 — 0-930 0-624 0-549 
5 1-955 1-040 0-938 0-904 0-635 0-933 0-636 0-553 
6 2-360 1-049 0-928 0-897 0-626 0-942 0-693 0-587 
7° 2-726 1-065 0-922 0-886 _- 0-950 0-734 0-607 
8 2-889 1-068 0-916 0-876 0-606 0-949 0-753 0-620 
9 3-176 1-073 0-918 0-877 -- 0-963 0-785 0-630 
10 4-230 1-100 0-892 0-859 — — 0-890 ~ 
o° 0-0032 0-0047 0-0080 0-0032 0-0039 0-0010 0-0022 


* Data included in this Table represent values which had remained constant within experimental 
error for sets of weighings taken on at least two successive days after an initial equilibration period. 
Data for Na,SO, are missing in Expts. 3, 4, and 7 because Na,SO, was substituted for K,SQ,, the 
original solute, which became saturated at an early stage. The values for the highest molalities of 
Na,SO, and BaCl, are missing also because of saturation. ¢ Standard deviation calculated for 
o = +/((A*)*/2n], where Ax = difference between pairs and » = total experiments per salt. 


large amounts of water had to be transported. It is to be expected, therefore, that longer 
equilibration periods and better temperature-control will contribute to an improvement in 
precision. Finally, standard deviations calculated for each experiment (7.¢., mean o for the 
several salts at one equilibration) demonstrate that the over-all precision is reduced as 
smaller absolute amounts of water are determined at the higher molalities. This latter 
result is to be expected whenever progressively smaller quantities are weighed with a balance 
having a fixed minimum source of error. 


RESULTS 
In the preceding section we considered in some detail the experimental precision 
obtained in applying the present isopiestic techniques to the elevated temperature range. 
Since the data collected (Table 2) constitute, in some degree, a representative cross-section 


TABLE 2. Osmotic coefficients for round molalities at 99-6°.* 


m LiCl NaCl ¢ KCl CsCl Na,SO, MgSO, BaCl, UO,SO, 
0-8 (0-967) 0-926 0-846 

0-9 (0-974) 0-930 0-667 0-858 

1-0 0-982 0-935 0-901 (0-880) 0-658 0-869 

1-2 0-999 0-945 0-902 0-872 0-648 0-893 

1-4 1-018 0-955 0-903 0-872 0-642 0-917 

1-6 1-039 0-965 0-907 0-875 0-638 0-942 

1:8 1-061 0-976 0-912 0-879 0-635 (0-463) 0-966 

2-0 1-084 0-986 0-918 0-884 0-633 0-477 0-991 (0-424) 
2-5 1-141 1-016 0-935 0-898 0-631 0-534 1-053 0-463 

3-0 1-194 1-048 0-953 0-912 0-630 0-616 0-505 

3-5 1-243 1-077 0-969 0-926 (0-629) 0-712 0-548 

4-0 (1-285) 1-105 0-983 0-941 0-822 0-591 

4-5 (1-133) 0-995 0-956 0-936 0-630 

5-0 0-972 (1-052) 0-666 


* Values in parentheses were determined by a short extrapolation. 
* Standard values with interpolations taken from ref. 4. 
of salt-type behaviour at 99-6°, one should briefly examine the comparative osmotic 
behaviour of these salts relative to that at 25°. Furthermore, it might prove profitable to 
determine what consistency these comparisons reveal between our results and those 
predicted by modern theories. 
* Smith, J. Amer. Chem. Soc., 1939, 61, 500; Smith and Hirtle, ibid., 1939, 61, 1123. 
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To facilitate such comparisons the data were smoothed by reading values.at rounded 
concentrations from large-scale graphs of the isopiestic ratios versus molality. From these 
relative ratios osmotic coefficients at rounded concentrations were calculated by using 
Smith’s b. p. data * for sodium chloride solutions at 99-6° as the reference standard. The 
resultant osmotic coefficients (Table 2) were then compared with those of the same molality 
at 25° (tabulated by Stokes and Robinson 3). The results of these comparisons are shown 
in Figs. 1 and 2. 

It is apparent that the alkali halides (Fig. 1) show only second- and third-place 
variations in their osmotic coefficients when compared with their equivalents at 25°. This 
does not imply that there is no significant change in these values with temperature, since 
the osmotic coefficient of the sodium chloride reference electrolyte (the only complete data 4 


Fic. 1. Comparative osmotic behaviour of univalent electrolytes at 99-6° and 25-0°. 
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covering the range from 25° to 100°) shows a distinct maximum, when compared at a fixed 
concentration, in the general vicinity of 60°. What is implied, however, is that for this 
particular family of 1-1 electrolytes a standard of precision at elevated temperatures must 
be maintained which is comparable with that which is typical at 25°, if meaningful 
temperature-dependence information is to be obtained. One notes (Fig. 1) that the 
present development does reveal consistent third-place differences in the comparative 
osmotic coefficients of the alkali halides. It should be emphasized also that, for the most 
part, the data of this research at 100° maintain these small differences with very few 
experimental cross-overs when compared against the excellent data obtained by Stokes 


and ee at 25°. No particular importance, however, can be attached to the 
T 
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curvature suggested by the potassium chloride results since these are subject to any change 
in the reference data. But the standard of performance justifies a certain confidence 
in the precision obtained by the present high-temperature apparatus. 

In attempting to evaluate the accuracy of these 100° data, any evidence must remain 
inferential in light of the almost complete absence of high-temperature experimental data. 
One can, however, arrive at some assessment of the accuracy of the data, as contrasted 
with precision, by closely examining the magnitude of the (¢o9.g° — ¢o5°) values for the 
alkali halides. As expected, the special réle that is characteristic of the Li* ion (and 
probably the H,O* ion) in aqueous solutions is again confirmed by the negative sign of its 
comparative osmotic coefficient differences. At any fixed temperature the Li* ion 
invariably occupies a unique position whether one is considering the effective pressures of 
salt solutions, osmotic coefficients, or entropies, etc. This behaviour has often been 
attributed to the unique ability of the H,O* and Li* ions, owing to their small size, actually 
to enter into the tetrahedral structure of water and reinforce its ice-like nature. 

As the temperature is raised these two ions should become less effective as 
“‘ ice-makers.”” Such a mechanism would account for the first-order negative differences 
in (¢99-6° — $95°) found for the lithium ion. Since the Lit and the H,O* ion behave 
similarly, it appears that generalizations pertaining to the temperature-dependence of both 
the osmotic and activity coefficients of 1-1 electrolytes in water, based upon the unique H+ 
ion as a reference, should be tempered. 

On the other hand, the general position of the 1-1 electrolytes, when treated within the 
ice-making and -breaking concept of salts ® in water, does provide some inferential evidence 
as to the accuracy of our 100° data. On the basis of many diverse “ high-energy” 
approaches, such as the internal-pressure concept of Gibson and Loeffler ® and the entropy 
studies of Latimer e al.,” the usual order of effectiveness as “‘ ice-breakers’”’ is CsCl > 
KCl > NaCl > LiCl. (These general approaches can be considered high-energy studies 
since they involve the concentration-dependence of ions wherein each charge can be 
considered a highly localized source of electrical energy. We are able to arrive at the 
identical salt order and sign, and thus similar conclusions, by comparing our osmotic co- 
efficients at 100° with those found for the alkali halides at 25°. Differences of only a few 
units °% in the experimental values are significant in these experiments. The consistency 
of order reflected in Fig. 1 suggests that the accuracy of the 99-6° data may be comparable 
with their precision. 

As for the multivalent salts (Fig. 2), the temperature effect is quite pronounced, since a 
considerable drop in osmotic coefficients occurs with rising temperature. Because these 
salts have higher charges, the reduction in the dielectric constant of the solvent due to 
elevation of temperature should result in marked changes in their ability to affect the 
water. No attempt, however, will be made to treat our multivalent data within the 
ion-pair-formation concept. 

Conclusions.—In view of the performance of the unit in its present stage of develop- 
ment, it seems reasonable to expect that a few minor modifications in technique and 
instrumentation should result in a consistent standard of performance equal to the best 
results cited in this paper. 

REACTOR CHEMISTRY DIVISION, 

Oak RipGE NATIONAL LABORATORY, OAK RIDGE, TENNESSEE. 


[Present address (C. S. P.): FurMAn UNIVERsITY, 
GREENVILLE, S. CAROLINA.] [Received, August 17th, 1959.] 


5 Gurney, “‘ Ionic Processes in Solution,’’ McGraw-Hill Co., Inc., New York, 1953. 
* Gibson and Loeffler, Ann. N.Y. Acad. Sci., 1949, 51, 727. 
7 Latimer, Pitzer, and Smith, J. Amer. Chem. Soc., 1938, 60, 1829. 
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546. Reactions of Fluorine-substituted Acylarylnitrosamines. 
By I. K. BArRBEN and H. Suscuirzxy. 


When acylarylnitrosamines containing fluorine para or ortho to the 
nitrosamine group are made to decompose in dry benzene, partial replace- 
ment of the fluorine by an acyloxy-group (derived from the acyl part of the 
molecule) occurs. This phenomenon is discussed in relation to the currently 
accepted mechanism *-3 of such decompositions. 


ELSEWHERE ‘ we have reported that N-(4-fluoro-o-tolyl)-N-nitrosobenzamide (I; R = F, 
R’ = Me, R” = Ph, R’” = H) cyclises in dry benzene to give the expected 5-fluoroindazole 
(II; R = F, R’ = H) and an approximately equal amount of a water-insoluble, fluorine- 
free solid. This substance formed a nitroso-compound and a silver salt and when 
hydrolysed with acid yielded 5-hydroxyindazole (II; R = OH, R’ = H) and benzoic acid. 
Benzoylation of the unknown substance and of authentic 5-hydroxyindazole produced the 
same dibenzoyl derivative (II; R = BzO, R’ = Bz), as confirmed by the identity of their 
ultraviolet spectra. The above reactions as well as analytical data show the substance to 
be 5-benzoyloxyindazole (II; R= BzO, R’=H). Purification and analysis of the 
nitroso-compound (I; R = F, R’ = Me, R” = Ph, R’” = H), as well as the absence of 
fluorine ions in the mother-liquor from which it separated, rule out the possibility of 
fluorine replacement during the nitrosation. Moreover, the purity of the nitroso-compound 
was also demonstrated by a quantitative denitrosation with sulphuric acid. 

No replacement occurred when fluorine occupied a position meta to the acylnitrosamine 
group,‘ nor could we detect replacement of chlorine in the preparation of 5-chloroindazole 
(II; R=Cl, R’=H) from the chloro-compound (I; R=Cl, R’ = Me, R” = Ph, 
R’’ = H). The case in which fluorine is ortho to the N-nitroso-group could not be studied 
as we failed in the preparation of N-(6-fluoro-o-toly]l)-N-nitrosobenzamide (I; R = H, 
R’ = Me, R” = Ph, R” = F). 


N(NO)-COR" NY :, 
R R 


‘ (1) (II) (IIT) (IV) 

It was obviously of interest to ascertain whether fluorine would be displaced in acyl- 
arylnitrosamines without an ortho-methyl group. 

From a benzene solution of N-(4-fluorophenyl)-N-nitrosobenzamide (I; R = F, R’ = 
R’” = H, R” = Ph) that was stored for two days at room temperature, the expected 
4-fluorobiphenyl (III; R=F, R’ = R” =H) and 4-benzoyloxybiphenyl (III; R= 
BzO, R’ = R” = H) were isolated in approximately equal amount. An analogous result 
was obtained with N-(4-fluorophenyl)-N-nitrosoacetamide (I; R=F, R’ = R’’ =H, 
R” = Me), which yielded a mixture of the fluoro-compound (III; R = F, R’ = R” = H) 
and 4-acetoxybiphenyl (III; R = AcO, R’ = R” = H) (separated as 4-hydroxybipheny]). 
From the acetamide (I; R = R’” = H, R’ = F, R” = Me) and the benzamide (I; R = 
R” = H, R’ = F, R” = Ph) 2-fluoro- and 2-hydroxy-biphenyl were produced when, after 
decomposition was complete, the reaction mixture was treated with boiling sodium 
hydroxide solution. No fluorine replacement occurred, however, with N-m-fluorophenyl- 
N-nitrosobenzamide in which fluorine occupies a position meta to the N-nitroso-group. 

The presence of acyloxypheny] radicals was established by using nitrobenzene as solvent 
in one of the decompositions: from N-p-fluorophenyl-N-nitrosobenzamide (I; R = F, 

? Hey, Stuart-Webb, and Williams, J., 1952, 4657. 

* Huisgen and Horeld, Annalen, 1949, 562, 137. 


* De Tar and De Los, J. Amer. Chem. Soc., 1951, 78, 1446. 
* Barben and Suschitzky, J., 1960, 672. 
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R’ = R’” =H, R” = Ph) a mixture of 4-benzoyloxy-2’-nitro- (III; R= BzO, R’= 
NO,, R” = H) and 4-benzoyloxy-4’-nitro-biphenyl (III; R = BzO, R’ = H, R” = NO,) 
was produced, a result which is typical of ‘ homolytic aromatic substitution.”’ 

A mechanism of the decomposition of acylarylnitrosamines in solution was first 
advanced by Hey and his collaborators, who also demonstrated that the subsequent 
arylation was homolytic in nature,’ an interpretation that was corroborated by Waters 
More recently, as a result of Huisgen and Horeld’s work,? which was confirmed and 
extended by Hey e¢ al.) the rate-determining step of the decomposition, previously 
assumed to involve homolysis of a diazo-ester [e.g., (b)] into free radicals, was shown to be 
the isomerisation of the acylarylnitrosamine (a) to the diazo-ester (b). We believe that 
the ready replacement of fluorine when in ortho- or para-position to the diazo-ester group 
constitutes direct chemical evidence for the occurrence of ionic dissociation of the covalent 
diazo-ester {e.g. (6; R = F)] to give a diazonium cation and an acid anion (d; R = F) 
undoubtedly present as an ion-pair. The reaction steps leading from here to fluorine 
replacement and consequently to formation of a mixture of biphenyls are clear and can be 
set out as annexed: 


Slow In 
p-R-CgHy*N(NO)*Bz ——B p-R*CgHy’N:N-OBz ——B p-R°C,HyPh + BZOH + Ny 
(a) (b) Cie (¢) 


(d) p-R*CgHyN,* + ~OBz 


Y 


(e) p-BzO*C,Hy'N,* F- 


eee 


(P) D-BzO*CyHyN:NF —— nat td +HF+N, 

He g 
Stages (a), (b), and (c) (in each case R = F) represent the recently modified scheme }? of 
the decomposition and phenylation of acylarylnitrosamines, accounting for the formation 
of the expected 4-fluorobiphenyl (stage c; R= F). The postulated heterolysis of (b) 
leads to the ion-pair (d). Replacement of fluorine by the nucleophilic acid anion is now 
strongly facilitated because of the outstanding effect of an ortho- or para-situated diazon- 
ium group in accelerating such substitutions,® to which fluorine is particularly susceptible. 
As a result of this nucleophilic substitution a new ion-pair (e) may be formed in which the 
fluoride ion is functioning as the anionic partner, and which may combine to form a new 
covalent diazo-ester (f). Its subsequent decomposition is analogous to that of the diazo- 
compound (4), yielding 4-benzoyloxybiphenyl (g) and hydrogen fluoride which is found 
in the reaction mixture. 

The ease and extent of fluorine replacement which we observed in the preparation of 
5-fluoroindazole are also best accounted for by a nucleophilic substitution. Such a process, 
e.g., for the nitroso-compound (V; R = F) can be well accommodated within the scheme 
of mechanism which Huisgen and Nakaten ™ have recently postulated for the Jacobson 
indazole synthesis as follows: the nitroso-compound (V; R = F) undergoes a rate- 
determining isomerisation to the trans-diazo-ester (VI; R = F) which cyclises to indazole 
(VII; R = F) bya four-centre type of reaction. It is recognised that a non-polar solvent 
is most conducive to the reaction. We suggest that a reversible heterolysis of the diazo- 
ester (VI; R = F) into a diazonium cation and an acid anion (VIII; R = F) has to be 

5 Grieve and Hey, J., 1934, 1797. 

* Butterworth and Hey, J., 1938, 116. 

7 Hey, Nechvatal, and Robinson, J., 1951, 2892. 

§ Waters, J., 1937, 113. 


* Bunnett and Zahler, Chem. Rev., 1951, 49, 273. 
1© Huisgen and Nakaten, Annalen, 1954, 586, 84. 
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added to the above reaction scheme. Thus fluorine becomes extremely vulnerable to 
attack by the negative partner of the ion- oe (VIII), the benzoate anion. As a result of 
the “ nuisance effect ” of a diazonium group,® a mixture of two indazoles (VII and XI; 

R = F) is obtained by cyclisation of the nitroso-compound (V; R= F). The formation 
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of the latter indazole from the covalent diazo-ester (X; R =F) produces hydrogen 
fluoride and compound (XI; R = F). 

Ability of a covalent diazo-ester to undergo heterolysis has been postulated before, ¢.g., 
the existence of an equilibrium between the covalent diazo-form and the corresponding 
ionic diazonium compound in acetic acid was inferred by Huisgen and Horeld ? on kinetic 
grounds for the coupling reaction of acylarylnitrosamines with 6-naphthol. The possibility 
of such an equilibrium was, however, excluded for benzene solutions. Similarly, De Tar 
and De Los? suggest that benzenediazonium cations are formed by heterolysis of benzene- 
diazoacetate in methanol. The assumption that a diazo-ester may be a source of diazon- 
ium ions was also made by Hey e¢ al.1 in order to explain formation of the triazen-like 
compound (IV) in the reaction of N-nitrosoisobutyranilide with piperidine. Moreover, a 
polar mechanism involving the diazonium cation was put forward by Hodgson ™ as an 
alternative to the free-radical hypothesis of arylation. It is, however, unlikely that the 
diazonium cation which derives considerable stability through resonance will decompose in 
preference to the less stable diazo-ester. The possibility that free radicals are originated 
by decomposition of a diazonium cation rather than by fission of a covalent diazo-compound 
can also be ruled out, since radical formation via the cation would give rise to an ionised 
nitrogen molecule (N,*), a process which is energetically mc .i unfavourable. 

The formation of phenolic esters in our experiments could supposedly arise from replace- 
ment of the fluorine by acyloxy-radicals. Such an interpretation, however, neither covers 
the observation that solely fluorine in certain positions is affected, nor is it consistent with 
our knowledge of the usual behaviour of such radicals, although certain heteroaromatic 
acyloxy-radicals appear to be capable of replacing “ aromatic halogen.” 

By using nucleophilically activated fluorine as a “‘ label,”’ the occurrence of heterolysis 
in a non-polar solvent has been demonstrated in reactions of at least certain fluorine- . 
substituted acylarylnitrosamines. The question naturally arises whether ionic tendencies 
in benzene solution are confined to those diazo-esters possessing fluorine substituents. So 
far there appears to be no recorded observation of any other atom or group undergoing 
anionic replacement in arylation with acylarylnitrosamines. A consideration of the basic 
electronic properties of ‘‘ aromatic fluorine ” makes it unlikely that induction of unsym- 
metrical cleavage could be a prerogative of this halogen alone. Although the resultant 
electronic tendencies of ‘‘ aromatic halogens” differ, they are usually similar in 
magnitude.*14 Jn fact, we hope shortly to demonstrate experimentally that acylaryl- 
nitrosamines are prone to intermediate ion-pair formation in benzene, regardless of the 
nature of their substituents. 


" Hodgson, J., 1948, 348. 

#2 Ford and Mackay, J., 1957, 4620; 1958, 1290, 1294. 

* Groves and Sugden, /., 1937, 1992. 

“ Dippy et al., J., 1934, 161, 1888; 1935, 343; 1936, 644. 
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EXPERIMENTAL 


Ultraviolet measurements (for MeOH solutions) were made with a Unicam S.P. 500 
instrument. 

5-Benzoyloxyindazole.—The water-insoluble solid (1-6 g.) obtained as a by-product from the 
preparation of 5-fluoroindazole * was chromatographed in benzene on alumina (Spence type 
**H,”’ 100—200 mesh) and eluted with benzene containing ethanol (1% by vol.). Recrystallis- 
ation of the solid contained in the first runnings (1 1.) from benzene-light petroleum (b. p. 100— 
120°) gave 5-benzoyloxyindazole as needles, m. p. 164-5—165-5° (0-8 g.) (Found: C, 70:4; H, 4-7, 
C,,H,)N,O, requires C, 70-6; H, 4:2%), Amax, 233, 283 my (log ¢ 4-25, 3-65). Later eluants 
yielded a small quantity of a solid, m. p. 266—268°, which was not further investigated. 

Denitrosation of N-(4-Fluoro-o-tolyl)-N-nitrosobenzamide.—(a) The nitroso-compound (0-1 g.) 
was dissolved in concentrated sulphuric acid (0-5 ml.). When dissolution was complete the 
mixture was poured into cold water, a white solid (0-08 g., 91%) being precipitated and nitrous 
fumes evolved. A mixed m. p. with N-(4-fluoro-o-tolyl)benzamide was undepressed. 

(b) Denitrosation in ethanol with zinc and acetic acid was not quantitative. 

5-Hydroxyindazole.-—Hydrolysis of 5-benzoyloxyindazole (0-15 g.) with hydrochloric acid 
(2-5 ml.; d@ 1-18) under reflux for 1 hr. gave a precipitate of benzoic acid. Neutralisation of the 
filtered mother-liquor with ammonia and extraction with chloroform yielded 5-hydroxyindazole, 
m. p. and mixed m. p. with an authentic specimen 4 185—186°. Benzoylation of the hydroxy- 
compound in pyridine with benzoyl chloride produced 1-benzoyl-5-benzoyloxyindazole as needles 
(from ethanol), m. p. 184—185° (Found: C, 74-1; H, 4:1. C,,H,,N,O, requires C, 73-7; H, 
41%), Amax, 242, 302 my (log ¢ 5-47, 5-0). 

5-Chloroindazole.—N-(4-Chloro-o-tolyl) benzamide (2-5 g.) was nitrosated as a suspension in 
acetic acid (15 ml.) and acetic anhydride (15 ml.) at 5—10° for 1-5 hr. with nitrous fumes. 
When the mixture was poured into water and ice the nitroso-compound (2-2 g., 79%), m. p. 56° 
(decomp.), separated. It was dissolved in benzene (sodium-dried) and set aside for a few days. 
Acid-extraction of the benzene solution gave 5-chloroindazole, m. p. 142—143°, as needles. 
Its picrate had m. p. 190—192°. von Auwers and Schwegler #* record m. p.s 143—144° and 
194—195°, respectively. 

Attempts to prepare N-(2-Fluoro-o-tolyl)benzamide.—A Balz—Schiemann reaction on 2-nitro- 
m-toluidine gave a fluorine-containing oil which on reduction in various ways (stannous chloride, 
or iron and ammonium chloride,!” or catalytically with Raney nickel) gave a fluorine-free 
amine. This was identified as o-toluidine (by its benzoyl derivative). 

Fluorine-substituted Acylanilines.—o- and p-Fluoronitrobenzene were reduced with iron and 
ammonium chloride according to Finger and Reed’s method,” in 95% yield, and then acylated 
in the usual way. All m. p.s agreed with those given in the literature.'® 

Acylarylnitrosamines.—The required anilides were dissolved in acetic acid and acetic 
anhydride (1:1) and converted into nitroso-compounds with nitrous fumes as previously 
described.‘ o0-Fluoroacetanilide gave a liquid nitroso-compound which was purified by washing 
its benzene solution with ice-water until neutral. A list of new nitroso-compounds thus made 
is attached. 

Nitroso-compounds. 
Yield M. p. Yield M. p. 
(%)  (decomp.) (%)  (decomp.) 
N-p-Fluorophenylbenzamide 70 64° N-o-Fluorophenylacetamide 68 Liquid 


N-p-Fluorophenylacetamide 75 47 N-m-Fluorophenylacetamide 70 60° 
N-o-Fluorophenylbenzamide 70 50 


Decomposition of Acylarylnitrosamines in Benzene.—A solution of the acylarylnitrosamine 
(1-5—3-0 g.) in benzene (100 ml.) was set aside for 3 days, then filtered, and the filtrate extracted 
with dilute sodium hydroxide solution and then washed with water and dried (MgSO,). Evapor- 
ation left usually an oily residue. This was treated with 20% aqueous sodium hydroxide 
under reflux, and the alkaline mixture steam-distilled to remove fluorinated biphenyls. 


18 Davies, J., 1955, 2412. 

16 yon Auwers and Schwegler, Ber., 1920, 58, 1226, 

17 Finger and Reed, J. Amer. Chem. Soc., 1944, 66, 1972. 

18 Schiemann and Pillarsky, Ber., 1929, 62, 3041; Wallach and Heusler, Annalen, 1890, 285, 267; 
Ingold and Vass, J., 1928, 421. 
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Acidification of the residue gave hydroxybiphenyls. 4-Benzoyloxybiphenyl was separable 
(in an experiment with N-p-fluorophenyl-N-nitrosobenzamide) because of its insolubility in 
ether. Products were identified by mixed m. p. determinations with authentic samples. 
Results of these decompositions are tabulated. 


Decomposition products of acylarylnitrosamines in benzene. 


N-Nitroso-compound of Substituted biphenyls 
N-p-Fluorophenylacetamide (1-4 g.) 4-Fluoro- (0-24 g.), 4-hydroxy- (0-32 g.) 
N-p-Fluorophenylbenzamide (3-3 g.) 4-Fluoro- (1-2 g.), 4-benzoyloxy- (1-2 g.) 
N-o-Fluorophenylacetamide (1-0 g.) 2-Fluoro- (0-2 g.), 2-hydroxy- (0-24 g.) 
N-o-Fluorophenylbenzamide (1-8 g.) 2-Fluoro- (0-4 g.), 2-hydroxy- (0-5 g.) 
N-m-Fluorophenylbenzamide (5-0 g.) 3-Fluoro- (1-2 g.) 


Decomposition of N-p-Fluorophenyl-N-nitrosobenzamide in Nitrobenzene.—A solution of the 
nitroso-compound (2-0 g.) in nitrobenzene (30 ml.) was set aside for 3 days, and the solvent then 
driven off by vacuum-distillation. The tarry residue was dispersed on calcium carbonate, 
dried, and extracted with light petroleum (b. p. 60—80°) (Soxhlet). This gave an oil (1-6 g.) 
from which 4-benzoyloxy-4’-nitrobiphenyl ? (0-15 g.), m. p. 208°, was isolated because of its 
insolubility in ether. The latter compound yielded 4-hydroxy-4’-nitrobiphenyl,” m. p. 198— 
200°, and benzoic acid on hydrolysis. The ether-soluble portion deposited 4-benzoyloxy-2’- 
nitrobiphenyl '* (0-15 g.) as yellow needles, m. p. 155—156°. All nitrobiphenyls were identified 
by mixed m. p. with authentic specimens. 


We thank the Department of Scientific and Industrial Research for a Maintenance Allowance 
(to I. K. B.), Mr. P. Miles, B.Sc., for some experimental assistance, Dr. P. Koch of 
Koch Laboratories, London, for gifts of fluorine compounds, and Dr. R. R. Davies of Imperial 
Chemical Industries Limited, Dyestuffs Division, for a sample of 5-hydroxyindazole. 
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547. Alkaloids from Greenheart. Part I. The Isolation of the 
Alkaloids, and the Structure of Sepeerine. 


By M. F. Grunpon and J. E. B. McGarvey. 


Two new alkaloids, sepeerine and ocotine, have been isolated from green- 
heart bark (Nectandva rodiei R. Schomb). Rodiasine, previously obtained 
only as its dimethiodide, has also been isolated. Sepeerine is shown to be a 
de-N-methyloxyacanthine of structure (I; R! = Me, R?=H; R*=H 
and R* = Me or vice versa). 


MACLAGEN ! separated the alkaloids of greenheart (Nectandra rodiet R. Schomb) into two 
amorphous fractions. The portion soluble in ether was named bebeerine, but this name 
has since been applied to the crystalline bisbenzylisoquinoline alkaloid from Chondroden- 
dron platyphyllum;* the alternative name, curine, seems preferable. There is no proof 
that crystalline bebeerine is identical with the greenheart alkaloid, although the formula 
CysHyN,O, assigned * to the latter suggested a close relation between the two bases. 

In a re-investigation, already reported briefly, we obtained the alkaloids (1-2%) by 
extraction of greenheart bark with aqueous tartaric acid. Curine was not detected. 
Fractionation with ether gave a crystalline sparingly soluble alkaloid (0-06%), named 
sepeerine. The ether-soluble bases gave a crystalline alkaloid, ocotine (0-03%), and 

1 Maclagen, Annalen, 1843, 48, 106. 

* Faltis and Neumann, Monatsh., 1921, 42, 311. 


* Maclagen and Tilley, J. prakt. Chem., 1846, 37, 247. 
* Grundon, Chem. and Ind., 1955, 1772. 
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afforded an insoluble methiodide isolated recently® from the ether-soluble greenheart 
alkaloids. 

Extraction of approximately 100 kg. of a new sample of bark gave the alkaloids in 
2-2% yield, but no crystalline alkaloids were isolated by fractionation with ether. Chrom- 
atography of the bases soluble in benzene gave sepeerine in reduced yield (0-013%). No 
ocotine was obtained, but a new crystalline alkaloid (0-033%) was isolated. This, 
apparently, was rodiasine, since it afforded the insoluble methiodide in high yield. 

The formula, C,,H,,N,O,, for sepeerine suggested that it was of the bisbenzyliso- 
quinoline type. The alkaloid formed a series of hydrates which retained water of crystal- 
lisation tenaciously; the anhydrous compound was obtained from the benzene adduct. 
Sepeerine was characterised as its dihydrochloride, di(hydrogen sulphate), sulphate, 
and dipicrate. 

The alkaloid contained three methoxyl groups and one methylimino-group, and one 
phenolic and one secondary amino-group were indicated by acetylation and methylation. 

Acetic anhydride at room temperature gave an NO-diacetate [vmx 1767, 1195 (phenolic 
OAc), 1645 cm. (>NAc)], hydrolysed with sodium hydroxide to an N-monoacetate 
(Vmax. 1642 cm.). The acetylation might be interpreted as the cleavage of a tetrahydro- 
N-methylisoquinoline derivative, although this reaction normally requires more vigorous 
conditions.*? Indeed, laudanosine was unaffected by acetic anhydride at room tem- 
perature. Curine gave an amorphous compound which was, apparently, an OO-diacetate, 
as reported previously,’ since it absorbed at 1762 and 1190 cm.*, but not in the hydroxyl 
or amide-carbony] region. 

Sepeerine behaved as a secondary amine with nitrous acid, giving a brown amorphous 
N-nitroso-derivative, which showed a positive Liebermann reaction. 

Sepeerine was insoluble in aqueous sodium hydroxide and gave no colour with ferric 
chloride. With diazomethane it afforded O-methylsepeerine, characterised as its dihydro- 
chloride. The secondary amino-group was unaffected in this reaction, since the methyl- 
ation product gave an acetate with an infrared maximum at 1640 cm.1 (>NAc). This 
interpretation was confirmed by a comparison of the infrared absorption of sepeerine at 
3570 (OH) and at 3440—3260 cm. (OH and NH) with that of O-methylsepeerine at 
3330 cm. (NH). : 

Sepeerine was converted by methyl iodide into N-methylsepeerine dimethiodide. 
This was not a monomethiodide hydriodide as it was unaffected by ammonia. 

NO-Dimethylsepeerine dimethiodide, [a],!® +31°, obtained with methyl iodide and 
sodium methoxide, was identical with the dimethiodide, [(J,?° +40°, of NO-dimethyl- 
daphnandrine® (I; R! = R? = R? = R* = Me) (O-methyloxyacanthine). The optical 
rotations, although not identical, were sufficiently close to indicate that sepeerine belonged 
to the oxyacanthine series rather than to the diastereoisomeric repandine series (O-methyl- 
repandine dimethiodide,® {j,)© —95°). NO-Dimethylsepeerine dimethiodide, after 
Hofmann degradation and methylation, gave NO-dimethylsepeerinemethine dimethiodide, 
identical with NO-dimethyldaphnandrinemethine dimethiodide.® 

Since sepeerine gave a positive Millon reaction, it was probable that the phenolic group 
was at position 7 of an isoquinoline residue or at position 4 of a benzyl residue.*! The 
phenolic group was located by conversion of N-methylsepeerine dimethiodide with ethyl 
iodide and sodium ethoxide into O-ethyl-N-methylsepeerine dimethiodide, which was 
submitted to a Hofmann degradation. The methine base was oxidised by potassium 
permanganate to 4’ ,5-dicarboxy-2-ethoxydiphenyl ether, identical with a sample prepared ” 


5 McKennis, Hearst, Drisko, Roe, and Alumbaugh, J. Amer. Chem. Soc., 1956, 78, 245. 
* Gadamer and von Bruchhausen, Arch. Pharm., 1926, 264, 193. 

7 Scholtz, Ber., 1896, 29, 2054. 

§ Bick, Ewen, and Todd, /., 1949, 2767. 

* Bick and Todd, /., 1948, 2170. 

10 King, J., 1937, 1472; 1940, 737. 

11 Kondo and Narita, Ber., 1930, 63, 2422. 
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from 4’,%-dicarboxy-2-methoxydiphenyl ether. The latter compound was conveniently 
obtained by oxidation of 5-formyl-2-methoxy-4’-methyldiphenyl ether. Thus, the 
phenolic group is in a benzyl residue, and sepeerine is a de- -N-methyloxyacanthine of 
structure (I; R! = Me, R®? = H; of R* and R¢ one is H and the other is Me). 


OMe MeO 
R?N MeN OMe MeO NMe 
HC 


CH, 
° 
HO 


In the early stages of this work it was important to show that sepeerine was not a 
3,4-dihydroisoquinoline derivative. Accordingly, the ultraviolet and infrared spectra of 
sepeerine were compared with those of analogous compounds. We confirmed the observ- 
ation #2 that 3,4-dihydroisoquinolines absorb at 250—280 and 290—310 muy, and that 
there is a bathochromic shift in the hydrochlorides (see Table). Sepeerine, like other 


(II) 


Infrared absorption maxima (KBr disc) in the region 1700—1550 cm. and ultraviolet 
absorption maxima in the region 250—360 mu. 








Ultraviolet 
Infrared (cm.~) ee * al 
eo a” - mp € mp « 
1-Benzyl-3,4-dihydroisoquinoline ...... 1622 1603 1574 254 6170 290 1250 ¢ 
hydrochloride ........ ory one 1643 1615 1590 271 2920 325 3735 
1-(3,4-Dimethoxybenzy]l)-3,4-dihydro- 1620 1606 1583 
nq 6,7-dimethoxyisoquinoline ......... 1573 200 6360 306 6660 
hydrochloride ssuddbenségbessiessasestess 1654 1615 1568 300 8790 350 8690 
ERUIIIND  cadvcesicccenscccceyoesescssniose 1614 1597 — 282 6030 _ —_— 
oo - hydrochloride ..............- 1618 1598 _— 280 3255 —_— -- 
EP ED NAR SEES LEV REET 1613 1590 _- 284 6150 -- — 
ea hydrochloride .............0.066 1614 1592 — 283 6680 —_— - 
MIND «os encnsccasusestseserecaccesesececua 1613 1587 — 287 9010 — ~- 
Rodiasine hydrochloride ................+. 1617 1592 — 284 6940 -- -- 
SEE ~ ctonsuenascchatashontenspiedaticnbormip 1604 1574 -- 285 4800 — ~- 
* Inflexion. 


tetrahydroisoquinolines, gave a single peak in this region, which was unchanged in acid 
solution (see Table). 3,4-Dihydroisoquinolines show an infrared triplet in the 1550—1630 
cm. region.4* A more striking characteristic is shown in the spectra of the salts, in which 
the peak at 1620—1630 cm. for the bases is shifted to higher frequency. A similar 
change has been noted with myosmine.“ Like other tetrahydroisoquinolines, sepeerine 
showed a doublet in the 1550—1630 cm.* region, unchanged in the hydrochloride. 
Rodiasine contained two methylimino-groups, probably present in tetrahydro-N- 
methylisoquinoline systems, since the ultraviolet and infrared spectra of rodiasine and 
its dihydrochloride were very similar to those of sepeerine and its dihydrochloride. 
Rodiasine contained four methoxyl groups, and the presence of a phenolic group was 
indicated by its absorption at 3410 cm.+, and by the formation, with diazomethane, of 
O-methylrodiasine (50Me), which did not absorb in the 3000—3500 cm. region. Thus, 
rodiasine is probably a bisbenzylisoquinoline containing one diphenyl ether linkage. If its 
biogenesis involves two molecules of norcoclaurine, it would be expected to be an isomer of 


* Bills and Noller, J. Amer. Chem. Soc., 1948, 70, 957; Openshaw and Wood, /., 1952, 391; 
Battersby and Binks, /., 1958, 4333. 
8 Battersby, Davidson, and Harper, J., 1959, 1744. 
4 Witkop, J. Amer. Chem. Soc., 1954, 26, 5597. 
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dauricine (II), with the molecular formula C,,H,,N,O,. Analyses of rodiasine dimethiodide 
and O-methylrodiasine dimethiodide reported by McKennis e¢ al.5 support this formula for 
the alkaloid, but our analytical data can also be reconciled with the formula Cag H ypNq0,. 
This question is unlikely to be resolved until more is known of the structure of rodiasine, 
There is, apparently, no simple relation between rodiasine and dauricine, as the properties 
of O-methylrodiasine dimethiodide (m. p. 294—298°, [a], +47°), obtained from O-methyl- 
rodiasine with methyl iodide or from rodiasine dimethiodide with methyl iodide and 
sodium methoxide, differ from those reported for O-methyldauricine dimethiodide 
(m. p. 181—182°, [a], —151°). 

As ocotine was not isolated in the large-scale extraction, an insufficient quantity was 
available for structural studies. Ocotine can be assigned tentatively the molecular 
formula C,;H3gN,O, (with 40Me and INMe). The ultraviolet and infrared spectra of 
ocotine are closely related to those of sepeerine and rodiasine. Ocotine probably contained 
one phenolic group and one secondary amino-group, as with acetic anhydride at room 
temperature it gave an NO-diacetate [vmax. 1766, 1193 (phenolic OAc), 1643 cm. (>NAc)}. 
Furthermore, methylation with methyl iodide and sodium methoxide gave NO-dimethy]l- 
ocotine dimethiodide (50Me). As this compound was not identical with NO-dimethyl- 
rodiasine dimethiodide, ocotine is not a de-N-methylrodiasine. 


EXPERIMENTAL 


Isolation of the Alkaloids.—(a) Finely powdered bark (1 kg.) was extracted with 1% aqueous 
tartaric acid (3 x 2 1.). The solution was concentrated to 1 1. at 50°, made alkaline with 
aqueous sodium hydroxide, and extracted with chloroform (4 x 300 c.c.). Evaporation of 
the chloroform gave the non-phenolic and cryptophenolic bases as a brown powder (9°5 g.). 

The alkaline solution was acidified with hydrochloric acid and then made alkaline with 
aqueous sodium hydrogen carbonate. Extraction with chloroform gave the phenolic alkaloids 
as a brown powder (2-12 g.). 

The alkali-insoluble bases (9-3 g.) were shaken with ether (2 x 700c.c.). Trituration of the 
residue (2-35 g.) with ethanol (50 c.c.) gave a brown powder (0-75 g.), which was extracted with 
chloroform. Evaporation of the chloroform solution gave sepeerine, crystallising from ethanol 
in prisms (0-35 g.). The two ethanol solutions were combined and evaporated, and the residue 
was extracted with ether (2 x 200 c.c.). The ether solution, together with that obtained 
earlier, was concentrated to 300 c.c. and kept at 0° for 12 hr. The white precipitate with 
ethanol gave sepeerine (0-25 g.; total yield 0-6 g.). 

The residue, obtained by evaporation of the ether solution, was triturated with light 
petroleum (b. p. 60—80°). The residual solid in ethanol (50 c.c.) slowly deposited ocotine 
(0-33 g.). 

The ethanol solution, obtained after removal of ocotine, was evaporated. The residue in 
methanol with methyl iodide gave rodiasine dimethiodide (0-62 g.). 

(b) The bark (97 kg.) was extracted as in (a) except that ammonia was used for precipitation, 
giving the total alkaloids as a brown powder (2151 g., 2-2%). 

The finely powdered alkaloid mixture (100 g.) was extracted with boiling benzene (4 x 500 
c.c.), leaving a residue (38-7 g.). The benzene solution, after concentration to 150 c.c. and 
removal of solid (5-9 g.), was chromatographed on alumina (300 g.). Elution with benzene gave 
a fraction (24-3 g.), which was dissolved in chloroform. The solution was shaken with 1% 
sulphuric acid (3 x 350 c.c.), and the acid solution was made alkaline with aqueous sodium 
hydroxide. The alkaloids, recovered by extraction with chloroform (4 x 300 c.c.), were con- 
verted into their hydrochlorides by dissolving them in methanol (150 c.c.), adding concentrated 
hydrochloric acid (20 c.c.), and precipitating the salts with ether. The resultant gum with 15% 
hydrochloric acid (100 c.c.) afforded rodiasine dihydrochloride (1-50 g., 0-033%). 

Elution with benzene-chloroform and finally with chloroform gave ten fractions. Each, 
on evaporation and treatment with ethanol, gave sepeerine (total yield, 0-57 g., 0-013%). 

Sepeerine. Sepeerine separated from methanol in colourless rods, m. p. 197—199°, [a],™ 


18 Tomita, Ito, and Yamaguchi, Pharm. Bull. (Japan), 1955, 3, 449. 
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4+391° (Found: C, 66-7; H, 6-5; after drying at 110° in vacuo, C, 68-9; H, 6-6; N, 4:7; OMe, 
15-2. CygH sN,0.,3H,O requires C, 66-7; H, 6-8. CygH ,N,0,,2H,O requires C, 68-6; H, 6-7; 
N, 44; 30Me, 148%). Crystallisation from benzene gave plates, m. p. 164—166° (Found, 
after drying at 135° in vacuo: C, 72-4; H, 6-1; N, 4:9; OMe, 15-7; N-Me, 21. C,,H,,N,0, 
requires C, 72-7; H, 6-4; N, 4:7; 30Me, 15-7; 1N-Me, 2-5%), and then from ethanol in prisms, 
m. p. 194—196° (Found: C, 70:8; H, 6-5; N, 5-0; OMe, 15-1. CygH,,N,O,,1H,O requires 
C, 70-6; H, 6-6; N, 4-6; 30Me, 15-2%). 

Sepeerine was insoluble in 2N-sodium hydroxide and gave no colour with ferric chloride. 
When sepeerine was warmed with Millon’s reagent a pink colour developed. 

A solution of sepeerine in dilute hydrochloric acid, treated with sodium nitrite, gave an 
orange precipitate of an amorphous N-nitroso-derivative, m. p. 254—256° (decomp.), which, 
when mixed with phenol and sulphuric acid, diluted with water, and neutralised with sodium 
hydroxide, gave a blue colour. 

The dihydrochloride, prepared in methanol with concentrated hydrochloric acid, separated 
from methanol-ether in prisms, m. p. 254—256° (decomp.) (Found: C, 60-2; H, 6-4; N, 4:3; 
Cl, 9-8; OMe, 12-0. CgHgCl,N,O,,3H,O requires C, 59-9; H, 6-4; N, 3-9; Cl, 9-8; 30Me, 
12-9%). 

- in ethanol with concentrated sulphuric acid afforded a di(hydrogen sulphate), 
crystallising from ethanol as a powder, m. p. >300° (Found: C, 53-3; H, 5-3; N, 3-2; S, 6-2. 
CygHggN,O,,S2,H,O requires C, 53-5; H, 5-4; N, 3-5; S, 7-9%). Crystallisation of the salt 
from water gave the sulphate in prisms, m. p >300° (Found: C, 56-0; H, 6-3; N, 4:2; S, 4-8. 
CygH oN 20 49S,4H,O requires C, 56-5; H, 6-3; N, 3-7; S, 42%). 

The picrate, prepared in benzene, separated from aqueous ethanol as a yellow powder, m. p. 
178—180° (decomp.) (Found: C, 54:2; H, 4-1; N, 10-4. CygH,y,N,Oo, requires C, 54-8; H, 4-2; 
N, 106%). 

ON-Diacetylsepeerine. A solution of sepeerine (100 mg.) in acetic anhydride (10 c.c.) was 
kept for 24 hr., water (20 c.c.) was added, and the solution was made alkaline with sodium 
hydrogen carbonate and extracted with ether. Evaporation of the ether solution gave the 
acetate (93 mg.), crystallising from ether in cubes, m. p. 156—158° (Found: C, 69-0; H, 6-3; 
Ac, 10-2. CygHy.N,O,,1H,O requires C, 69-0; H, 6-4; 2Ac, 12-4%). 

N-Acetylsepeerine. A solution of ON-diacetylsepeerine (70 mg.) in methanol (20 c.c.) and 
2n-aqueous sodium hydroxide (2 c.c.) was kept for 44 hr. After evaporation of the methanol, 
the aqueous solution was saturated with carbon dioxide and extracted with chloroform. 
Evaporation of the chloroform gave the acetate (49 mg.), crystallising from ether, and then from 
acetone-light petroleum (b. p. 40—60°), as a powder, m. p. 174—176° (Found: C, 68-7; H, 6-0; 
Ac, 4:8. C3,HyN,O,,14H,O requires C, 68-7; H, 6-5; 1Ac, 6-5%). 

Acetylation of Curine.—Curine with acetic anhydride at room temperature gave the acetate 
as a white powder, m. p. 156—160° (lit.,?7 m. p. 147—148°). 

N-Methylsepeerine Dimethiodide.—(a) A solution of sepeerine (189 mg.) in methanol (20 c.c.) 
containing methyl iodide (1 c.c.) was refluxed for 1 hr. and evaporated. The methiodide 
separated from water as a white powder, decomp. 253—258° (Found: C, 49-2; H, 5-1. 
CygHgl,N,O,,3H,O requires C, 49-5; H, 55%). 

(b) Sepeerine (250 mg.) was refluxed in methanol and methyl iodide for 1-5 hr., the methyl 
iodide removed, aqueous ammonia added, and the methanol evaporated. The precipitate 
(270 mg.) in water was boiled with copper powder for 10 min., and the solution was concentrated 
to 10 c.c. The methiodide separated as a buff powder, decomp. 243—251° (Found: I, 29-4. 
Cy,H,.I,N,O,,3H,O requires I, 26-8%), identical with the sample prepared as in (a). 

O-Methylsepeerine Dihydrochloride——Excess of ethereal diazomethane was added to a 
solution of sepeerine (500 mg.) in methanol (100 c.c.). After 48 hr. the solution was evaporated 
to give O-methylsepeerine as a brown amorphous powder (509 mg.), m. p. 118—122°, [a],, +191°, 
pone with acetic anhydride at room temperature gave an amorphous acetate, m. p. 

89°. 

A solution of O-methylsepeerine (385 mg.) in methanol was acidified with concentrated 
hydrochloric acid. Addition of excess of ether gave the dihydrochloride as a gum, crystallising 
from dilute hydrochloric acid as a powder (164 mg.), and then from ethanol in prisms, decomp. 
230—235° (Found: C, 62-2; H, 6-6; OMe, 17:1. C ;H,,Cl,N,0,,2H,O requires C, 61-9; H, 6-5; 
40Me, 17-3%). 

ON-Dimethylsepeerine Dimethiodide—Sepeerine (2 g.), methanolic sodium methoxide 
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[12 c.c. of a solution of sodium (7-5 g.) in methanol (200 c.c.)], and methyl iodide (6 c.c.) were 
refluxed for 48 hr., additions of the same quantities of the reagents being made every 6 hr. 
The solution was evaporated and the residue, after trituration with water, was dissolved in 
hot water and boiled with copper powder for 10 min. After filtration, the solution was concen- 
trated, to give the methiodide (1-22 g.), [aJ,,!® +31° (c 0-41 in 50% aqueous ethanol), crystal- 
lising from ethanol in prisms, decomp. 249—255° (Found: C, 49-6; H, 5-4; N, 3-2; OMe, 
12-8. Calc. for CyHygI,N,0,,3H,O: C, 50-0; H, 5:7; N, 2-9; 40Me, 12-9%), shown by a 
comparison of infrared spectra to be ON-dimethyldaphnandrine dimethiodide.® 

ON-Dimethylsepeerinemethine Dimethiodide——A solution of ON-dimethylsepeerine . di- 
methiodide (0-94 g.) in water (100 c.c.) was passed over an ion-exchange column (Amberlite 
IRA-400, OH~ form), and the column was washed with water. The eluate was concentrated 
to 100 c.c., potassium hydroxide (20 g.) was added, and the solution was heated on a steam-bath 
for 30 min. The precipitated gum was removed with ether, and the alkaline solution was 
heated for 1 hr., and a further quantity of gum obtained with ether. Evaporation of the 
combined ether solutions gave the methine as a brown powder (0-636 g.), m. p. 79—87°, [a], 
+3-5° (c 0-40 in CHCI,). 

The crude methine (90 mg.) in methanol and methy] iodide was refluxed for 1 hr., and the 
solution evaporated. Crystallisation of the residue from ethanol gave the dimethiodide 
in needles (86 mg.), m. p. 250—258° (decomp.) (Found: C, 50-5; H, 60; N, 2-9. 
Calc. for Cy.H;.I1,N,0,,4H,O: C, 50-1; H, 6-0; N, 2-8%), identical (infrared) with ON-dimethyl- 
daphnandrinemethine dimethiodide, m. p. 256—258° (decomp.).® 

O-Ethyl-N-methylsepeerine Dimethiodide——A solution of sepeerine (1-16 g.) in methanol 
(150 c.c.) and methyl iodide (2 c.c.) was refluxed for 7 hr., and evaporated. The residue in 
ethanolic sodium ethoxide [5 c.c. of a solution of sodium (0-8 g.) in ethanol (50 c.c.)] and ethyl 
iodide (3 c.c.) was refluxed for 48 hr., the same quantity of reagents being added every 6 hr. 
The residue, obtained by evaporation, was triturated with water (50 c.c.), and the solid in 
water (100 c.c.) was heated with copper powder for 10 min. , After filtration and concentration 
of the solution, the methiodide (1-21 g.) separated, and crystallised from ethanol as a fine powder, 
m. p. 232—235° (decomp.) (Found: C, 50-4; H, 5-7. C,,Hs9Il,N,0O,,3H,O requires C, 50-5; 
H, 5-8%). 

5,4’-Dicarboxy-2-ethoxydiphenyl Ether.—O-Ethyl-N-methylsepeerine dimethiodide (1-13 g.) 
was converted into its methohydroxide which was degraded by Hofmann’s method as described 
for ON-dimethylsepeerine dimethiodide. The methine was obtained as a brown powder 
(0-69 g.), m. p. 112—122°, {a},,!7 —9-5° (c 0-21 in CHCI,). 

1% Aqueous potassium permanganate (250 c.c.) was added in portions with stirring to a 
solution of the methine (0-45 g.) in water (100 c.c.). The solution was clarified with sulphur 
dioxide; 5,4’-dicarboxy-2-ethoxydiphenyl ether slowly separated (57 mg.); it crystallised from 
acetic acid in prisms, m. p. 285—287°, identical (mixed m. p. and infrared) with a sample, m. p. 
288—290°, prepared by the method of Kondo and Narita." 

5,4’-Dicarboxy-2-methoxydiphenyl Ether—A solution of potassium permanganate (5 g.) in 
hot water (100 c.c.) was added during 1 hr., to a boiling solution of 5-formyl-2-methoxy-4’- 
methyldiphenyl ether ** (8-4 g.) in acetone (500 c.c.) and water (100 c.c.). Four similar 
additions of aqueous potassium permanganate were made during 6 hr. The solution was 
clarified with sulphur dioxide, the acetone was removed, and the solution was added to water 
(11). 

The precipitate, m. p. 205—207°, probably consisted of 5’-carboxy-2-methoxy-4’-methy]l- 
diphenyl ether. A solution of the acid in 10% aqueous sodium hydroxide (200 c.c.) was 
treated with a solution of potassium permanganate (20 g.) in water (600 c.c.) during 2 hr., and 
then kept for 6hr. After removal of manganese dioxide with sulphur dioxide, 5,4’-dicarboxy-2- 
methoxy-diphenyl ether crystallised from the aqueous solution, and recrystallised from acetic 
acid in prismatic needles (7-5 g., 76%), m. p. 312—315° (lit.,1”7 m. p. 313—314°). 

The dimethyl ester crystallised from light petroleum (b. p. 40—60°) in needles, m. p. 94—96° 
(lit.,27 m. p. 96—97°). 

Rodiasine.—An aqueous solution of crude rodiasine hydrochloride (2-05 g.) was made 
alkaline with 2N-sodium hydroxide and extracted with chloroform. Evaporation of the 
chloroform and crystallisation of the residue from ethanol gave rodiasine in cubes, m. p. 195°, 


16 Glover and Grundon, unpublished work. 
1? Spath and Pikl, Ber., 1929, 62, 2251. 
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(ai),,'* + 134° (c 0-63 in CHCI,) (Found: C, 72-3, 72-1; H, 6-7, 6-9; N, 4-8; OMe, 20-6; N-Me, 4-1. 
CygHgoN2O, requires C, 72-5; H, 6-8; N, 4-7; 40Me, 20-8; 2N-Me, 5-0. C,H N,O,,$H,O 
requires C, 72-0; H, 7-2; N, 4-4; 40Me, 19-6; 2N-Me, 4-7%). 

The hydrochloride separated from ethanol in cubes, decomp. 255—259° (Found: C, 61-5; 
H, 6-4; N, 3-8; OMe, 16-4. C;,H,,Cl,N,O,,2H,O requires C, 61-3; H, 6-6; N, 4-0; 40Me, 17-6. 
CogH ygCl.NOg,2H,O requires C, 62-2; H, 6-9; N, 3-8; 40Me, 16-9%). 

Rodiasine Dimethiodide.—A solution of rodiasine (159 mg.) in methanol and methyl iodide 
gave, after 10 min. at room temperature, a precipitate (158 mg.) of the dimethiodide, separating 
from methanol in cubes, decomp. 291—295", [a],, + 73° (c 0-21 in H,O) {lit.,5 m. p. 321° (decomp.), 
fa], +68°} (Found: C, 51-9; H, 5-2; OMe, 13-8; I, 28-7. Calc. for C,,H,.I,N,O,: C, 51-9; 
H, 5-3; 40Me, 14-1; I, 28-9. Calc. for CyHs9I,N,0,,H,O: C, 51-8; H, 5-7; 40Me, 13-4; I, 
27-4%). The compound was identical (infrared) with the methiodide obtained from the 
mixture of ether-soluble bases. 

O-Methylrodiasine.—A solution of rodiasine (763 mg.) in methanol (100 c.c.) containing 
excess of ethereal diazomethane was kept for 60 hr., then evaporated. Crystallisation of the 
residue from ether gave O-methylrodiasine (272 mg.), m. p. 172—173°, [a], +85° (c 0-57 in CHCI,) 
(Found: C, 69-9; H, 6-5; N, 44; OMe, 24:2. C,,H,,N,0,,H,O requires C, 70-7; H, 7-0; 
N, 4:5; 50Me, 24-7. Cgg9H,,N,O,,2H,O requires C, 69-4; H, 7-5; N, 4:2; 50OMe, 23-0%). 

The hydrochloride, crystallised from methanol-ether, had m. p. 232—236° (decomp.) (Found: 
C, 60-1; H, 7-2; OMe, 21-6. C,,H,,Cl,N,O,,3H,O requires C, 60-2; H, 6-8; 5Q0OMe, 21-0. 
CygHygCl,N,O,4,4H,O requires C, 59-8; H, 7-2; 5OMe, 19-8%). 

O-Methylrodiasine Dimethiodide.—(a) Rodiasine dimethiodide (1-78 g.) was methylated 
with methyl iodide and sodium methoxide as described in the preparation of ON-dimethyl- 
sepeerine dimethiodide, and gave the methiodide (1-59 g.), crystallising from methanol in plates, 
m, p. 294—298° (decomp.), {a],, +47° {lit.,5 m. p. 304° (decomp.), [a], + 50°} (Found: C, 52-6; 
H, 5:7; OMe, 16-8. Calc. for CygH,IZ,N,O,: C, 52-4; H, 5-4; 5O0OMe, 17-4. Calc. for 
Cy,Hs.I,N,0,,1H,O: C, 52-4; H, 5-8; 50OMe, 16-5%). 

(b) A solution of O-methylrodiasine in methanol and methyl iodide gave the methiodide, 
separating from methanol in plates, m. p. 289—291° (decomp.), identical (infrared) with the 
compound prepared as in (a). 

Ocotine.—Ocotine crystallised from ethanol in needles, m. p. 162—164°, [a],7* +32° (Found: 
C, 72:3; H, 6-1; N, 4:8; OMe, 21-5; N-Me, 2-1. C,;H3,N,O, requires C, 72-1; H, 6-6; N, 4-8; 
40Me, 21-3; 1N-Me, 2-6%). 

The hydrochloride, prepared in methanol with concentrated hydrochloric acid, separated 
from ethanol-ether in prisms, decomp. 240° (Found: C, 62-5; H, 6-3; Cl, 10-0; OMe, 18-6. 
C,;HyCl,N,O,,1H,O requires C, 62-4; H, 6-3; Cl, 10-56; 40Me, 18-4%). The picrate crystal- 
lised from ethanol in yellow prisms, m. p. 178—-180° (decomp.) (Found: C, 54:2; H, 4-7; 
N, 10-2. Cy,HggNgOgo requires C, 54-2; H, 4:3; N, 10-8%). 

A solution of ocotine (48 mg.) in methanol (20 c.c.) containing methyl iodide (1 c.c.) was 
refluxed for 1 hr. and evaporated. Crystallisation of the residue from ethanol gave N-methyl- 
ocotine dimethiodide as prisms (47 mg.), decomp. ca. 250° (Found: C, 51-8; H, 4-8; I, 29-1. 
CygHygI,N,O, requires C, 51-9; H, 5-3; I, 28-9%). 

A solution of ocotine (53 mg.) in acetic anhydride (2 c.c.) was kept for 12 hr. Addition of 
water and excess of sodium hydrogen carbonate gave a precipitate which was obtained with 
chloroform. Extraction of the gum with ether and evaporation of the ether solution gave 
ON-diacetylocotine, crystallising from ether-light petroleum (b. p. 40—60°) as a powder, m. p. 

159—161° (Found: C, 68-1; H, 6-9. C,,H,,.N,O,,1H,O requires C, 68-4; H, 6-5%). 

Reaction of ocotine (70 mg.) with methyl iodide and sodium methoxide, as described for 
rodiasine, gave ON-dimethylocotine dimethiodide (55 mg.), {a],,'* + 100°, separating from water 
in needles, m. p. 240—244° (decomp.) (Found: C, 50-3; H, 6-0; OMe, 17-1. Cy g9H,,I,N,0,,2H,O 
requires C, 50-3; H, 5-6; 5OMe, 16-7%). 


We are indebted to Drs. F. R. Smith and W. W. Easton, of Messrs. T. and H. Smith Ltd., 
for carrying out the large-scale extraction, to the Colonial Products Council for supplying the 
bark, to Professor Sir Alexander Todd for samples of daphnandrine derivatives, and to the 
Ministry of Education for Northern Ireland for a postgraduate studentship (to J. E. B. McG.). 
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548. The Formation of Aromatic Hydrocarbons at High Temper- 
atures. Part VII The Pyrolysis of Indene. 


By G. M. BapcEerR and R. W. L. KIMBER. 


The pyrolysis of indene at 700° yields significant amounts of benzo- 
fluorenes, 1,2-benzanthracene, and 3,4-benzophenanthrene in addition to 
chrysene. Other compounds are formed in smaller amounts. 


It has long been known that chrysene is formed in good yield when indene is passed through 
a red-hot tube; 2 but no attempt seems to have been made to identify other compounds 
formed in this pyrolysis. As indene is a product of the pyrolysis of some other hydro- 
carbons,}.4 it seemed important to re-examine its behaviour on pyrolysis. 

The pyrolysis was carried out by passing indene vapour, with nitrogen, through a silica 
tube filled with porcelain chips, at 700°. Methane and ethylene were detected in the exit 
gases, and the tar (obtained in 51-6% yield) was collected and analysed by chromatography 
on alumina, gas-liquid partition chromatography, chromatography on cellulose acetate 
and on acetylated paper,® and by spectroscopy. The following compounds were identified 
(% composition w/w in parentheses): methane (—); ethylene (—); benzene (5-4); toluene 
(0-83); styrene (?) (0-1); unknown X (2-3); indene (6-5); naphthalene (4-6); fluorene 
(0-02) ; phenanthrene (0-38); anthracene (0-20); 3,4-benzophenanthrene (2-3); unknown 
Y (0-52); pyrene (?) (0-10); fluoranthene (0-27); 1,2-benzofluorene (4-4); 2,3-benzo- 
fluorene (4-5); 3,4-benzofluorene (1-0); 1’,2’,3’,4’-tetrahydro-3,4-benzopyrene (?) (0-46); 
1,2-benzanthracene (4-6); alkylchrysene (1-1); chrysene (31-7); 3,4-benzofluoranthene 
(0-008); 10,11-benzofluoranthene (0-01); 11,12-benzofluoranthene (trace); 3,4-benzo- 
pyrene (0-002); unidentified high-boiling material (16). Chrysene was thus the major 
product, but was present in smaller quantity than expected from the literature; and 
significant quantities of benzofluorenes, 1,2-benzanthracene, and 3,4-benzophenanthrene 
were also formed. 

By using the calculated bond orders,® it is possible to obtain approximate bond 
dissociation energies for the carbon-carbon bonds in indene, and hence to predict which 
bonds are most likely to break to yield radicals. The 2,3- and 3,9-bonds, for example, 
have bond dissociation energies of about 138 and 108 kcal./mole, respectively; but the 
1,2- and 1,8-bonds would seem to have bond dissociation energies of about 90 kcal./mole, 
and these bonds are therefore more likely to be broken when indene is heated. Ring 
fission in this manner would give three possible “ primary ” radicals (II, III, IV), and it 
is significant that all the major products of the pyrolysis can be explained by suitable 
reactions involving these “ primary ” radicals. 
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The dimerisation of two radicals of type (II) would be expected to give chrysene (as in 


V, VI) or 1,2-benzanthracene (as in VII). Similarly the dimerisation of two radicals of 
type (III) could give chrysene (as in VIII, IX); and the combination of one radical of 


1 Part VI, Badger and Kimber, J., 1960, 266. 

2 Spilker, Ber., 1893, 26, 1538. 

* Badger and Buttery, J., 1958, 2458. 

* Badger and Spotswood, J., in the press. 

5 Spotswood, J. Chromatog., 1959, 2, 90; ibid., in the press. 

® Pullman and Berthier, Bull. Soc. chim. France, 1948, 15, 551. 
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type (II) with one of type (III) would give 1,2-benzanthracene (X, XI) or 3,4-benzo- 
phenanthrene (as in XII). 

In the same way, the combination of a radical of type (II) with one of type (IV), or of a 
radical of type (III) with one of type (IV), could yield 1,2-, 2,3-, and 3,4-benzofluorenes ; 
and all these compounds were found in the tar. 

The reaction of the styryl radical (IV) with hydrogen would account for the small 
amount of styrene obtained; and secondary fission of this radical, or of styrene itself, 
would account for the benzene and ethylene observed. (The pyrolysis of styrene is known 
to yield benzene in 6-4% yield.4) The toluene present in the indene tar could be formed 
by secondary fission of the radical (II), followed by reaction with hydrogen. Reaction 
between a benzyl radical and benzene, followed by cyclodehydrogenation, would explain 
the presence of fluorene; and reaction between two benzyl radicals could lead eventually 
to phenanthrene or anthracene.” 
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The presence of naphthalene in this tar can only be explained on the basis of a chain- 
lengthening process. The most likely mechanism would seem to be the attack of ethylene 
on the styryl radical (IV) to give a C.-C, hydrocarbon (such as phenylbutadiene) which 
would yield naphthalene on cyclisation with loss of hydrogen.® 

Only a very small amount of 3,4-benzopyrene was found in the indene tar. It can be 
reasonably concluded from this that 3,4-benzopyrene is not formed in significant quantities 
from chrysene and a C, hydrocarbon (such as ethylene), or from 1,2-benzanthracene and a 
C, hydrocarbon. Ethylene, chrysene, and 1,2-benzanthracene were all formed in con- 
siderable quantity, and would be expected to give a relatively large amount of 3,4-benzo- 
pyrene if this hydrocarbon could be formed to any significant extent by either of these 
mechanisms. It seems more likely, therefore, that the 3,4-benzopyrene must be formed 
from two C,-C, units as previously postulated,® or from pyrene by attack with a C, unit 
(such as a butadienyl radical). 








EXPERIMENTAL 


Pyrolysis of Indene.—Purified indene (93 g., ,™ 1-5676; no impurities could be detected 
by gas-liquid chromatography) was pyrolysed at 700° by the method used for tetralin.' The 
resulting tar (44 g.) was collected, and more (1 g.) was obtained by washing the tube with 
boiling chloroform and evaporating the solvent. A final trap cooled in solid carbon dioxide- 
ethanol collected a further 3-0 g. (fraction a). Distillation of the tar gave the following 
fractions: (b) b. p. 90°/25 mm. (3 g.); (c) b. p. 95—105°/30 mm. (4 g.); and (d) a residue. 

Analysis.—Fractions (a), (b), and (c) were analysed by gas-liquid chromatography as 
previously described.1 Fraction (a) contained benzene (2-6 g.) and toluene (0-4 g.), fraction 
(b) contained unknown X (0-6 g.), indene (2-3 g.), and naphthalene (0-1 g.); and fraction (c) 

7 Porter and Wright, Trans. Faraday Soc., 1955, 51, 1469. 


* Badger and Spotswood, J., 1959, 1635. 
® Badger, Buttery, Kimber, Lewis, Moritz, and Napier, J., 1958, 2449. 
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also contained unknown X (0-52 g.), indene (0-81 g.), and naphthalene (2-6 g.). Fractions (6) 
and (c) also contained trace amounts of a material with a retention time corresponding to 
styrene. 

Fraction (d) was extracted (Soxhlet) with benzene—hexane (1:4) and gave a sparingly 
soluble residue (0-5 g.) (fraction e). The extract was evaporated and then chromatographed 
in hexane on alumina (70 x 5 cm.). Development with hexane gave fractions 1—14; with 
benzene—hexane (1 : 2), fractions 15—-27; and with benzene, fractions 28—51. Final extraction 
with ether gave fraction (f) (10-5 g.) and a black tar (2 g.) which was added to fraction e. The 
following fractions, which showed similar ultraviolet absorption spectra, were re-combined: 
fractions 1—5 (0-1 g.); fractions 6—11 (0-11 g.); fractions 12—14 (0-164 g.); fractions 15—18 
(1-22 g.); fractions 19—21 (3-0 g.), and fractions 22—30 (11-08 g.). 

Fractions 1—5 contained naphthalene. Fractions 6—11 contained oily material which 
could not be identified. Chromatography of fractions 12—14 on cellulose acetate showed the 
presence of phenanthrene, anthracene, and fluorene. In the same way, phenanthrene, 
anthracene, 3,4-benzophenanthrene, pyrene (?), and fluoranthene were identified from fractions 
15—18, and 1,2-, 2,3-, and 3,4-benzofluorenes, 1’,2’,3’,4’-tetrahydro-3,4-benzopyrene (?), 
3,4-benzophenanthrene, and 1,2-benzanthracene from fractions 19—21. Three recrystallis- 
ations of fractions 22—-30 from benzene gave chrysene, while the mother-liquors, by chromato- 
graphy on cellulose acetate, were found to contain (in order of elution from the column), 2,3- 
and 1,2-benzofluorenes, 1,2-benzanthracene, an alkylchrysene, 10,11- and _ 11,12-benzo- 1 
fluoranthenes, chrysene, 3,4-benzofluoranthene, and 3,4-benzopyrene. 

Fraction f was recrystallised from benzene and gave almost pure chrysene (3 g.). The | 












































combined mother-liquors were chromatographed in benzene on alumina. Elution with benzene- 
hexane, and re-chromatography of the eluate on cellulose acetate showed the presence of 1,2- 
and 2,3-benzofluorenes, 1,2-benzanthracene, and chrysene. 

Details of Identification Methane and ethylene. Samples of the exit gases were collected 
in a gas cell for infrared analysis. Methane was identified by its spectrum in the 7-8—8-5 u 
region # (maxima at 7-62, 7-73, 7-77, 7-81, 7:86, 7-90, 8-00, 8-05, 8-10, 8-17, 8-24, and 8-30 y), 
and ethylene in the 10—11 yu region {maxima at 10-00, 10-T1, 10-21, 10-31, 10-52, 10-75, 10-84, ‘ 
10-94, 11-00, 11-09, 11-17, and 11-24 y). 

Benzene. This was identified by its retention time and by its infrared spectrum 1 (examined 
as vapour) which showed maxima at 2-40, 3-23, 5-06, 5-48, 6-65, 6-71, 7-18, 9-51, 9-63, 9-74, : 
12-82, 14-55, and 14-90 u. 

Toluene. This was identified by its retention time and infrared spectrum ?° (liquid film) 
which showed maxima at 2-16, 2-31, 2-34, 2-47, 2-61, 2-74, 3-29, 3-31, 3-43, 3-48, 3-67, 3-90, 4-17, 
4-46, 4-64, 5-03, 5-11, 5-14, 5-34, 5-39, 5-50, 5-55, 5-76, 6-85, and 7-29 wu. 

Styrene (?). A very small peak in the gas-liquid chromatograms of fractions (b) and (c) had 
a retention time identical with that obtained with authentic styrene. 

Indene. This was identified in fractions (b) and (c) by its retention time. Its infrared 
spectrum was identical with that of an authentic specimen. 

Naphthalene. This was isolated from fractions (b), (c), and (d), and had m. p. and mixed 
m. p. 79-5—80°. 

Phenanthrene. This was isolated from fraction (d) and had m. p. 99—100°, not depressed 
by admixture with an authentic specimen. Its identity was confirmed by its ultraviolet 
absorption spectrum ™ which had maxima at 221, 245 (infl.), 252, 276, 283, 295, 316, 324, 332, 
339, and 346 mu. 

Fluorene (?). Some of the early fractions following the chromatography of the phenanthrene 
fractions on cellulose acetate showed maxima at 262 (infl.), 274 (infl.), 290, 294 (infl.), and 301 
mu, suggesting the presence of fluorene.! 

Anthracene. The next fraction from the column, although contaminated with phenanthrene, 
showed maxima at 252, 340, 353 (infl.), 358, 372 (infl.), and 377 my, indicative of anthracene. ] 
This was confirmed by its fluorescence spectrum, which showed bands at 403, 429, and 455 mu, 
in good agreement with the literature values.'* 

Fluoranthene. Isolated by chromatography of fractions 15—18 on cellulose acetate, this 
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10 American Petroleum Institute Research Project 44, Infrared Spectral Data. 
1 Clar, ‘‘ Aromatische Kohlenwasserstoffe,"’ 2nd edn., Springer, Berlin, 1952. 
12 Mayneord and Roe, Proc. Roy. Soc., 1937, A, 158, 634. 

13 Millar and Baumann, Cancer Res., 1943, 3, 217. 
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was identified by its ultraviolet absorption spectrum," with maxima at 230 (infi.), 236, 252, 
262, 272, 276, 282, 287, 310, 321, 340, and 359 my. This was confirmed by its fluorescence 
spectrum with bands at 430—450, 465, 513, and 573 mu. 

Pyrene (?). Several fractions obtained by the chromatography of fractions 15—18 on 
cellulose acetate had absorption maxima at 319 and 335 my, suggesting the presence of pyrene." 
The fluorescence spectrum although diffuse had the same bands as an authentic specimen. 

3,4-Benzophenanthrene. This was isolated from fractions 15—18 and 19—21 and had m. p. 
66—67-5° not depressed by admixture with an authentic specimen. Its ultraviolet absorption 
spectrum had maxima at 217, 227 (infl.), 229, 244, (infl.), 254 (infl.), 263 (infl.), 272, 282, 303, 
316, 327, 354, and 372 my in good agreement with the literature values." 

1,2-Benzofluorene. Some of the early fractions from the chromatography of fractions 
19—21, 22—30, and of fraction (f) on cellulose acetate, showed ultraviolet absorption maxima 
at 245, 254, 258, 263, 288, 294, 302, 315, 328, and 342 mu, indicative of 1,2-benzofluorene.™ 

2,3-Benzofluorene. This was identified 4 from the same fractions by maxima at 216, 255, 
264, 274 (infl.), 285, 292 (infl.), 304, 313 (infl.), 317, 325, 333, and 340 mu. One specimen had 
m. p. 205—206° alone and 207—-208° when admixed with an authentic specimen, m. p. 208—209°. 

3,4-Benzofluorene. Some fractions containing the above benzofluorenes also had absorption 
maxima at 230, 329, and 336 mu, suggesting the presence of 3,4-benzofluorene.™* 

1,2-Benzanthracene. This was found in various fractions and was identified by its m. p., 
ultraviolet and fluorescence spectra, and by its Rp value on acetylated paper. One specimen, 
isolated by micro-sublimation from an acetylated paper “‘ spot ’’ on to a microscope cover-slip, 
had m. p. and mixed m. p. 158—159° (Leitz hot-stage microscope). Its light absorption 
showed maxima at 222, 238, 254 (infl.), 257, 268, 278, 288, 301, 314, 325, 340, 359, 374, and 
384 my.1! 

Alkylchrysene. This was observed in fractions 22—30; its ultraviolet absorption spectrum 
had maxima at 260, 270, 282, 291, 296, 308, and 320 mu, suggesting an alkylchrysene.'* 

Chrysene. This was isolated and had m. p. 251—252°, not depressed by admixture with 
an authentic specimen. Its light absorption showed maxima at 220, 241, 258, 268, 283, 296, 
307, 320, 343, and 361 mu." ) 

10,11-Benzofiuoranthene. This was isolated following chromatography on cellulose acetate. 
Its ultraviolet absorption spectrum had maxima at 292, 306, 317, 333, 364, 375, and 382 muy, in 
substantial agreement with the literature values. 

11,12-Benzofluoranthene. One of the first fractions containing 10,11-benzofluoranthene also 
showed maxima at 378 and 401 muy, indicative of 11,12-benzofluoranthene.4 This was con- 
firmed by its distinctive fluorescence spectrum, with bands at 409, 432, 467, and 500 muy, 
identical with those of an authentic specimen. 

1’,2’,3’,4’-Tetrahydro-3,4-benzopyrene (?). One fraction obtained during the separation of 
the benzofluorenes could not be obtained in a pure state. It had maxima at 245, 266, 279, 303, 
316, 330, 345, 358, 364 (infl.), 370, and 377 mu, suggesting the presence of a substituted pyrene 
such as 1’,2’,3’,4’-tetrahydro-3,4-benzopyrene.® 

3,4-Benzofluoranthene. This was identified by comparison with an authentic specimen on 
acetylated paper. An extract showed absorption maxima at 239, 256, 276, 281 (infl.), 289, 
292, 302, 338, 350, and 369 mu,” and its fluorescence spectrum was identical with that of an 
authentic specimen. 

3,4-Benzopyrene. This was identified by comparison with an authentic specimen on acetyl- 
ated paper. An extract showed absorption maxima at 226, 256, 265, 273, 284, 297, 331, 364, 
381, 384, and 405 muy, in good agreement with the literature values; 1* and its identity was 
confirmed by its fluorescence spectrum, with bands at 404, 409, 417, 427, 456, and 485 mu.}” 
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549. The Gas-phase Oxidation of Crotonaldehyde. 


By A. D. OsBorNnE and G. SKIRROW. 


The gas-phase reaction between crotonaldehyde and oxygen has been 
studied at temperatures between 150° and 350°c. Below 200° the reaction 
resembles the corresponding acetaldehyde-oxygen reaction. Peroxy- 
crotonic acid is the main product and is responsible for chain-branching. | 
The mechanism suggested by McDowell and Farmer for the oxidation of 
acetaldehyde has been adopted to explain the behaviour in this temperature 
range. Above 200° the reaction is more complex; acetaldehyde, which is 
produced in appreciable quantities from the terminal CH,°CH group of 
the crotonaldehyde, contributes to the chain-branching. Probable reaction 
processes are discussed. 


ALDEHYDES are almost invariably found as intermediates during the slow combustion of 
paraffins, and there has been much discussion about their mode of formation and the part 
they play in the overall mechanism. Because of the important functions of formaldehyde 
and acetaldehyde in the reactions in which they occur as intermediates, the oxidation of 
these compounds has been examined in considerable detail.* Although unsaturated 
aldehydes are produced during the oxidation of olefins,”® published work dealing with 
their gaseous reactions is not yet extensive. 

The photo-oxidation of crotonaldehyde at 30° has been described by Blacet and Vol- 
man, but no general mechanism was suggested. Volman and Brinton ™ studied the 
decomposition of acetaldehyde and acraldehyde under the influence of methyl-radical 
attack, and showed that acraldehyde undergoes chain decomposition much less readily 
than acetaldehyde. More recently Pitts !* et al. have sought to explain their observations 
on the interaction of methyl radicals with crotonaldehyde in terms of a displacement 
rather than an abstraction reaction. In the present work the slow combustion of croton- 
aldehyde has been investigated by kinetic and analytical methods. 


EXPERIMENTAL 


Materials.—Crotonaldehyde (B.D.H) was freed from traces of water and resin by fractional 
distillation in an atmosphere of oxygen-free nitrogen. The fraction of b. p. 102° was further 
purified by repeated bulb-to-bulb vacuum distillation, and the purified material transferred 
in vacuo to storage phials. 

Cylinder oxygen was condensed at liquid-nitrogen temperature, and approximately 90% 
of the condensate removed by pumping. Most of the nitrogen-free fraction was allowed to 
evaporate into an evacuated storage bulb, water and carbon dioxide being retained in the 
remaining liquid oxygen. 

Carbon dioxide, helium, and nitrogen were taken directly from cylinders. Acetaldehyde 
was prepared by bulb-to-bulb fractionation of B.D.H. ‘‘ Pure”’ liquid, and formaldehyde was 
obtained by heating paraformaldehyde. Di-t-butyl peroxide (Laporte) was purified and freed 
from hydrogen peroxide by vacuum distillation. 

Apparatus and Analysis.—The Pyrex reaction vessel (vol. 170 ml.; diam. 3 cm.) was washed 
with nitric acid and distilled water and allowed to drain before being sealed to the apparatus. 
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All the connecting tubes and taps and the glass spoon-type gauge were kept at a temperature 
high enough to prevent condensation of crotonaldehyde and reaction products. The vessel 
was heated in a furnace which controlled the temperature within +1°. The reactants were 
admitted separately—crotonaldehyde first—to the reaction vessel and the reaction was followed 
manometrically. Samples were extracted for analysis by allowing the mixture to expand 
through a series of cooled traps into a Toepler pump. It was convenient to effect a preliminary 
separation by refrigerants so as to give the fractions: (a) gas not condensed at — 215° (pumped 
out liquid-nitrogen trap); (6) fraction retained at —215°; (c) fraction retained at —120°; 
(a) fraction involatile at —78°. 

Fraction (a), which contained oxygen, hydrogen (trace), carbon monoxide, and methane, 
was analysed by gas chromatography with a 4 ft. carbon column (Sutcliffe-Speakman, 80 mesh). 
Fraction (b), which contained ethylene, ethane, propene, C,-hydrocarbons, carbon dioxide, and 
much of the formaldehyde, was similarly examined by using a 9 ft. dinonyl phthalate column. 
Fraction (c), which contained acetaldehyde and the rest of the formaldehyde, and (d), which 
contained unchanged crotonaldehyde, peroxides, water, and acids, were examined in the same 
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manner as (b) or by conventional methods. Except for propionaldehyde and the permanent 
gases, the identity of each substance indicated by gas chromatography was confirmed by an 
independent method. It was not possible to determine formaldehyde, peroxides, acids, and 
water by gas chromatography, and these substances were analysed by the chromotropic acid 
method, iodometric titration, titration with barium hydroxide solution, and Karl Fischer 
titration, respectively. The total acid determinations included acid and per-acid. 


Results 


At temperatures below 200° the reaction was accompanied by a pressure decrease, but 
at higher temperatures the pressure increased throughout the reaction. In view of this change 
in character of the pressure-time curve with temperature, it is clearly not possible to compare 
reaction rates at different temperatures merely by comparing the maximum rates of pressure 
change (pmax). However, it seems probable that at any one temperature pz,, may be used 
as a measure of rate, since at both high and low temperatures a linear relation was observed 
between pressure change and oxygen consumption for most of the reaction. 

Low-temperature Reaction (<200°).—A typical pressure-time curve for reaction at 166° is 
shown in Fig. 1. Following an initial acceleration, a steady rate of pressure decrease is attained 
and maintained over a considerable proportion of the reaction. In this respect the behaviour 
resembles that observed by McDowell and Farmer ™ for the oxidation of acetaldehyde at 
lower temperatures. These authors have pointed out that this constancy of rate despite 
consumption of reactants is a feature of branched-chain reactions in which a product functions 
as a degenerate branching agent, and termination is by interaction of chains as described by 
Semenov. At this temperature the oxidation of crotonaldehyde proceeds with no increase 
in pressure towards the end of the reaction. 
an ys and Farmer, Fifth Symposium on Combustion, Reinhold Publ. Corp., New York, 
u Seieanse, “* Chemical Kinetics and Chain Reactions,”” Oxford, 1935. 
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The effect of reactant concentrations on the rate is summarised in Fig. 2. The rate increases 
rapidly with increasing pressure of crotonaldehyde; a logarithmic plot indicated an order of 
2-6. Even at quite low oxygen pressures the rate was appreciable and showed a steady (almost 
linear) increase with further additions. That this increase was an inert-gas effect was shown 


Fic. 2(@). pmax. aS @ function Fic. 2(b). pmax. as a func- 
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Fic. 3.—Progress of the reaction at 166°. 








Fic. 4.—Pressure—time curve at 260°. 
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by the influence of nitrogen, which produced precisely the same acceleration as that given by 
the equivalent amount of oxygen [Fig. 2(b)). 


The true order of the reaction with respect to oxygen is thus zero. The order with respect 
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to crotonaldehyde is difficult to determine, since at least part of the accelerating influence of 
additions of aldehyde must be an inert-gas effect. It is probable, however, that the order is 
very much less than 2-6, and for the purpose of the kinetic analysis an order of 2-0 is assumed. 

Course of the reaction at 166°. The reaction products comprised mainly peroxides, acids, 
carbon dioxide, and carbon monoxide. Acetaldehyde and formaldehyde were produced in 
smaller amounts. The formation of water was not investigated. The results of a series of 
analyses made throughout the course of a reaction are shown in Fig. 3. The peroxide fraction 
was shown by paper chromatography to contain hydrogen peroxide and a per-acid having an 
Ry value similar to that expected for peroxycrotonic acid (i.e., between the values for propionic 
and peroxybutyric acids 1). Since the total acid production somewhat exceeded the total 
peroxide, some breakdown of peroxycrotonic acid to crotonic acid probably occurs. Examin- 
ation of the fraction accumulated at —78° by paper chromatography showed crotonic acid to 
be present. 


Fic. 5(@). pmax. as a function of Fic. 5(b). pmax. 4s @ function of 
aldehyde pressure at 260°. oxygen pressure at 260°. 
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Reaction above 200°.—At 260° the reaction showed a steady acceleration to a maximum rate 
(Fig. 4). There was no induction period, the reaction showing a small initial rate. The curve 
of Fig. 4 can be fitted to the equation: 


t(min.) = 1-50 log, (1 + 24x)/(1 — x) 


where x is the fractional extent of reaction. An equation of this form was shown by Semenov 
to be characteristic of autocatalytic and degenerately branched reactions which show a finite 
initial rate. 

The maximum rate of pressure change at higher temperatures was not reached until 
comparatively late in the reaction when appreciable quantities of the reactants had been 
consumed. However, pmax, values were reproducible and dependent solely on the initial reactant 
pressures, and were uninfluenced by addition of nitrogen, helium, or carbon dioxide. The 
variation Of pmax, With crotonaldehyde pressure for several values of initial oxygen pressure is 
shown in Fig. 5(a). Logarithmic plots gave an order with respect to crotonaldehyde of 1-5. 
The corresponding dependence on oxygen pressure can be seen from Fig. 5(5): pmax, Showed an 
initial linear increase with oxygen pressure, but tended ultimately to independence of oxygen 
except at high initial crotonaldehyde concentrations when explosion occurred before this 
independence was attained. , 

Analytical Data.—-Analysis of products showed that the reaction was complex. The concen- 
tration of peroxides, although formed in the earlier stages of the reaction, had decayed to zero 
by the end. Acids were formed in much smaller quantities than at the lower temperature 

™ Cartlidge and Tipper, Analyt. Chim. Acta, 1960, 22, 106. 

Semenov, Compt. rend. Acad. Sci. U.R.S.S., 1944, 48, 342. 
4uU 
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(1-5 x 10° mole from a mixture of 21 x 10° mole of each of reactants compared with 
approximately 15 x 10° mole from a mixture of 63 x 10° mole of each of the reactants at 
166°), but the acetaldehyde yield was much enhanced. Table 1 shows a material balance for 
a 1:1 mixture at 292°. A balance of over 90% for carbon, hydrogen, and oxygen shows that 
no major products were undetected. 

Course of the Reaction at 292°.—By interrupting for analysis a number of experiments in 
which the amounts of crotonaldehyde and oxygen were each 21 x 10° mole, the data of Fig. 6 


co 


B Pressure change 
ara 2 = 


D  Crotonaldehyde(xO-5) 
a. £  Oxygen(x0-S) Fic. 6. Progress of the reaction at 292°. 
bo Aci A, CO; B, Ap; C,CO,; D, crotonalde- 
hyde (x 0-5); E, O, (x05); F, acid; 
G, acetaldehyde; H, HCHO (x5); 
I, propene; /J, ethylene; K, peroxide 
2 a 
J 7 a (x 5). 
Formaldehyde (x5) 
AN, Peroxide(x5) 
Nene F 








Products (mo/ex/0-*) 








Propene 
~ ® 
he Ethylene 

1 


° a 
/0 /S 
Time(min) 








Products (molex/O~*) 





were obtained. Total peroxides reached the maximum concentration at a point coincident 
with pmax. All other products either accumulated or showed ill-defined peaks. 


TABLE 1. Material balance at 292°. 
Initial crotonaldehyde, 21 x 10° mole; initial oxygen, 21 x 10-° mole. 


Products Cc Products Cc O 
(10-5 mole) 10-5 g. (10-> mole) (10-5 g.-atom) 
12-0 C,HyCHO ... 15 4-5 
6-0 Acraldehyde... 0-2 0-6 
7-2 0: 0-7 
0-8 1- 6-0 
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= . 8-0 32-0 
4-4 17-4 Oxygen 4:5 — 
Increase = 7 x 10-5 mole = 2-6 cm. (Bourdon deflection). 
Observed pressure increase = 3-0 cm. (Bourdon deflection). 


Addition of Reaction Products.—Acetaldehyde and formaldehyde are known to act as 
degenerately branching agents in certain oxidation systems. Addition of formaldehyde in 
amounts up to several times that produced during the reaction between 37-7 mm. each of 
crotonaldehyde and oxygen was.entirely without effect, showing it to make no contribution 
to chain-branching. Small additions of acetaldehyde had a pronounced effect on the reaction: 
the maximum rate increased and was attained earlier (Table 2). 


TABLE 2. Effect of additions of acetaldehyde on reaction rate at 292°. 
Initial pressures of reactants—each 37-7 mm. 


Acetaldehyde (mm.) .............+ 0 0-9 3-8 9-9 19-3 
Rate (mm./min.) . 4-4 5-8 6-5 14-4 


The failure of the acetaldehyde-time curve to show a clearly-defined peak is surprising in 
view of the contribution of this compound towards branching. Towards the end of the reaction 
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small amounts of crotonaldehyde and acetaldehyde remained in the presence of unchanged 
oxygen. Separate experiments showed that, when these amounts of crotonaldehyde and 
oxygen were admitted to the vessel, any reaction was too slow to be observed. When amounts 
of acetaldehyde and oxygen identical with those remaining at the end of a reaction were 
admitted to the vessel in absence of crotonaldehyde, reaction occurred with the formation of 
carbon monoxide and methane. Progressive addition of crotonaldehyde to such a mixture of 
acetaldehyde and oxygen confirmed that it was responsible for partial inhibition of the 
degradation of the acetaldehyde, presumably by acting as a free-radical trap by replacing the 
more reactive radicals by the less reactive crotonoyl radical (Table 3). 


TABLE 3. Effect of crotonaldehyde on the oxidation of acetaldehyde at 292°. 
CH,°CHO Crotonalde- CH,*CHO CH,°CHO Crotonalde- CH,-CHO 
(mm.) O,(mm.) hyde (mm.) left (mm.) (mm.) O, (mm.) hyde (mm.) left (mm.) 
17 17 0 0-8 17 18 10 13-0 
17 18 5 6-2 16 16 30 16-0 


Production of Carbon Monoxide and Carbon Dioxide.—The ratio of CO: CO, produced during 
the reaction as a function of temperature and reactant concentrations is shown in Table 4. 
An eight-fold increase in the initial oxygen pressure decreases this ratio by approximately one 
half. Increasing the temperature increases the ratio somewhat, but the change is smaller than 
that observed in corresponding experiments with saturated aldehydes.® 


TABLE 4. Variation of carbon monoxide : carbon dioxide ratio with reaction conditions. 
Pressure (mm.) Pressure (mm.) 

Temp. Oxygen Crotonaldehyde CQO/CO, Temp. Oxygen Crotonaldehyde CO/CO,. 
347° 4-6 24-6 4-2 292° 38 36-0 2-0 
347 16-1 24-6 , 254 16-0 100-0 1-1 
347 26-7 24-6 : 254 64-0 100-0 1-1 
347 32-0 24-6 , 166 95-0 95-0 0-9 


Attack of Methyl Radicals on Crotonaldehyde.—In the early stages of the reaction croton- 
aldehyde must be the major target for radicals. Information on the behaviour of croton- 
aldehyde under the influence of attack by methyl radicals in the absence of oxygen was sought 
by allowing the aldehyde and di-t-butyl peroxide, pre-mixed in a 5 1. bulb, to expand into the 
reaction vessel at 166°. The subsequent reaction was followed manometrically and the final 
products were removed for analysis by gas chromatography. The results are compared in 
Table 5 with an equivalent set obtained by replacing crotonaldehyde with acetaldehyde. 


TABLE 5. Reaction of CH, radicals from di-t-butyl peroxide with acetaldehyde and 
crotonaldehyde (166°). 
10-5 Mole 10-5 Mole 
Crotonaldehyde Acetaldehyde Peroxide , CH, C,H, 
~ 12-8 6-4 5 4-1 — 
8 — 6-4 1-3 2-2 0- 
‘8 — 6-4 2 1-7 0- 
— 6-4 Not detectable 


Acetaldehyde—peroxide mixtures gave approximately equal amounts of methane and carbon 
monoxide, and the total pressure in the reaction vessel increased by about 50%. A much 
smaller amount of permanent gas was produced by the crotonaldehyde—peroxide mixture, and 
the amount of propene was about one-sixth of that of the carbon moncxide. Negligible 
pressure change occurred. Some C, hydrocarbon was produced, and, although not identified 
unambiguously, it is probable that this was but-2-ene. Since these experiments were per- 
formed, Pitts 1* et al. have described almost identical experiments and have obtained results 
with which ours are in close agreement. These authors showed the C, hydrocarbon to be 
but-2-ene. 

Comparison with Methacraldehyde.—At 292° a mixture of 21 x 10° moles of methacr- 
aldehyde when allowed to react to completion gave 16 x 10° mole of formaldehyde and 0-2 x 
10° mole of acetaldehyde. The corresponding experiment with crotonaldehyde gave 0-7 x 10% 

* Newitt and Baxt, J., 1939, 1711. 
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i mole of formaldehyde and 4-4 x 10% mole of acetaldehyde. This difference in behaviour 
indicates that the acetaldehyde formed during the oxidation originated from the terminal 
CH, CH group. 


DISCUSSION 


At both high and low temperatures peroxides are produced during the reaction, but 
whereas at the lower temperature these are comparatively stable and decompose only 
slowly, at higher temperature their instability leads to the formation of large amounts of 
products of low molecular weight. Since formation of acetaldehyde is greater at higher 

temperatures, it is reasonable to conclude that it is a decomposition product of either a 
peroxide or a peroxy-radical. 

In the presence of oxygen, crotonoyl radicals produced by free-radical attack on croton- 
aldehyde can either peroxidise or decompose thermally, and it is of interest to examine 
more specifically the fate of the crotonoyl radical following such radical attack. The 
experiments with di-t-butyl peroxide gave convincing evidence for some hydrogen 
abstraction since methane is a reaction product. The amount formed is less than in the 
equivalent reaction with acetaldehyde for which 


CH, + CHysCHO —— CH, + CH,°CO 


is an established process, but the lower yield in itself is not evidence of a greater resistance 
of crotonaldehyde towards hydrogen abstraction since much of the methane from the 
acetaldehyde experiments is probably produced by further reaction of the acetyl-radical 
decomposition products. The aldehydic C-H bond energy in crotonaldehyde will be less 
than that in saturated aldehydes by virtue of the mesomeric structure of the crotonoyl 
radical, and the abstraction of the aldehydic hydrogen will occur more readily with croton- 
aldehyde. However, the low yields of carbon monoxide and (methane + propene) from 
crotonaldehyde show that the overall sequence : 


RCHO+CH,——mCH,+ RCO ...... +... 
ne ee. ne ee 
R4+RCMO——SAM+ RCO... 2... 2 wee @ 


occurs less readily with crotonaldehyde than with acetaldehyde and suggests that the rate 
of process (2) is low because of the stability of the crotonoyl radical. 

An alternative scheme for the interaction of methyl radicals and crotonaldehyde has 
recently been put forward by Pitts and his co-workers, who suggest that the yields of 
but-2-ene and propene can be explained by the displacement reactions 


RCHO + CHa——® RCH,+CHO ......-.- @ 
CHOewete GOGH 6... 6 ee et ee 
H+RCHOsiete RH CHO... ....--+ © 


It is not clear whether, or to what extent, such displacements do participate in the reaction, 
although it seems unlikely that they do so to the exclusion of abstractions. In particular, 
the probable activation energy for process (5), estimated at 26—28 kcal. by Tipper,!” seems 
too high to allow much propene to be produced in this way. It is possible, however, that 
the high yields of but-2-ene are a consequence of the thermal stability of the crotonoyl 
radical which may have a lifetime sufficient to make important the reaction 


CHy°CH:CH'CO 4- CH, —— CHyCHICH'CH, ++ CO. . . . 2... @ 


Below 200° and in the presence of oxygen, the crotonoyl radical will peroxidise and 
continue the chain: 
CHy°CHCH'CO -+- O, ——® CHyCHICHCO©,). . . . . . . . @) 
CHy‘CH:CH:CO(O,) 4- ReCHO —— CHy‘CHiCH*CO(OOH) -} CO el A 


17 Tipper, Quart. Reviews, 1957, 11, 313. 
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only a small proportion decomposing according to (2). The high yield of peroxides and 
acids and the decrease in overall pressure are consistent with this interpretation. Many 
features of the low-temperature oxidation of crotonaldehyde resemble those shown by the 
acetaldehyde-oxygen system, and it seems probable that the main reactions governing 
the kinetics in the two systems are analogous. Thus if the branching is 


RCO(OOH) —— RCO,+OH. . . . . . . . ss (10a) 
or 


R‘CO(OOH) —w R+CO,+OH . ~~... .. . . (106) 
and termination is by mutual destruction of peroxy-radicals, viz., 


R*CO, + R°CO, —» termination 


then, following the treatment outlined by McDowell and Farmer, the kinetic expression 
can be shown to be of the form: 


d[O,]/dt = k(acetaldehyde)?(oxygen)® 


which is in agreement with our results when allowance is made for the inert-gas effect. 
Additional processes must be introduced to account for the yield of carbon dioxide 
which accounts for some 25% of the oxygen consumed. There is evidence that in oxidation 
reactions formation of carbon dioxide follows from the dissociation of RCO, radicals!® which 
are probably more unstable than the corresponding R-CO radicals. Although some carbon 
dioxide may be produced by branching reaction 10(b), this is unlikely to be the sole means 
of its formation, since peroxycrotonic acid decomposes only slowly under the experimental 
conditions, and an additional source may be non-termination reaction of the peroxy- 
radicals such as 
R'COs + RCO; —B 2R4+0,4+2CO, . . . .... . OD 


Reaction above 200°.—The mode of branching operative at 166° will probably still 
operate at higher temperatures but will be reinforced by that due to the acetaldehyde 
oxidation. The pronounced effect of ‘additions of acetaldehyde shows it to give more 
vigorous branching than crotonaldehyde despite the fact that radical attack takes place 
preferentially on the latter. At these temperatures the reaction is complex, and it is 
difficult to set up a mechanism which satisfies unambiguously all the observed facts. 
Propagation will be by reactions (8) and (9) and branching by (10) and the corresponding 
peracetic acid decomposition. The selection of a termination reaction poses a more 
difficult problem, since the form of the kinetic relationships indicates that it is unlikely 
to be a simple R-CO,-R-CO, collision. This sort of termination would be surprising at 
higher temperatures since the product, dicrotonoyl peroxide, would be expected to be 
unstable and to behave as a source of reactive radicals. Dependence of the rate on 
oxygen pressure implies either a slow peroxidation step which occurs in competition with 
some non-branching process, or a termination collision involving oxygen. Although it is 
possible on the basis of these assumptions to derive kinetic expressions of form similar 
to those observed experimentally, this cannot readily be achieved without introducing 
steps the chemistry of which cannot be visualised in detail. Other factors—notably the 
appreciable consumption of reactants in the interval before the time of maximum rate— 
contribute to the difficulty in setting up a complete kinetic scheme. 

Formation of Acetaidehyde—The comparison experiments with methacraldehyde 
indicate that the acetaldehyde formed in the crotonaldehyde oxidation originates in the 
terminal CH,°CH group. This may occur by oxidation of the CH,-CH:CH fragment 


8 Ferguson and Yokley, Seventh Symposium on Combustion, 1958, p. 118, London, Butterworths. 
1 Ausloos, Canad. J. Chem., 1956, 34, 1709. 


*® Skirrow and Tipper, Seventh Symposium on Combustion, 1958, p. 134, London, Butterworths. 
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produced on decomposition of peroxycrotonic acid, or it may. follow from oxidation of the 
isomeric form of the crotonoyl radical according to 


CHyCH!CH*CO ——p CHy'CH*CH:CO 
CHy:CH-CH:co 25 cngpneen — CHyCHO+CHOF+CO. . . . (12 
O—O: 


No decision can be made between these alternatives, but it is noteworthy that examin- 
ation by paper chromatography showed five peroxides to be present. Two of these, 
peroxycrotonic acid and hydrogen peroxide, are explicable in terms of reactions (8) and (9) 
and direct oxygen attack on crotonaldehyde to give HO,, while the remainder whose 
identity is unknown may include aldehyde—peroxide condensation products or hydro- 
peroxides such as that formed from the isomeric crotonoyl radical and by direct attack 
on the olefinic link of the crotonaldehyde. 

Change of the Carbon Monoxide : Carbon Dioxide Ratio with Conditions.—Skirrow and 
Tipper ®° have recently reviewed the processes leading to the formation of the oxides of 
carbon from a larger number of oxygen-fuel systems. They concluded that with saturated 
hydrocarbons and aldehydes the most important processes are R:CO radical decom- 
position for formation of carbon monoxide, and per-acid decomposition for formation of 
carbon dioxide. On this basis one would expect the carbon monoxide : carbon dioxide 
ratio to increase with increasing temperature which favours radical decomposition, and to 
decrease with increasing oxygen : fuel ratio. The data of Table 3 show this to be the case, 
although it is noteworthy that insofar as it is possible to make comparisons the change 
with temperature is much less than that observed in similar saturated aldehyde—oxygen 
systems. Thus, whereas with crotonaldehyde the ratio changed by a factor of 3 for a 
temperature increase from 166° to 347°, an approximately ten-fold increase for a similar 
temperature increase (240° to 360°) has been reported for acetaldehyde and propion- 
aldehyde.'* This provides support for the view that, although processes such as (2), (8), 
(9), and (10) are important in the oxidation of both saturated and unsaturated aldehydes, 
the latter oxidise in a more complex way, and processes such as (7), (11), or (12) contribute. 


The authors thank Mr. J. Cartlidge for making the examination for peroxides by paper 
chromatography, and Dr. C. F. H. Tipper for helpful discussion. 
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550. T'he Isomerization of Cyclopropane. 
By M. C. Flowers and H. M. FRey. 


Evidence is adduced to suggest that trimethylene is not an intermediate 
in the isomerization of cyclopropane to propane. 


For some time the thermal isomerization of cyclopropane to propene has been believed to 
proceed via a hydrogen-atom shift followed by a rupture of a carbon-carbon bond. The 
evidence for this mechanism rather than for one involving formation of trimethylene comes 
mainly from Slater’s theoretical calculations as applied to the pressure at which the first- 
order rate constant for the isomerization begins to decrease.2 However, Seubold * has 
developed arguments which suggest that the intermediate formation of trimethylene is 
possible. Work by McNesby and Gordon * on the isomerization of cyclopropane in the 
presence of deuterium has ruled out the possibility of the reaction’s proceeding via a radical 

1 Slater, Proc. Roy. Soc., 1948, A, 194, 112. 

2 Slater, Proc. Roy. Soc., 1953, A, 218, 224. 


3 Seubold, J. Chem. Phys., 1954, 22, 945. 
* McNesby and Gordon, J. Chem. Phys., 1956, 25, 582. 
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chain. Rabinovitch and his co-workers,5 as a result of work on the isomerization of 
dideuterocyclopropane, have recently revived the hypothesis of intermediate formation of 
trimethylene. 

In order to obtain more experimental evidence three series of experiments were under- 
taken. In the first, cyclopentanone (2—9 mm.) was photolysed either alone or in the 
presence of a large excess of ethylene (700 mm.) at 25°, a Pyrex vessel and a medium- 
pressure mercury arc being used. The gaseous products were analysed by gas chrom- 
atography. In the absence of ethylene the products formed were mainly cyclobutane, 
ethylene, and carbon monoxide, in agreement with the work of Blacet and Miller.® 
Photolyses in the presence of ethylene gave also several hexene isomers and cyclohexane. 
Apparently, tetramethylene formed initially by the photolysis of the cyclopentanone can add 
to ethylene to give cyclohexane directly, or more probably to give hexamethylene which 
then cyclises to cyclohexane or isomerizes to a hexene. 


J +hw—e CHyICHCH + CO} 
O 


CH,°[CH,],°CH, + Czy, ——B CHYICH CH, - - se eee 


— cyclohexane . ......... 


CHarfCHaleCHs ‘a eo ae a ee 


In a second series of experiments cyclobutanone (10—25 mm.) was photolysed at 100° 
either alone or in the presence of ethylene (500 mm.). A Pyrex reaction vessel and a 
medium-pressure mercury arc were again used. When photolysed alone cyclobutanone 
gave essentially the products reported by Blacet and Miller.6 These authors suggested, 
because of the high yield of ethylene compared with the yield of carbon monoxide, that 
much of the cyclobutanone must decompose to ethylene and keten. In preliminary 
experiments to settle this point, cyclobutanone was photolysed in the presence of a large 
excess of n-butane. At relatively small percentage conversions (~2% of the cyclobutanone 
being photolysed) the presence of the n-butane did not affect the yield of products. When 
approximately 50% of the cyclobutanone was photolysed considerable quantities of n- 
and iso-pentane were produced. This is obviously due to the secondary photolysis of the 
keten formed from the cyclobutanone, yielding methylene, which then attacks the n-butane. 
The ratio of n- to iso-pentane was that expected for the attack of methylene produced from 
keten.”8 It is therefore quite certain that much of the cyclobutanone undergoes 
photolysis according to the reaction: 


Vg 
a + hy ——»® CH,=CH,+CH,=CO ....... =. (5) 


The other products of the photolysis of pure cyclobutanone (taken to small percentage 
decomposition) were those reported by Blacet and Miller,* namely carbon monoxide, cyclo- 
propane, and propene. These products presumably arise from the reactions: 


fe) 
ch + hy —® CHyCHYCH,CO . .......- @& 
CHg°CH_*CHy*?CO —— CHyrCHyrCH, + CO 7. . 2 se eee 
oan m—— CHSCHACH, . . - ss we eee @® 
CHeCHCHe| > ect ee ee 





Rabinovitch, Schlag, and Wiberg, J. Chem. Phys., 1958, 28, 504. 
Blacet and Miller, J. Amer. Chem. Soc., 1957, 79, 4327. 

Knox and Trotman-Dickenson, Chem. and Ind., 1957, 731. 

Frey and Kistiakowsky, J. Amer. Chem. Soc., 1957, '79, 6373. 
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Photolyses in the presence of a large excess of ethylene yielded, in addition to the 
products found in the absence of ethylene, the various five-carbon olefins. Pent-l-ene and 
2-methylbut-l-ene were the major constituents of this group with smaller quantities of 
2-methylbut-2-ene and cis- and étrans-pent-2-ene. The total quantity of the five-carbon 
olefins indicated that approximately 8% of the trimethylene adds to the ethylene before it 
undergoes reactions (8) and (9). No cyclopentane was detected. Thus reactions (10) 


CHy’CHy'CH, + CyHy —— CHy[CH,]CH, - - - eee (ID 
CHg*[CHg]g°>CH, —— Cs olefins . . . . « « « + « CII) 


and (11) occur. It is rather surprising that the pentamethylene yields no cyclopentane, 
since it is clear from the experiments with cyclopentanone that hexamethylene gives some 
cyclohexane. 

Besides the five-carbon olefins, the only gaseous products were small quantities of 
propane and n-hexane. The presence of both of these compounds suggests that some 
hydrogen abstraction by the trimethylene occurs to yield propyl radicals. Combination 
and disproportionation would then account for the hexane and propane. 

In the third series of experiments, cyclopropane (a few mm.) was allowed to isomerize 
in the presence of a large excess of ethylene (1 atm.) at 475°. From the reactions 
of trimethylene formed in the photolysis of cyclobutanone, it was to be expected that if 
cyclopropane isomerized via trimethylene, then some pentenes would be formed. Blank 
experiments were performed with ethylene alone at 1 atm. pressure and at 475°. No 
compounds were formed from the cyclopropane-ethylene mixture that were not formed 
when ethylene alone was used. Further, although when ethylene was used alone small 
quantities of four-carbon and five-carbon olefins were produced, the relative amounts of 
these compounds did not increase when cyclopropane-ethylene mixtures were used; in 
particular the quantity of pent-l-ene did not increase. If trimethylene radicals were 
involved in the isomerization of cyclopropane then the results of the photolysis of cyclo- 
butanone indicate that considerable quantities of pent-l-ene should have been formed. 

While the temperatures in the photochemical and thermal decompositions differ con- 
siderably this should not invalidate the argument for the formation of five-carbon olefins 
in the thermal experiments. The cyclization or isomerization of trimethylene probably 
requires a very small energy of activation. In any case it will certainly be no greater than 
the energy of activation for its addition to ethylene, and is probably appreciably less than 
this. In these circumstances, if trimethylene were formed in the thermal isomerization, 
its rate of addition to ethylene at 475° compared with its rate of isomerization, would be 
greater than at 100°. It does not seem probable that the photochemically produced 
trimethylene is a ‘‘ hot” radical, and in any case since radical additions to olefins have 
rather low “ steric ”’ factors this is not likely to have any appreciable effect. 

The experiments described strongly suggest therefore that trimethylene is not an 
intermediate in the isomerization of cyclopropane to propene. 


UNIVERSITY OF SOUTHAMPTON. [Received, December 18th, 1959.) 
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551. Oxidations of Organic Compounds with Quinquevalent 
Vanadium. Part IV.1\ The Oxidation of Some «-Glycols. 


By J. S. Littrer, A. I. MALLET, and WiLtiAM A. WATERS. 


The oxidations by quinquevalent vanadium in sulphuric acid of eight 
a-glycols have been compared with the oxidations of pinacol and cyclo- 
hexanol. From kinetic measurements it is concluded that mono- and di- 
tertiary glycols are oxidised by C-C bond fission and that primary and 
secondary glycols are oxidised like monohydric alcohols by ;CH(OH) —» 
:CO conversion. Comparison of the relative rates of oxidation of a number 
of glycols and alcohols by a series of different oxidants indicates that pinacol 
can be oxidised by one-electron-abstracting agents and by chromium(v1) 
with exceptional ease. It is suggested that the determination of the relative 
rates of oxidation of pinacol and of another «-glycol and alcohol might be 
used to decide whether an oxidant effects one-electron or two-electron 
removal. 


In Part I (a)? it was reported that acid solutions of quinquevalent vanadium oxidise 
a-glycols with production of free radicals, and that immediate colour changes indicate that 
labile glycol-vanadium complexes are formed. To study the structural requirements for 
C-C bond fission by vanadium(v) in aqueous sulphuric acid the acid dependence of the 
rates of oxidation of the following glycols has been examined: cis- and trans-cyclohexane- 
1,2-diol, cis- and trans-1,2-dimethylcyclohexane-1,2-diol, butane-2,3-diol, 2-methylbutane- 
2,3-diol, propane-1,2-diol, ethane-1,2-diol. Further comparative measurements, when 
necessary, were made with both pinacol and cyclohexanol. 

Results.—Table 1 gives the initial rates of consumption of vanadium(v), at various 
acidities, by the compounds that have been examined. Since the ionic strengths and 
(HSO,)~ concentrations of the solutions were not kept constant, the rates of oxidation of 


TABLE 1. Oxidations of diols by vanadium(v) in aqueous sulphuric acid. 
[Substrate] = 0-Im; [VY] = 0-04m. Temp. = 60-0°. First-order rate constants, k, x 104 (sec.-). 
[HSOq] (™) 


Substrate * 0-0935 0-374 0-50 1-00 1:50 2-0 2-5 5-0 
1 a 0-2 5 0-48 1-15 1-77 2-93 —— 
2 -- 0-0439 — 0-140 0-291 0-533 0-809 -- 
3 — 0-281 — 0-576 0-833 1-41 2-84 _- 
4 0-524 _- — 1-083 1-648 — 4-49 -_- 
5 — 0-047 — — 0-26 — 0-654 — 
6 — — 0-052 — 0-391 -- 0-951 — 
7 —- — — 0-38 — 1-15 —- — 
8 — 1-82 --- 2-56 3-25 4-44 6-00 — 
9 — — -— 0-082 -- a 0-378 1-199 

10 —_ ca. 160 -- —- -- = ~ <= 


* Substrates: (1) cis-Cyclohexane-1,2-diol. (2) tvans-Cyclohexane-1,2-diol. (3) ¢vans-1,2-Di- 
methylcyclohexane-1,2-diol. (4) cis-1,2-Dimethylcyclohexane-1,2-diol. (5) Ethane-1,2-diol. (6) 
Propane-1,2-diol. (7) Butane-2,3-diol. (8) 2-Methylbutane-2,3-diol. (9) Cyclohexanol. (10) 
Pinacol. 

TABLE 2. Rates of oxidation of diols by vanadium(v). 


Substrate * 1 2 3 4 5 6 7 8 9 10 
Rate of acid-dependent oxid- 
ation, relative to that of 


CURIE nctwtncedsecvennces 69 205 3:9 7:3 1:7 245 44 10-0 1-00 _ 
Rate of oxidation by VO,*, 104% 
BT occsctdisseninciipeeeinsces 0 0 0-21 0-47 O 0 0 163 0 ca. 160 


* As for Table 1. With substrates (3), (4), and (8) the acid-dependent rate only refers to the range 
0—1-5m-acid; with the others it refers to the whole range (0—2-5m). 





1 Part III, Littler and Waters, J., 1959, 4046. 
2 Part I, Littler and Waters, J., 1959, 1299; Part II, Littler and Waters, J., 1959, 3014. 








2762 Littler, Mallet, and Waters: Oxidations of Organic 


TABLE 3. 
Moles of VY consumed 
1,2-Diol per mole of diol End products 
trans-Cyclohexane- 10 Formic and glutaric acids 
cis-Cyclohexane- 10 Formic and glutaric acids 
trans-1,2-Dimethylcyclohexane- 3* Mixture of ketones 
cis-1,2-Dimethylcyclohexane- 2° Mixture of ketones 


* Increasing on long reaction. 


the compounds were not proportional to the acidity. However, for the majority of the 
glycols, the ratio (rate of oxidation) : (rate of oxidation of cyclohexanol at the same acidity) 
was constant. For the remaining glycols, which evidently resemble pinacol in being 
oxidised by the ion VO,* as well as by V(OH),?* and (VO,OH,,SO,)*, the rates of oxidation 
do not extrapolate to zero rate at zero acidity (see Fig. 1). Table 2 gives, for the latter 
glycols, the relative rates of the acid-dependent and acid-independent oxidation processes. 


Acidity (moles of H,80, /sitre) 
(@) ie) i) 20 2s 
6-0 T T T 1 








Fic. 1. Rate of oxidation of diols compared with that 
of cyclohexanol at the same acidity. 


10%k(sec”') for diol 








0 0/0 0:20 0-30 0-40 
10*k (sec”’),for cyclohexanol (O-/m) 


TABLE 4. 


(a) Optical density per cm. (D) at 300 my of solution of trans-cyclohexane-1,2-diol containing 0-10mM-VY 
and 1-87M-H,SO,. Quartz cell. 


[Diol] (wm) D  Df{diol] [Diol] (w)  D D|[diol] [Diol] (w)  D D| [diol] 


0 0 — 0-08 1-28 16-0 0-14 2-33 16-6 
0-04 0-60 15 0-10 1-61 16-1 0-16 2-65 16-5 
0-06 1-01 16-8 0-12 1-98 16-5 0-20 3-22 16-6 

Mean 16-3 


(b) Optical density per cm. (D) at 300 my of solution of 0-2m-tvans-cyclohexane-1,2-diol containing 
0-10M-VY and various amounts of acid. 
Rate of oxidation 
of cyclohexanol 


[H,SO,] (mM) D 104% (sec.~") D](k x 104) 
0-93 0-98 0-075 13-1 
1-4 1-85 0-14 13-2 
1-87 3-32 0-225 14-7 
2-35 5-7 0-33 17-2 
2-8 10-7 0-46 23-2 
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Table 3 gives the final equivalent consumption of vanadium(v) when the oxidations of 
some of the glycols have been carried out to completion. 

Table 4 gives the initial optical density at 300 my of solutions of trans-cyclohexane-1,2- 
diol containing 0-10M-vanadium(v) in 1-87m-sulphuric acid, together with the optical 
density of 0-20m-solutions of the diol and 0-10M-vanadium(v) in sulphuric acid of varying 
concentration. This Table, when correlated with Table 1, clearly shows that the extent of 
formation of a red 1 : 1 glycol-vanadium(v) complex is proportional, at moderate acidities, 
to the rate of oxidation of the tvans-cyclohexanediol, which follows that of cyclohexanol. 


DISCUSSION 


Any interpretation of diol oxidation by vanadium(v) must provide an explanation for 
(i) the distinction between those diols which are oxidised by VO,* and those which are not; 
(ii) the remarkable ease of oxidation of pinacol, compared with that of other diols which 
have been examined, and (iii) the differences between the rates of oxidation of cyclo- 
hexanol and the cyclohexane-1,2-diols. 

(1) The diols which are oxidised to a detectable extent by VO,* are those which contain 
a tertiary hydroxyl group. For these glycols which must be oxidised by C-C bond fission, 
the graph of oxidation velocity against that of cyclohexanol is not linear at acidities above 
1-5m, and consequently a different reaction mechanism must operate. This plot can only 
be linear if the substrate and cyclohexanol are oxidised at the same relative rates by both 
V(OH),** and the corresponding sulphate complex (see Part III +), and if the salt effect is 
identical in both reactions. Neither of these conditions can be expected to be fulfilled 
when the mechanism of oxidation differs from that of cyclohexanol. 

The great difference of oxidation rates (ca. 100-fold) between pinacol and the isomeric 
1,2-dimethylcyclohexane-1,2-diols must be due to stringent steric requirements in the 
transition state of the reaction. Three different mechanisms can be written for C-C 


Me,c—OH Me,C—OH 
ae — + v'’ + Ht -------- (1) 
ay 2° ROxPyOr asthe 
Me,CpRO7R Me,C=O 
|." H & —> . + v’ + H* --------- (2) 
_H 
~~ Xo Me,C -OH ™ Se 
——> + v'’ + pt --------- (3) 
Me,C es rim Me,C=O 
H 


(111) 


fission by vanadium(v). Mechanism (1), proceeding via an acyclic transition state (I), 
has no steric limitations, whilst the — for mechanism (2), proceeding via a 


‘ ail 
Yeon, Yoo, /\ 5 -V0H 
| 


| 
(Iv) H OH I) 


hydrogen-bonded seven-membered structure (II) are not stringent. Mechanism (3) involyes 
the formation of a nearly planar five-membered chelate ring (III), and will be greatly 








2764 Littler, Mallet, and Waters: Oxidations of Organic 


hindered if this ring is fused to a six-membered ring. Models, in which the V—-O distance ® 
is taken as 1-86 A, show that while bicyclic structures such as (IV) are nearly strainless in 
the case of cyclohexane-1,2-diol, yet structures (V) for the dimethyl-diols are considerably 
strained in comparison with both (IV) and (III). Consequently the stability constant K 
for the complex formation, 


K 
diol -+- VY == complex 


would be lower for structure (V) than for (IV), and this would reduce the oxidation rate. 

(2) Models of the di-tertiary glycol complexes (III), (IV), and (V) also show that, if the 
five-membered chelate ring is to be strainless, then it must be planar or almost so. Hence, 
the methyl groups in the pinacol complex (III) must be considerably occluded. This 
proximity of groups will impose a considerable strain on the C-C bond which is to be split 
in the ensuing oxidation, for the Me-Me interaction barrier can be estimated * at ap- 
proximately 4-8 kcal./mole. In this way it is possible to account for the considerable ease 
of oxidation of pinacol as compared with that of butane-2,3-diol which, though it may 
form an analogous complex, is not oxidised by C-C bond fission (see below). Other 
reasons for the faster oxidation of pinacol than of 2,3-butanediol, by C-C bond fission, are 
(a) the inductive effect of the two methyl groups which will operate so as to increase the 
stability constant K of the more methylated diol complexes, and (d) the stability of the 
2-hydroxy-2-propyl radical formed by the oxidation. 

With cis- and trans-cyclohexanediols the two hydroxyl groups can achieve coplanarity 
more easily in the cis-isomer.® If this difference is not affected by the extra methyl groups, 
then the stability of complex (V) will be greater when formed from the cis-1,2-dimethyl- 
cyclohexane-1,2-diol than from its isomer. Infrared measurements of trans-cyclohexane- 
1,2-diol and ¢rans-1,2-dimethylcyclohexane-1,2,-diol in carbon tetrachloride (0-01mM- 
solution) show that the former has a sharp OH peak at 3637 cm." and a broad (hydrogen 
bonded) one at 3603 cm.-!, while the latter has a sharp peak at 3634 cm. and a broad one 
at 3595 cm.. In the di-secondary diol the hydrogen-bonded peak is the more intense, 
while in the di-tertiary diol the peaks are of equal intensity. The broad peaks indicate 
that intramolecular hydrogen bonding occurs in both molecules. Consequently, their 
hydroxyl groups are normally in the di-equatorial conformation which is required for 
formation of a chelate complex. 

(3) Fig. 1 indicates that the cis- and trans-cyclohexane-1,2-diols and also ethane-1,2- 
diol, propane-1,2-diol, and butane-2,3-diol are all oxidised by the same mechanism as is 
cyclohexanol, #.¢., CH(OH) —» C=O (see Part III#). For érans-cyclohexane-1,2-diol the 
more stable conformation is that having the two hydroxyl groups equatorially oriented.® 
In these circumstances the environment of each hydroxyl group is very similar to that of 
the hydroxyl group in cyclohexanol itself. Therefore with the diol the statistical expect- 
ation is that the oxidation rate should be about twice that of cyclohexanol. Since each 
hydroxyl group may inductively affect the rate of oxidation of the other, the observed rate 
factor of 2-05 is rational. 

The oxidation of the cis-diol is faster than that of the ¢rans- by a factor of 3-36. Now 
in both the trans-diol and cyclohexanol the hydrogen atom which is removed in the oxid- 
ation is axially oriented; the cis-diol has one equatorial hydrogen atom on a carbinol 
group. C-H bond fission is the rate-determining process of cyclohexanol oxidation, and, 
as Winstein and Holness’? have pointed out in the case of chromic acid oxidations, the 
breakage of an axial C-H bond is hindered with respect to that of an equatorial C-H. 
For this reason cis-cyclohexane-1,2-diol should, and in fact does, react more rapidly. 


% Chemical Society Special Publication No. 11, 1958; Interatomic Distances. 

* Klyne, “ Progress in Stereochemistry,”’ Vol. 1, p. 36, Butterworths, London, 1954. 
® Angyal and Macdonald, J., 1952, 686. 

® Cole and Jefferies, J., 1956, 4391. 

? Winstein and Holness, J. Amer. Chem. Soc., 1955, '77, 5562, 
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Though the czs-diol could well form the reaction complex (VI) less easily with the 
vanadium(v) species at the axial hydroxyl group, it appears that this does not greatly 
reduce the oxidation rate, and indeed Kwart and Francis § have suggested the opposite. 

The relative oxidation rates of ethylene, propene, and butene glycols can be ascribed 
to the J+- inductive effect of the additional methyl groups. 

The kinetics of the oxidation of 2-methylbutane-2,3-diol show features of both pinacol 
and monohydric alcohol types, in that it is oxidisable by VO,*, while the acid dependence 
does not depart greatly from that of alcohol oxidation. Evidently both mechanisms 
are operative concurrently. 

Further Implications—We have shown above that oxidation of diols by a typical 
1-electron oxidant, vanadium(v), can be explained in terms of (a) alcohol-type oxidation of 
secondary and primary hydroxyl groups and (b) C-C fission via a chelate complex when 
tertiary hydroxyl is present. Table 5 shows that pinacol is oxidised considerably more 


TABLE 5. 
CrVi 

Oxidant and Pb(OAc),; HOAc; 35—40°; 25°; 
conditions 20° H,10,; 0° [H+] = 0-2—0-22m [H*] = 2-8m 
Substrate k”’ k’ K A” hk” 

1 840 3300 400 -- 3470 
2 35-5 165 1000 _ 611 
7 1465 (racemic) 308 8000 (—) 68 x [H*}* _- 
61-7 (meso) 182 373 (meso) ({H*] = 0-22m) 40° 
10 90 hk” = 4x [H*) 1500 x [H*] — 
[H*] = 0-22m 40° 
Monohydric alcohols v. slow Not attacked 13-3 x [H+]? 579 
[H*] = 0-20m 35° 
(PriOH) 
References 12 9, 13, 14 15, 16 17 
Mn"! vv CelV 
0-12mM-pyrophosphate ; 

Oxidant and pH 0-19—0-20m; Aqueous H,SQO,; H,SO,; HCIO,; 
conditions [Mno™!) = 1-8 x 10m 60° 50° 25° 
Substrate k”’ k’’, related nr k’ K 

to cyclohexanol 
1 ca. 0-75 (40°) 6-9 -—— _— _- 
2 ca. 0-05 (40°) 2:05 _- ~- -- 
7 —- 4-4 210 225 17 
(meso) 
10 ca. 48 (35°) ca. 160 620 —- 
Monohydric alcohols Not attacked 1-00 k’ K 66 8-8 
1-38 13 
(cyclohexanol) (cyclohexanol) (EtOH) 
References 10, 18 19, 20, 21 22, 23 


k’”’, in units (mole sec.-! x 104), refers to —(d/dt) [oxidant] = k” [substrate][oxidant]. 

K, in units (mole~), is the stability constant of the oxidant-substrate complex. 

k’, in units (sec. x 10*), is the first-order constant for the decomposition of any complex. In 
dilute solution, or when K is small, k’K = k” (approx.). 


easily than less methylated glycols by vanadium(v) and manganese(1m), and, to a less 
marked extent, by cerium(Iv), which are all one-electron oxidants, and also very rapidly 
by chromium(v1). No such effect is observed with the known two-electron oxidants, lead 
tetra-acetate and periodic acid, which oxidise cis-cyclohexane-1,2-diol or racemic butane- 
2,3-diol much faster than pinacol. On this basis one can tentatively correlate the easy 
oxidation of pinacol with a one-electron mechanism; if so, then chromium(v!) may in this 
case be behaving as a one-electron oxidiser. A five-membered ring is not the essential 
8 Kwart and Francis, J. Amer. Chem. Soc., 1959, 81, 2116. 


® Buist, Bunton, and Miles, J., 1959, 743. 
” Levesley, Waters, and Wright, /., 1956, 840. 
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requirement for C-C bond fission of a glycol, since periodic acid does not oxidise pinacol 
particularly easily, and does form a cyclic complex.® The rapidity of oxidation of pinacol 
by one-electron oxidants is considered further in the following paper. 


EXPERIMENTAL 


Materials—The vanadium solutions, cyclohexanol, and pinacol were prepared by the 
methods of Parts I—III.4? cis- and trans-Cyclohexane-1,2-diol and cis- and trans-1,2-di- 
methylcyclohexane-1,2-diol were prepared by the methods described by Levesley, Waters, and 
Wright. The butane-2,3-diol, b. p. 184°, was a fractionated sample of commercial material 
(t.e., a mixture of stereoisomers). 2-Methyl-2,3-butanediol, b. p. 177°, was prepared by 
dehydrating t-pentyl alcohol and oxidising the resulting pentene with performic acid, and 
propane-1,2-diol, b. p. 189°, was prepared by hydrolysis of propene oxide. 

Kinetic Measurements.—These were carried out at 60° + 0-1° as in Part II.2. Good first- 
order plots were obtained when neutral diol solutions were added to vanadium(v) solutions of 
the required acidity so that pinacol—pinacolone rearrangements of the diols were minimised. 
Fig. 2 shows the effect of pre-treating ¢vans-1,2-dimethylcyclohexane-1,2-diol for 1 hr. with 
2-8m-sulphuric acid to form some dimethylcyclohexanone before the oxidation was allowed to 
commence. The observed reaction velocities were unchanged when the reactant solutions were 
air-freed by sweeping out with nitrogen. 


ror 


+ 








* Fic. 2. Effect of pinacol—pinacolone reaction. 
4 ost + Diol added to VY acid mixture. 
cS) © VY added to diol—acid mixture after 1 hr. 
s a Final acidity = 2-5m-H,SQ,. 
° zie" 
- 9 -O- 
o on ; 
co) 50 100 
Time (min) 


Stoicheiometry of the Reactions.—Diol solutions were kept for several days at 60° with a 
known large excess of vanadium(v) and were titrated at intervals. Formic acid, when formed, 
was identified by the chromotropic acid test," and glutaric acid by its m. p. and mixed m. p. 
Ketones were identified as 2,4-dinitrophenylhydrazones but were not separated. 

The infrared measurements were carried out on a Unicam S.P. 100 double-beam grating 
spectrophotometer, and the ultraviolet measurements on a Unicam S.P. 500 spectophotometer. 
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552. Oxidations of Organic Compounds with Quinquevalent Vanadium. 
Part V.1. A Comparative Study of the Oxidation of Alcohols and 
Glycols by Cerium(tv), Vanadium(v), and Chromium(v1). 

By J. S. LitrLerR and WILLIAM A. WATERS. 


The rates of oxidation of a number of glycols have been measured in both 
water and deuterium oxide using as oxidants vanadium(v), cerium(rv), and 
chromium(v1) in sulphuric acid. Differences between the mechanisms of 
oxidation by these reagents are discussed. 


In Part IV,! from studies of the rates of oxidation of a series of «-glycols by vanadium(v), 
it was concluded that two mechanisms, viz., oxidation of ;CH(OH) to ‘C=O as in alcohols, 
and fission of the C-C bond as in pinacol, operate. The latter mechanism appeared to 
require the formation of a vanadium-glycol chelate complex. By the method of Chang 
and Westheimer,” in which are compared (a) the rates of oxidation of pinacol in water and 
deuterium oxide, and (b) the rates of oxidation of pinacol and its monomethy] ether, further 
evidence for chelate formation has been obtained. The oxidation of 2,3-dideuterobutane- 
2,3-diol has been shown to occur by CH(OH) —» C=O conversion, since there is a definite 
isotope effect with vanadium(v) and chromium(v1) though this is uncertain with cerium(Iv). 


TABLE 1. (A) Oxidations by vanadium(v) at 50° (except where indicated). 


[Substrate] [Oxidant] (H+) Rate, 10% — 10% _ 
Substrate * (m) (N) (m) Solvent (sec.-1) [Substrate] kulkp 

1 0-149 0-049 2-9 H,O 11-7 ¢ 78-5 } 0-89 
1 0-152 0-051 2-9 D,O 13-4 ¢ 88-0 

1 0-149 0-049 0-5 H,O 5-96 t 40-0 } 0-81 
1 0-152 0-051 0-5 D,O 9-0 t 59-2 

2 0-105 0-049 5-3 H,O 1-0 9-52 } 0-68 
2 0-095 0-051 5-3 D,O 1-36 14:3 

3 0-134 0-049 5-3 H,O 2-56 19:1 } 0-74 
3 0-134 0-051 5:3 D,O 3-45 25-8 

3 0-176 0-049 5:3 H,O 3-15 17-9 

4 0-171 0-049 5:3 H,O 0-96 5-6 

5 0-124 0-049 5:3 H,O 1-58 12-7 

6 0-0426 0-05 5-9 H,O 2-37 57 } 2-7 
7 0-0169 0-05 5-9 H,O 0-356 21-1 

8 0-032 0-05 1-06 H,O 1-28 37-6 

1 0-053 0-05 1-06 H,O 32 604 

9 0-073 0-05 5-9 H,O too fast — 
10 0-058 0-05 5-9 H,O <0-075 <13 


* Substrates: (1) Pinacol. (2) Cyclohexanol. (3) Ethane-1,2-diol. (4) Ethanol. (5) 
2-Methoxyethanol. (6) Butane-2,3-diol. (7) 2,3-Dideuterobutane-2,3-diol. (8) Pinacol monomethyl 
ether. (9) Acetoin, (10) t-Butyl alcohol. 


¢ Carried out at 25°. ¢ Carried out at 30°. 
(B) Oxidations by 0-049N-chromium(v1) at 50° in water (except where indicated). 
Substrate 6 TT 9 
SINE, eudessivcscscconisaneidcociens 0-0426 0-0169 0-073 
SEY dh snlisaeutsieiinsaiadiliensnddeias 0-25 0-25 0-25 
BPTD  esdcaksdendnseuccnonsssecnnbenecesnsess 3°5 0-354 2-51 
10*k/[Substrate] ........cccccceesseees 82-1 20-9 34-4 
BRIS | Wik shnsicetescstnsedinitadeiemnesehanion 3-93 
(C) Oxidations by 0-0044N-cerium(tv) at 50° in water (except where indicated). 
Substrate 6 7 7 8 1? 8* 1° 1 *t 10 
[Substrate] ...... 0:0682 0-0169 0-0338 0-032 0-10 0-032 0-053 0-053 0-058 
ERED cacccsvassvcecs 0-272 0-272 0-272 0-112 0-112 0-096 0-096 0-096 0-272 
BD sccsercissceres 13-6 3-5 5-9 24 — 1-23 5°37 5-25 0-05 
104k /[Substrate] 198 192 175 750 618 37-2 101 99 0-86 
BIRD ocecccssescenss 1-02 
* Oxidations at 25°. t+ D,O solvent. t Calculated from ref. 15. 





1 Part IV, Littler, Mallet, and Waters, preceding paper. 
2 Chang and Westheimer, J. Amer. Chem. Soc., 1960, 82, 1401. 








2768 Littler and Waters: Oxidations of Organic 
Resulis.—Table 1 gives the rate of consumption of oxidant by the different compounds, 
and the ratios ky/kp which express the effect of replacing hydrogen by deuterium either in 


TABLE 2. Reaction orders with respect to the organic substrate. 
Temperature = 50°; k” = second-order rate constant. 


Substrate 6; {Substrate] (m) 0-0852 0-0682 0-0511 0-0341 

[VY] = 0-05n; 10*k 0-92 0-70 0-54 0-39 

[H*] = 3-46m 10*k/[Substrate] 10-7 10-3 10-5 11-5 
Mean value of k” = (10-8 + 0-4) x 10 mole™ sec.. 

Substrate 6; [Substrate] (m) 0-119 0-0852 0-0511 0-0170 

[CrY] = 0-049n; 104k 28-8 21-4 13-2 4-1 

{H*] = 0-48m 104% /[Substrate] 241 251 258 241 
Mean value of k” = (248 + 7) x 10 mole sec.-. 

Substrate 6; [Substrate] (m) 0-1278 0-0852 0-0682 0-0426 

[Cel] = 0-004n; 10°? 28 18 13-6 9-9 

{H*)] = 0-272m 10*k/[Substrate] 219 211 198 232 
Mean value of k’’g = (215 + 12) x 10-* mole™ sec.. 

Substrate 7; [Substrate] (m) 0-0169 0-0338 

[Cet¥] = 0-0044n; 104? 3-25 5-9 

[Ht] = 0-272m 10*/[Substrate] 192 175 
Mean value of k’’p = (183 + 9) x 10-4 mole“ sec... 

Substrate 4; [Substrate] (m) 0-300 0-200 0-100 

[Ce!¥] = 0-0044n; 10% 2-03 2-27 2-57 

{H*] = 0-272m 10*k/[Substrate] 6-77 11-35 25-7 

Substrate 3; [Substrate] (m) 0-300 0-200 0-100 

[Cet¥] = 0-044n; 104k 2-20 2-16 2-08 

[H+] = 0-272m 10*k/[Substrate] 7°33 10-8 20-8 

Substrate 5; [Substrate] (m) 0-304 0-203 0-101 

[Ce!Y] = 0-044n; 10*k 1-4 1-86 2-03 

[H*] = 0-272m 10*k/[Substrate] 4-6 9-16 20-1 


the compound or in the solvent, as indicated. In a few cases it was necessary to confirm 
that the reaction was of first order with respect to the organic substrate: Table 2 gives the 
relevant data for butane-2,3-diol, which shows that there is no detectable complex form- 
ation between the reactants. From Table 1 it can be seen that the oxidation of pinacol by 
vanadium(v) is slightly faster in deuterium oxide, and the oxidations of cyclohexanol and 
ethylene glycol are rather more affected. 

When ceric sulphate is the oxidant pinacol is oxidised at the same rate in both water 
and deuterium oxide. Methylation of one hydroxyl group of pinacol very markedly 
decreases the rate of oxidation by vanadium(v) (ca. 16:1) but it has much less effect 
(ca. 3:1) on the rate of oxidation by cerium(Iv). The rates of oxidation of ethylene 
glycol, ethylene glycol monomethyl ether, and ethanol by vanadium(v) and cerium(tv) 
differ so little that polar effects may suffice to explain the difference. It is noteworthy 
that the rate of oxidation of these substrates by cerium(Iv) decreases with increasing 
substrate concentration. This would be consistent with the formation of a cerium(tv)- 
substrate complex which resists oxidation. Since we assume that the 1 : 1 complexes are 
those which take part in the oxidation, the inert complexes must contain a higher 
proportion of substrate molecules. 

The oxidation of butane-2,3-diol by vanadium(v) is faster than that of the deuterated 
compound by a factor of 2-7; this is a smaller factor than that observed ° in the oxidation 
of cyclohexanol (ky/kp = 4-5). An isotope effect of 3-9 was observed when chromium(v1) 
was the oxidant (Westheimer and Nicolaides * found ky/kp = 6 for isopropyl alcohol), but 
no evident isotope effect has been observed with cerium(rv). 

A trace of impurity in the 2,3-dideuterobutane-2,3-diol gave an initial rapid reduction 
of part of the vanadium(v), but this was not noticed when chromium(v1) or cerium(Iv) was 
used. As shown in the Table, this is consistent with the presence of acetoin in the diol, as 


* Littler and Waters, /., 1959, 4046. 
4 Westheimer and Nicolaides, /. Amer. Chem. Soc., 1949, 71, 25. 
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its oxidation rate was too fast to be measured when vanadium(v) was used though it was 
of the same order of magnitude with chromium(v1). Attempted oxidations of t-butyl 
alcohol confirmed that simple tertiary alcohols are very resistant to oxidation. 


TABLE 3. Reaction orders with respect to acidity. 
(A) Substrate 8; 0-032m; [VY] = 0-05n; 50°. 


DUNGR  \<vssecppteckanieuivgeeshqnesawi pone 1-06 1-54 2-02 2-50 2-98 3°94 
DR icicbtndinieninysncpisescsvigesoaustnes 1-20 2-54 4-4 7-45 11-1 29 
PETS i Kuscvestinetouhtarbevssenesbs 1-13 1-65 2-18 2-98 3-72 7-36 
10*% * for oxidation of substrate 2 0-09 0-165 0-25 0-38 0-51 0-81 
ie. WN «. ebviencselabecedpdciedcipesina 13-3 15-4 17-6 19-6 21-8 35°8 
(B) Substrate 1; 0-053m, [Ce'Y] = 0-0044N; 25°; constant ionic strength; [HSO,-] = 0-24. 
PE watigissts<fobastenmpseeeniis 0-48 0-114 0-240 
WEEE igcdasnkenstsicensepacinsicatmmcseninns 2.92 2-76 3-2 
GRE, Riinsiaxcdosseptecsaepemnners 55 52 60 Mean value 
k” = (56 + 3) x 10° mole* 
sec. 


* Interpolated from Part IV. 


Table 3 shows the acid dependence of the oxidation of pinacol monomethyl ether by 
vanadium(v). A plot of these figures passes through the origin, showing that there is no 
detectable oxidation by the species VO,* (contrast Fig. 1 in Part 15). The increase of 
oxidation rate with acidity is also rather more rapid than that of secondary alcohols under 
similar conditions (Part IV 1). There are also recorded three experiments which show that 
in the range 0-05—0-25m-acid, the oxidation of pinacol by ceric sulphate solutions is not 
noticeably hydrogen-ion dependent. 


DISCUSSION 

From the fact that only secondary isotope effects are observed when pinacol is oxidised 
by chromium(v!) in deuterium oxide, and that pinacol monomethyl ether is oxidised 
considerably more slowly than is pinacol itself, Chang and Westheimer? have deduced 
that the oxidation of pinacol proceeds by a mechanism involving a chelate complex of 
glycol and chromium(v1) (II), which then decomposes. The secondary isotope effects arise 
from the acid—base equilibria between various forms of the oxidising agent, as a protonated 
species is a weaker acid in deuterium oxide than in water ® by a factor which is often about 2. 
This means that if V(OH),** [or V(OD),**] is the oxidant (as with cyclohexanol) the 
reaction should be faster in deuterium oxide than in water, as is observed, for there is a 
greater concentration of oxidant present at any particular acidity. On the other hand 
pinacol, which is oxidised by both VO,* and V(OH),**, should not show so large an effect. 
When ceric sulphate is used, there is no appreciable acid dependence in the range studied, 
and so the secondary isotope effect which should be small is in fact negligible. So in 
neither case is it necessary to postulate a primary isotope effect involving fission of the 
deuterium-replaceable O-H bonds of the pinacol. Now, pinacol monomethyl ether is 
easily oxidised by cerium(rIv) but not at all by VO,* and rather slowly by V(OH),** or its 
sulphate complex. Thus, it would appear that vanadium(v) oxidises pinacol by decom- 
position of a chelate complex (I), while cerium(Iv) does not [cf. (IIT)]. 

The mechanism suggested in Part I involving a complex of type (III) must therefore 
be amended, as shown above, but it appears to be applicable, mutatis mutandis, to the 
oxidation of pinacol or its monomethyl ether by ceric sulphate. The data on ethanol 
derivatives show that ethylene glycol is not oxidised by vanadium(v) by this cyclic 
mechanism. Correspondingly the oxidation of 2,3-dideuterobutane-2,3-diol is un- 
doubtedly that of an alcohol, i.e., >;CD(OH) —» ‘C=O. Since there is an isotope effect 
with butane-2,3-diol when chromium(v!) is used, it is evident that this oxidant 
preferentially oxidises secondary alcohols at the ?;CH(OH) group rather than by C-C 
fission.? In the oxidation of glycols by cerium(rv), however, the absence of a pronounced 


> Littler and Waters, J., 1959, 1299. 
® Moelwyn-Hughes and Bonhoeffer, Z. Electrochem., 1934, 40, 469. 
7 Slack and Waters, J., 1949, 594; Chatterji and Mukherjee, Z. phys. Chem., 1958, 208, 281. 
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isotope effect implies that butane-2,3-diol may be oxidised primarily by C-C fission. This 
is confirmed by examination of the volatile products of this reaction: C-C fission would be 
expected to give acetaldehyde, as found; if it did not occur, the first oxidation product 
would be acetoin, which on further oxidation gives considerable quantities of biacetyl. 


Me.C aS , Me,c—© Me,c-OH Me,c-O-Me (a) 
|” CSV(OH), | rH, fy 
Me,C—o Me,C ~O Me,C&os_¢,!Y Me.C~ oy (b) 
(I) (1) (ty) (IV) 


Since complex formation between butane-2,3-diol and cerium(Iv) was not kinetically 
detectable, the oxidation of this diol resembles that of pinacol rather than that of ethylene 
glycol. That C-C bond fission of glycols is not a general reaction of cerium(Iv) is indicated 
by the similarity of the oxidation rates of ethylene glycol, ethanol, and ethylene glycol 
monomethy] ether. 

The rates of oxidation of t-butyl alcohol by all three oxidants are very small. This 
shows that the methoxy-group (a) in pinacol monomethy! ether (IV) is having a profound 
effect on the stability of the tertiary alcohol group (b) quite apart from the fact that ether 
(IV) cannot form a complex of type (I). In oxidations with both cerium(Iv) and 
vanadium(v) the radical product of C-C bond fission, 7.e., *CMe,*°OH or -CMe,*OMe, is much 
more stable than the radicals CH,* which could be produced by a similar oxidation of 
t-butyl alcohol. This probably accounts for the ease of oxidation of the ether (IV). 

The acid dependence of the oxidation of the ether (IV) by vanadium(v) is not identical 
with that of a normal secondary alcohol but increases rather more rapidly with acidity 
(Table 3). This indicates that the two species V(OH),** and (VO,OH,,SO,)* responsible 
for oxidation of alcohols in sulphuric acid solutions (Part III *) may oxidise this ether (IV) 
at different relative rates. 

The mechanisms of oxidation of glycols and pinacol by vanadium(v) put forward in 
Part IV of this series are therefore confirmed, but cannot be extended to the somewhat 
more powerful oxidant cerium(Iv). This may be due to the reduced selectivity that would 
be expected with the use of a more powerful oxidant, evidently capable of oxidising pinacol 
without the formation of a cyclic complex. In an acyclic mechanism the conformation of 
the glycol can remain in the most stable (staggered) position, but with the weaker 
vanadium(v) as oxidant it is necessary to strain or stretch the central C-C bond to form 
the much more eclipsed structure of the cyclic complex (I). If, as inferred, cerium(1v) 
oxidises both pinacol and butane-2,3-diol by the same acyclic mechanism, it is clear why 
their rates of oxidation only differ by a factor of 3 (cf. Table 5, Part IV) and why both rates 
are considerably greater than the rates of oxidation of cyclohexanol, ethanol, or ethylene 
glycol. 

The structures of the complexes (V), (VII) and of the transition states (VI), (VIII) for 
oxidation of pinacol by a one-electron oxidant (VO,*) and by a two-electron oxidant 
(IO,~) § have different steric requirements: 


al 
Mexc—Q | MesCHe , Me,C=O 
(OH)2 |- <V(OH)2 —> 
Me,C--.0' Me,C --.. 6” Me,c-O-v'" 
(Vv) (VI) 
—o OH __o 9H 
Me,C \Lo MeCF aw xe) Me,C=O 7 
“o> a*o- oe = 
Me2C-~.6/ bu Me,C“o bes Me,C=O 


(VII) (VIII) 
® Buist, Bunton, and Miles, J., 1959, 743. 
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Both (V) and (VII) can have a puckered five-membered ring that relieves the Me-Me 
interaction. The transition state (VI) retains this conformation, as the electron move- 
ment involves only one of the oxygen atoms. However, in (VIII) the cyclic electron- 
switch involves the whole ring, which must therefore be coplanar. Thus there will be an 
energy of activation in passing from (VII) to (VIII) which has no parallel in the transition 
from (V) to (VI). It is generally observed that a reaction involving a cyclic electron shift, 
as in (VIII), is easy. In this way one can explain why the relative ease of oxidation of 
glycols by periodic acid depends entirely on the steric requirements of complex formation 
and decomposition,® and not at all on whether the glycol contains a tertiary hydroxyl group. 
There is no similar facilitation in any one-electron oxidation of a glycol, though steric 
effects and the increased stability of tertiary radicals do favour C-C fission of glycols 
containing one or two tertiary hydroxyl groups. 


EXPERIMENTAL 

Materials.—Vanadium(v) solutions were prepared as in Part II. Ceric sulphate was made 
up from B.D.H. ceric sulphate ‘ low in other rare earths.”’ 

The deuterium oxide, supplied by Norske Hydro, was of 99-8% purity. Deuterosulphuric 
acid was prepared from this by treatment with sulphur trioxide; its concentration was checked 
by titration. 

Cyclohexanol was purified as described in Part III.* 

Acetoin (B.D.H.) was washed first with alcohol, then with ether, and sucked dry. 

t-Butyl alcohol (B.D.H.) was used as supplied. 

Pinacol monomethyl ether was prepared by Lindner’s method.’ The relative oxidation 
rates and vapour-phase chromatogram peak areas of two fraction, b. p. 147—148° and 149— 
150°, that contained only the pinacol mono- and di-methyl ethers were compared. On the 
assumption that pinacol dimethyl ether was not oxidised, the linear relationship between 
vapour-phase chromatogram peak area and composition indicated that the fractions contained 
60 + 5 and 75 + 5% of the monomethy]l ether respectively. The fraction of b. p. 149—150° 
was used, without further purification, for kinetic studies. 

2,3-Dideuterobutane-2,3-diol was prepared by lithium aluminium deuteride reduction of 
biacetyl (cf. preparation of 1-deuterocyclohexanol*). The protium compound used for 
comparison was prepared in an identical manner, and had an infrared spectrum identical with 
that of fractionated commercial butane-2,3-diol. It presumably is a mixture of the meso- and 
DL-isomers. For the product studies the latter material (b. p. 180°, m. p. 19—21°) was used. 

Kinetic Measurements.—All reactions were carried out in a 2-mm. quartz cell mounted in an 
Adkins thermostatically controlled cell holder, giving temperature control to +0-2°. This 
fitted into a Unicam S.P. 500 spectrophotometer. For oxidations by vanadium the increase in 
concentration of vanadium(iv) was observed at 750 my; !* for those by cerium(Iv) the decrease 
in concentration of cerium(Iv) was observed at 380 my,!* and for those by chromic acid the 
decrease in concentration of chromium(v1) was observed at 350 mu. Solutions of the reactants 
were prepared by adding to weighed material, in test-tubes closed by serum caps, measured 
volumes of solvent from an ‘‘ Agla’”’ micrometer syringe. By using the micrometer syringe, 
reaction mixtures (1 ml.) were made up by volume in test-tubes closed by serum caps, shaken, 
and then rapidly transferred by syringe to the spectrophotometer cell. For vanadium(v) 
oxidations in deuterium oxide the stock of oxidant solution was made up from solids so that the 
final water was still 98-8°% in deuterium oxide, but in the ceric oxidations, as only 0-05 ml. of 
cerium(rtv) solution was used per 1 ml. of reaction mixture, ceric sulphate dissolved in ordinary 
water was used, so the final solution contained 95% of deuterium oxide. 

Examination of Volatile Products—Butane-2,3-diol or acetoin (1 g.) was dissolved in 2n- 
sulphuric acid (50 ml.) at 100° and solid ceric sulphate was added.15_A brisk current of carbon 

® Littler and Waters, J., 1959, 3014. 

10 Lindner, Monatsh., 1911, 32, 403. 

11 Loewus, Westheimer, and Vennesland, J. Amer. Chem. Soc., 1953, 75, 5018. 

12 La Salle and Cobble, J. Phys. Chem., 1955, 59, 519. 

13 Hargreaves and Sutcliffe, Trans. Faraday Soc., 1955, 51, 786. 

14 Hepler, J. Amer. Chem. Soc., 1958, 80, 6181; Cohen and Westheimer, ibid., 1952, 74, 4387; 
Cardone and Compton, Analyt. Chem., 1952, 24, 1903. 

18 Mino, Kaizerman, and Rasmussen, J. Amer. Chem. Soc., 1959, 81, 1494. 
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dioxide was passed through the liquid, up a reflux condenser, and then into solutions 
of (a) saturated aqueous dimedone, and (b) 2,4-dinitrophenylhydrazine sulphate in methanol. 
The volatile products from the oxidation of the diol gave a dimedone derivative, m. p. 140° 
(cf. acetaldehyde derivative, m. p. 140°), and a 2,4-dinitrophenylhydrazine derivative, m. p. 
144° (cf. acetaldehyde derivative, m. p. 148°). The products from oxidation of acetoin gave 
a small quantity of dimedone derivative, m. p. 140°, and a 2,4-dinitrophenylhydrazine derivative 
which softened at 144° and melted at ca. 250° (cf. biacetyl bisdinitrophenylhydrazone, m. p. 
315°). Hence the volatile product of the diol oxidation is substantially pure acetaldehyde, 
whilst those of oxidation of acetoin contain a little acetaldehyde but mainly consist of biacetyl. 
This was also evident from the odour of the vapour. 


One of us (J. S. L.) thanks the Salters’ Company for a Scholarship. 


THE Dyson PERRINS LABORATORY, OXFORD. [Received, December 4th, 1959.] 
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553. Oxidations of Organic Compounds with Quinquevalent Vanadium. 
Part VI. Carbon—Carbon Bond Fission in the Oxidations of 2-Phenyl- 
ethanol and «-t-Butylbenzyl Alcohol. 


By J. R. Jones and WILLIAM A. WATERS. 


MosHER and his colleagues ? have directed attention to the fact that several secondary 
alcohols suffer some carbon-carbon bond fission when oxidised by chromic acid and have 
suggested that this may be due to transient oxy-cation formation (A). Hampton, Leo, 
and Westheimer,® who have studied this bond fission with «-t-butylbenzyl alcohol, have 
—p R°CO'R’ + Ht 
(A) RR’CH*OH ——® RR’CH:Ot —— 
—e RCHO + R’* ——» R’OH 


set forth evidence that an ion of chromium(v) may be effecting the bond fission process 
for which a mechanism (B) involving oxy-radical formation has been proposed.* Since 
vanadium(v) may well resemble chromium(v) and is known to be a one-electron oxidant 
in acid solution, we have investigated the possibility of effecting carbon-carbon bond 
fission in oxidation of alcohols. 


(B) ButPhCH*OH ——% ButPhCH:O: —— But -+- PheCHO 


Y 


ButOH 


2-Phenylethanol has been found to be oxidised by ammonium metavanadate to 
benzaldehyde, benzoic acid, and formic acid under conditions in which (a) dehydration to 
styrene did not occur and (d) phenylacetic, acid was not oxidised, whilst {c) benzyl alcohol 
was rapidly oxidised. Similarly «-t-butylbenzyl alcohol was oxidised mainly to benz- 
aldehyde and benzoic acid, butyl phenyl ketone being only a minor oxidation product. 
This oxidation, data on which are tabulated below, is complicated by the fact that some 
dehydration, with rearrangement to phenyltrimethylethylene, Ph*CMe:CMe,, occurs. 
This olefin is only slowly oxidised by vanadium(v), and it cannot be the immediate precursor 


1 Part V, Littler and Waters, preceding paper. 

? Mosher and Whitmore, J. Amer. Chem. Soc., 1948, 70, 2544; Mosher and Langerak, ibid., 1949, 
71, 286; 1951, 78, 1302. 

* Hampton, Leo, and Westheimer, J. Amer. Chem. Soc., 1956, 78, 306. 

* Waters, Quart. Rev., 1958, 12, 286; see also ref. 3, p. 311, footnote. 
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of any benzaldehyde for it would be expected to yield acetophenone > which, in similar 
circumstances, is oxidised smoothly to benzoic acid. 

This work establishes that carbon-carbon bond fission can occur when alcohols other 
than 1,2-glycols are oxidised by one-electron-abstracting reagents and is consistent with 
a mechanism of type (B). Its significance in relation to mechanisms of glycol homolysis, 
recently discussed by Littler and Waters,! is evident. 


Experimental.—Oxidation of 2-phenylethanol. The alcohol, b. p. 218—219° (2 g.), together 
with purified chlorobenzene (10 ml.), was rapidly stirred, at 100°, with ammonium metavanadate 
(15 g., 1-5 equiv. for complete oxidation) dissolved in sulphuric acid (200 ml.) of the concen- 
trations givenin Table 1. After completion of the reaction the organic products were extracted 
into ether. Acids were removed from the extract with aqueous sodium carbonate, and the 
neutral remainder obtained by evaporation of ether was analysed by vapour-phase chromato- 
graphy at 150° with a 187 cm. column of Apiezon grease (10°, w/w ) on embacil and a hydrogen- 


TABLE 1. Oxidation of 2-phenylethanol by vanadium(v). 


Products detected (moles %) 
ie 





Reaction - ne a 

H,SO, (Mm) time (hr.) Ph-CH,°CH,°OH Ph-CHO BzOH 
0-7 24 + 36 38 
2-5 4 0 74 18 
3-4 4 0 64 24 


flame ionisation detector. Only benzaldehyde, starting material, and solvents were present. 
The sodium carbonate extract, on acidification, gave benzoic acid, m. p. and mixed m. p. 121°, 
and a solution that gave a strong chromotropic acid test for formic acid. 

No reduction of vanadium(v) in 3-4m-sulphuric acid at 100° occurred in 8 hr. in the presence 
of phenylacetic acid, but oxidation of benzyl alcohol to benzoic acid was complete in a few 
minutes. Dehydration of 2-phenylethanol to styrene could not be detected after 8 hr. in 4-5m- 
sulphuric acid, under nitrogen, at 100°. Benzaldehyde was slowly oxidised at 100° by vana- 
dium(v) in 3-4m-sulphuric acid; in 4 hr., under nitrogen, 20% of benzoic acid was formed, and 
under air 30%. 

Oxidation of t-butylbenzyl alcohol. The alcohol,? b. p. 118—120°/30 mm., was purified 
chromatographically and crystallised to m. p. 45° before use. Portions (see Table 2), mixed 
with chlorobenzene (10 ml.), were oxidised at 100° and then analysed by the methods given 
above. 


TABLE 2. Oxidation of t-butylbenzyl alcohol by vanadium(v). 


Total Reaction Products found (moles % 

Expt. Alcohol NH,VO, H,SO, vol. NE apthitinenitmennnetinnnonnen Pisnaptintgrepernisnanpgnnansiaipanensaanemiien iti 
no. (g.) (g.) (M) (ml.) (hr.) Alcohol Ph‘CHO BzOH Ph:CO-But Ph-CMe:CMe, 
la 2 20 1-1 200 10 100 — — -- — 

b 2 20 1-8 220 10 >95 -- — - -— 
c 2 20 2-4 240 10 5 39 24 15 6 
2 1-75 15 3-4 200 4 10 36 24 15 13 
3 2-0 15 4:5 200 4 0 32 48 10 10 
4 0-5 10 4:5 150 3 0 0 70 — _- 


t-Butyl pheny] ketone, b. p. 70—72°/0-4 mm., u,,* 1-5100 (oxime, m. p. 167°), for comparison 
was prepared from pivaloyl chloride by the method of Ford, Thompson, and Marvel.* It 
resisted oxidation completely in the acidity range used for the alcohol. 

In expt. 4, the alcohol was first stirred for 16 hr. at 100° with 5m-sulphuric acid to convert it 
into the olefin Ph-CMe:CMe,. Evidently this is not oxidised to benzaldehyde. In Expts. 
1—3 most of the benzoic acid is formed via the olefin since benzaldehyde is oxidised so slightly 
(see above) under these conditions. ? 


One of us (J. R. J.) thanks the D.S.I.R. for a maintenance grant. 
Dyson PERRINS LABORATORY, OXFORD. [Received, February 11th, 1960.} 


5 Dostrovsky and Samuel, J., 1954, 658. 
6 Ford, Thompson, and Marvel, J. Amer. Chem. Soc., 1935, 57, 2621, 
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554. The Photochemical Oxidation of Sulphur Chloride Penta- 
fluoride. 
By H. L. RosBerts. 


BISPENTAFLUOROSULPHUR PEROXIDE was obtained as a by-product of the fluorination of 
sulphur when oxygen was present in the fluorine. As a preparative technique this is of 
little value and it was thought that oxidation of sulphur chloride pentafluoride ? might 
prove a more attractive route. 

When sulphur chloride pentafluoride and oxygen are heated in a nickel vessel, no 
reaction takes place below 350° at which temperature sulphur chloride pentafluoride 
decomposes in the same manner as it does in the absence of oxygen.* However, under 
ultraviolet irradiation two compounds, bispentafluorosulphur oxide and bispentafluoro- 
sulphur peroxide, are obtained. 

Bispentafluorosulphur oxide boils at 31° and solidifies at —115°. It is stable to aqueous 
media either acidic or alkaline thus indicating that no fluorine-oxygen bonds are present, 
and unlike disulphur decafluoride it is only slowly decomposed by ultraviolet radiation. 
Bispentafluorosulphur peroxide is similar to the oxide in respect of its stability to aqueous 
media and to light. 


Experimental.—Microanalyses are by Dr. A. F. Colson and the infrared absorption 
spectroscopy by Mr. L. H. Cross. 

Thermal oxidation of sulphur chloride pentafluoride. The reaction vessel was a 600-ml. 
nickel tube. The sulphur chloride pentafluoride and oxygen were introduced from cylinders 
directly into the vessel, the relative quantities used being indicated by the pressure in the tube; 
pressures up to 6 atm. were used. The reaction was followed by regular sampling, the samples 
being analysed by gas chromatography. No reaction was observed below 350° during 24 hr. 
Above this temperature, sulphur hexafluoride, sulphur tetrafluoride, and chlorine are produced 
in equimolar quantities. As these are the normal products of the thermal decomposition of 
sulphur chloride pentafluoride it is evident that oxidation had not occurred. 

Photochemical oxidation of sulphur chloride pentafluoride. The apparatus used was a standard 
Hanovia 10-1. photochemical reaction vessel with quartz centre tube. This tube acts as a 
container for a Hanovia 509/12 mercury-arc tube and provides a means of circulating cooling 
water between the lamp and the reactants. 

The vessel was first filled with a 3: 1 (molar) mixture of sulphur chloride pentafluoride and 
oxygen. No reaction took place until the mercury arc was switched on, and reaction was then 
completed in about 6 hr. Longer periods of irradiation did not cause further reaction although 
both sulphur chloride pentafluoride and oxygen were still present. Possibly chlorine, now 
present, was absorbing the radiation necessary to maintain reaction. The contents of the 
vessel were condensed into a liquid-air trap and allowed to warm slowly until they were liquid. 
At this stage excess of iced 20% sodium hydroxide solution was added. A heavy colourless 
liquid settled out and was separated. This was washed with water and dried (CaCl, and 
P,O;). The yields obtained were variable but from a total pressure of 1 atm. in the 10-1. vessel 
about 25 g. of products were obtained. 

On fractional distillation this liquid yielded bispentafluorosulphur oxide, b. p. 31° (about 75% 
of the total) (Found: S, 24-9; F, 69-5%; M, 270. S,F,,O requires S, 23-7; F, 70:5%; M, 
270), and bispentafluorosulphur peroxide, b. p. 49° (Found: M, 286. Calc. for S,F,.O,: 
M, 286). 

Vapour pressures. These were measured with a mercury manometer connected to a bulb 
immersed in a cooling bath, the temperature of which was measured with a previously calibrated 
alcohol thermometer. For the oxide the results can be represented by logy) = —(1375/T) + 
7-40. The boiling point found by extrapolation is 31° (in agreement with the observed value), 
the latent heat of vaporisation calculated from the slope is 6300 cal. mole, and the Trouton 
constant is 20-7. For the peroxide, the equation is log,, = —(1450/T) +- 7-39, the boiling 
point found by extrapolation is 49° (in agreement with previous workers !), the latent heat of 
vaporisation is 6600 cal. mole, and the Trouton constant 20-7. 

1 Harvey and Bauer, J. Amer. Chem. Soc., 1954, 76, 859. 

® Roberts and Ray, J., 1960, 665. 7 

3’ Dodd, Woodward, and Roberts, Trans. Faraday Soc., 1957, 58, 1545. 
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Melting point. The melting point of bispentafluorosulphur monoxide, measured with a 
calibrated thermocouple, was —115° + 4°. 

Infrared absorption spectrum of bispentafluorosulphur oxide. In view of the similarity in 
physical properties between disulphur decafluoride and bispentafluorosulphur oxide, and the 
difficulty of obtaining accurate analyses on sulphur-fluorine compounds, it is of interest that 
the spectrum of the oxide is quite different from that of the decafluoride.* Intense bands 
occur at 959 (v.s.), 920, 806, 698, ~600, and 558 (v.s.) cm.7}. 


IMPERIAL CHEMICAL INDUSTRIES LIMITED, ALKALI DivIsION RESEARCH DEPARTMENT, 
NORTHWICH, CHESHIRE. [Received, December 18th, 1959.] 


555. The Reaction of Ruthenium and Osmium Tetroxides with 
Ammonia. 


By M. L. Harr and P. L. Rosinson. 


THE reactivity of octavalent ruthenium and osmium compounds suggests that the metals 
are not exerting their maximum covalency and so should be able to form co-ordinate links 
as an acceptor, giving products of the form MO,,PF;. Hair and Robinson ! isolated the 
former type of complex, RuO,,PF, and OsO,,PF, being prepared by direct combination of 
phosphorus trifluoride with the tetroxides in a closed apparatus. 

Ammonia might be expected to cause ruthenium and osmium to increase their covalency 
through combination with the tetroxides to form ammines, and the compounds RuO,,NH, 
and OsO,,NHg; have now been prepared and characterised. The former is exceptionally 
unstable and explodes at —20°, but OsO,,NH, is quite stable and can be sublimed. 

When ammonia is condensed on to ruthenium tetroxide at —30° and the vessel and its 
contents are allowed to warm a violent reaction occurs at about —20°, the ammonia being 
immediately oxidised to nitrogen and water, without, however, any evidence of the form- 
ation of oxides of nitrogen. Should the ammonia be admitted slowly to ruthenium 
tetroxide cooled to —30°, the solid turns red. Ammonia may be added until the com- 
position is approximately RuO,,NH3, but addition of ammonia beyond this point or a 
slight raising of the temperature when this point has been reached causes explosive 
decomposition. Thus, though the compound can be isolated, it can be studied only 
below —20°. 

When ammonia is slowly admitted to osmium tetroxide, a smooth reaction begins at 
—25° in which one molecule of ammonia is taken up by the tetroxide, leading to a yellow 
product. This may be entirely OsO,,NH, provided the temperature is kept low enough. 
When allowed to warm, the material separates into two parts; the more volatile portion, 
which can easily be removed under vacuum, proves to be OsO,,NHs. It condenses to an 
orange solid. The residue is osmiamic acid, HOsO,N, presumably formed by the decom- 
position of the ammine: 


OsO, + NH, —— OsO,,NH, —— HOsO,N + H,O 


Some of the decomposition may take place at the time of the reaction with ammonia if 
the temperature is allowed to rise, for the proportion of osmiamic acid is dependent on the 
temperature of preparation, more being formed at higher temperatures. 

Previously osmiamic acid has been known only in solution. The sodium, potassium, 
zinc, mercury, and ammonium salts have been known for many years, potassium osmiamate 
being first prepared by the action of concentrated ammonia on a solution of osmium 
tetroxide in strong potash.? 

The ultraviolet absorption spectrum of osmiamic acid shows a well-defined, charac- 
teristic peak at 2235 A. That this absorption band is ascribable to the osmiamate ion was 


1 Hair and Robinson, J., 1958, 106. 
2 Brizard, Ann. Chim. Phys., 1900, 21, 373. 
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established by the fact that potassium osmiamate solution gives a very similar spectrum 
incorporating the characteristic peak. The osmium tetroxide complex with ammonia 
exhibits a completely different spectrum, the peak occurring at 2460 A. 

When treated with concentrated hydrochloric acid, potassium osmiamate was con- 
verted into the pink nitridochloride, K,OsNCI;.3 Osmiamic acid dissolved in concentrated 
hydrochloric acid to give a red solution, presumably of the pentachloronitrido-osmic acid, 
H,OsNCl;. Both solutions had identical ultraviolet spectra with a strong peak at 2291 A. 

An account of the reactions of these tetroxides with other donor molecules and of the 
infrared spectra of the compounds will be published later. 


This work was carried out during the tenure of a Salters’ Scholarship (M. L. H.). 
Krnc’s COLLEGE, NEWCASTLE UPON TYNE. (Received, December 31st, 1959.} 


3 Sidgwick, ‘‘ Chemical Elements and their Compounds,” Oxford University Press, p. 1508. 





556. Interaction between Thionyl Halides and Alkoxytrimethyl- 
silanes. 


By B. R. Currett, M. J. FRAzER, and W. GERRARD. 


MuTUAL replacement of alkoxyl (or aryloxyl) by halogen attached to phosphorus, sulphur, 
silicon, or boron is related to the electron density on the oxygen. The alkoxysilane—boron 
trichloride mixture ! reacts quickly: 


(1) (Bu®O),Si + BC], ——t (Bu"O),SiC} + Bu"O-BCl, 


The nucleophilic function of oxygen in the chlorosilane is reduced by the presence of 
chlorine, and the electrophilic function of boron in the dichloroborinate is reduced by the 
alkoxyl group, so that further replacement between these two is noticeably slower, although 
there is a drift towards the tri-n-butyl borate, that will not react with silicon tetrachloride.* 
Similar results have been found for tri-n-butyl phosphite and boron trichloride? or silicon 
tetrachloride,” for triphenyl phosphite and boron halides,’ and for certain other systems. 
Reactions of trialkyl * and triaryl phosphates 5 with boron halides (C1,Br), and of trialkyl 
phosphates ® with silicon tetrachloride, follow entirely different courses, which do not give 
a mixture of chloro-esters. 

Trimethylneopentyloxysilane and thionyl chloride react rapidly at room temperature 
to give the stable neopentyl chlorosulphinate.? Alkoxytrimethylsilanes, RO-SiMe, 
(R = alkyl of ordinary reactivity such as Bu", Bu', Bu’) (1 mol.), readily gave the alkyl 
chlorosulphinate with 1 mol. of thionyl chloride, and the dialkyl sulphite with 0-5 mol., 
showing that in this system the chlorosulphinate is reactive enough to react with the 
alkoxytrimethylsilane, although it cannot do so with tetra-n-butoxysilane.6 This means 
that the four alkoxyl groups result in a lower electrophilic power of silicon, as compared 
with the inductive influence of three methyl groups together with the effect of one alkoxyl 
in the alkoxytrimethylsilane. The inductive effect of the three methyl groups is also 
illustrated by the much slower reaction of sulphites with chlorotrimethylsilane than with 
silicon tetrachloride. 

The most convenient method for the preparation of bromosulphinates is the reaction 
of the alkoxytrimethylsilane with thionyl bromide, because neither hydrogen bromide nor 
Gerrard and Strickson, Chem. and Ind., 1958, 860. 

Chainani, Gerrard, Honey, and Lindsay, unpublished work. 
Frazer, Gerrard, and Patel, Chem. and Ind., 1959, 90, 728. 
Gerrard and Griffey, Chem. and Ind., 1959, 55. 

Frazer, Gerrard, and Patel, J., 1960, 726. 

Gerrard and Jeacocke, Chem. and Ind., 1959, 704. 


Gerrard and Tolcher, /J., 1954, 3640. ~ 
Currell, Frazer, Gerrard, Haine, and Leader, J. Inorg. Nuclear Chem., 1959, 12, 45. 
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pyridinium bromide is involved, and it is these substances which usually catalyse the 
decomposition of the ester during the distillation. 


Experimental.—A lkoxytrimethylsilanes and thionyl chloride. The ester (0-1 mole), prepared 
in the presence of pyridine (Bu*) or in the absence of base ® (Bu', Bu’, C,H,,*CHMe), was added 
dropwise to thionyl chloride (0-1 mole), at room temperature. Next morning, a mixture of the 
chlorosilane, alkyl chloride, and thionyl chloride was removed at 20 mm., and the chloro- 
sulphinate was distilled. Compounds thus prepared are in Table 1. There was considerable 





TABLE 1. 
RO-SO-Cl 
Rin Me,SiCl, Found (%) ¢ 
Me,Si-OR yield (%) Yield (%) B. p./mm. np(t) Cl . 
BP cnuicchsnion 69-5 43-2 50—52°/14 1-4550 (20°) 20-9 19-6 
| _ Seee 75-6 57-2 60—68°/25 1-4535 (21°) 22-1 20-1 
EP eciccvsdncodsens 95-8 80-5 58—62°/20 1-4530 (20°) 21-3 20-2 
NE  cxtecuoccunisn 97-2 69-5 58—60°/20 1-4535 (21°) 21-7 19-9 


* Calc. for C,H,O,CIS: Cl, 22-7; S, 20-4%. Prepared with pyridine. 


decomposition into 2-chloro-octane and octene during the distillation of the 1-methylheptyl 
chlorosulphinate; but the chlorosilane was obtained in 71% yield. 

When thionyl chloride (1 mol.) was added to the ester (2 mol.), a similar procedure afforded 
the dialkyl sulphite (see Table 2). 


TABLE 2. 
(RO),SO 
cc ———____—— $e A $$$ —$$ 
Rin Me,SiCl, S (%) 
Me,Si-OR yield (%) Yield (%) B. p./mm. Np (t) Found Cale. 
BP ccwesesivessess 32-6 ¢ 88-0 112—115°/15 1-4280 (27°) 16-1 16-4 
ee 82-3 90-5 90—92°/18 _ 15-6 16-4 
CgH,,;CHMe ... 66-2 66-2 117—119°/0-2 = 1-4426 (20°) 11-1 10-8 


* Many fractionations were required to separate this from alkyl chloride. 


Alkoxysilanes and chlorosulphinates. Equimolecular amounts of the reactants were heated 
under reflux at 80° for the time stated, with the results in Table 3. 





TABLE 3. 
‘ os (RO),SO 
Rin Time - Aw -_ 
Me,Si‘OR (hr.) Yield (%) B. p./mm. Np (t) Found: S (%) 
eee 7 85-3 103—105°/13 1-4310 (20°) 15-9 
| 12 89-0 86—88°/10 1-4269 (19°) 16-8 


Chlorotrimethylsilane and dialkyl sulphites. The reactants (0-1 mole) were heated under 
reflux at 80° for 80 hr. Results are in Table 4. 


TABLE 4. 
(RO),SO 
= a ————— —— — ee 
R in Me,Si*OR, Recovery 
(RO),SO yield (%) (%) B. p./mm. Np (¢t) Found: S (% 
| | ee — 88-0 116—118°/20 1-4305 (20°) 15-9 
SF canal 17-0¢ 69-5 115—117°/20 1-4300 (20°) 16-1 
- ee — 88-0 91—92°/12 1-4265 (20°) 15-6 
BE cccnnvass 12-92 65-8 100—102°/20 — 16-9 
BP sénnioniin 32-8° 20-3 86—88°/15 1-4250 (21°) 15-5 


* C,H,N,HCI (0-3 g.) added. * B. p. 121—123°, mp® 1-3930. * B. p. 111—112°, mp** 13850. 
B. p. 109—111°, mp®° 1-3885, d2° 0-772. 


Chlorotrimethylsilane and alkyl chlorosulphinates. A mixture of the reactants (0-1 mole 
of each) was held at 25° for 9 days. n-Butyl chlorosulphinate (91-5%), b. p. 57—60°/18 mm., 
n,*° 1-4580 (Found: Cl, 22-1; S, 20-0%), and isobutyl chlorosulphinate (88%), b. p. 52—54°/20 
mm., 7,,2° 1-4540 (Found: Cl, 22-0; S, 19-3%), were separately recovered. 

Thionyl bromide and alkoxytrimethylsilanes. The ester (1 mol.) was added to thionyl 
bromide ?® (1 mol.) at room temperature. A mixture of bromotrimethylsilane and alkyl 


® Currell and Gerrard, Chem. and Ind., 1958, 1289. 
10 Frazer and Gerrard, Chem. and Ind., 1954, 280. 
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bromide was removed at 20 mm. n-Butyl bromosulphinate (66-5%). b. p. 82°/12 mm., »,%° 
1-4980 (Found: Br, 36-2. Calc. for Cs,H,O,BrS: Br, 38-0%), and isobutyl bromosulphinate 
(76-0%), b. p. 80—82°/15 mm., »,”° 1-5020 (Found: Br, 39-0%), were separately obtained; 
but the s-butyl ester could not be isolated. 


THE NORTHERN POLYTECHNIC, LONDON, N.7. (Received, January 7th, 1960.] 





557. Polymerisation Ceiling Temperatures of Some Substituted 
Styrenes. 
By A. R. MATHIESON. 


For polymerisations having an equilibrium propagation, Dainton and Ivin} have shown 
that there is a ceiling temperature (7) above which no high polymer can be formed, and 
at which the free energy of polymerisation becomes zero: 


T, = AH,|(AS°+Rin{M]) ...... (U) 


where AH,, AS°, [M] are respectively the enthalpy and entropy of polymerisation, and the 
monomer concentration. The effect of temperature on the degree of polymerisation (m), 














£ 
+ 
ty. 
_* 
e #r \ Effect of temperature on the degree of polymerisation 
c a4 of a-methylstyrene. 
Ss 
fo) °9 Catalysts: O, CCl,-CO,H;* +, AICl,; *® 
2+ a x, H,SO,;? CJ, BFs-ether.1 
ie) J 1 1 
7 6 5 4 3 
10'/r 


for ionic polymerisations with normal bimolecular propagation and unimolecular termin- 
ation only, is given by 


In (1/n) = E,/RT + 1n(1/[M])+ Const. . . . . . (2) 


where E, is the difference of the activation energies of propagation and termination. When 
T =T.,»=1. For the standard state of [M] = 1, T, depends only on AH, and AS°, and 
AH, is influenced by steric hindrance to polymerisation, loss of resonance stabilisation, 
branching, and end-effects.? 

Ionic dimerisations and polymerisations of substituted styrenes have been interpreted 
in terms of equilibrium propagations,** and linearity of In (1/m) in In (1/[M]) and in 1/T 
has been established for the ionic polymerisation of «-methylstyrene.*® To calculate the 
ceiling temperatures, equation (2) was used for the polymerisations and the equilibrium 
constants at various temperatures for the dimerisations (TJ, is here defined as the tem- 
perature at which the free energy of dimerisacion becomes zero). The results, given in 
the Table, confirm that T, is independent of the catalyst and of the solvent. For «-methyl- 
styrene use of equation (2) gives the same result as a direct measurement of T,,>* and here 


1 Dainton and Ivin, Trans. Faraday Soc., 1950, 46, 331. 
2 Flory, “ Principles of Polymer Chemistry,” Cornell Univ. Press, Ithaca, New York, 1953, pp. 
249—256. 
Brown and Mathieson, J., 1958, 3563. 
Evans, Jones, Jones, and Thomas, J., 1956, 2757. 
Brackman and Plesch, J., 1958, 3563. ~ 
McCormick, J. Polymer Sci., 1957, 25, 488. 


ocr 
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T, is substantially the same for the formation of high ® or of very low *7%® polymer. 
This result is due to the similarity of AH, for high and low polymer for «-methylstyrene 
(—8-42 kcal. mole for » = o, —8-28 kcal. mole? for » = 3%1%), For this substance, 
increase of — AH, with decrease of m due to reduction of steric hindrance 1 is compensated 
by the increased importance of the cyclised substituted indane end-groups at lower values 
of n.3 The Figure shows that for this monomer the plots of In » against 1/T fall approxim- 
ately on the same line for three catalysts out of four, and that the linearity probably 
does not extend to very high degrees of polymerisation (this is not certain because for 
sulphuric acid and aluminium chloride catalysis values of ” have been obtained from 
intrinsic viscosities by using a formula valid for low values of m 14). 

It seems that para-substitution does not markedly increase the steric hindrance to 
polymerisation. Steric effects are not the only influences on T,, as «-phenylstyrene has 
a higher value of 7, than «-methylstyrene, and para-substitution in a-phenylstyrene 
markedly alters T,. Clearly, the presence of electron-releasing substituents increases T,, 


Monomer Catalyst Solvent Te Ref. 
STG OU «ai scciicisinceinsascstxcanes CCl,-CO,H C,H,Br 60° + 1° a 
a |  ssiickesinsenabamidnaammmanel Na-naphthalene Tetrahydrofuran 61 +1 c 
bi... cine inciianabtce aie H,SO, CH,Cl 60 +2 d 
ne re AICI C,H,Cl ~60 eé 
p-Bromo-a-phenylstyrene * ............... CCl,-CO,H C,H, 9243 f 
OPO occ ccceccescneccvesescsei ie a 107 +2 b 
ee © cindacemnsehensedenvesions I, Pr-NO, 104418 g 
mn oO” isisiiamalieiiiiioten aakies CCl,-CO,H C,H;"NO, 107 +2 b 
pp’-Dimethyl-«-phenylstyrene * ......... in CoH, 106 +4 b 
p-Methoxy-«-phenylstyrene * ............ ee - 157 +13 b 
pp’-Dimethoxy-a-phenylstyrene * ...... a = 188 + 28 b 


* Dimerisations. + TJ, directly measured. 

a, Brown and Mathieson, J., 1958, 3563. 6, Evans, Jones, Jones, and Thomas, J., 1956, 2757. 
c, McCormick, J. Polymer Sci., 1957, 25, 488. d, Heiligmann, J. Polymer Sci., 1951,6,155. e, Hers- 
berger, Reid, and Heiligmann, Ind. Eng. Chem., 1945, 37, 1073; Jordan and Mathieson, J., 1952, 621. 
f, Evans, Jones, and Thomas, J., 1958, 4563. g, Evans, Jones, and Thomas, J., 1957, 2095. 


in the Table the monomers being given in order of increased electron-releasing power of 
the substituents. Direct comparison of T, for «-methylstyrene and «-phenylstyrene is 
difficult because when formed at normal temperatures the dimer and low polymers of 
a-methylstyrene are mixtures of saturated cyclised and unsaturated linear forms,? whereas 
the results quoted for «-phenylstyrene refer to the formation of linear unsaturated dimer 
only, higher catalyst concentrations being needed to produce the saturated cyclised 
form,}® irreversibly. 
DEPARTMENT OF TEXTILE INDUSTRIES, 
THE UNIVERSITY, LEEDS 2. [Received, January 12th, 1960.} 


7 Heiligmann, J. Polymer Sci., 1951, 6, 155. 

8 Hersberger, Reid, and Heiligmann, Ind. Eng. Chem., 1945, 37, 1073; Jordan and Mathieson, /., 
1952, 621. 

® Worsfold and Bywater, J]. Amer. Chem. Soc., 1957, 79, 4917. 

10 Roberts and Jessup, J. Res. Nat. Bur. Stand., 1951, 46, 11. 

11 Jordan and Mathieson, /., 1952, 2345. 

12 Evans and Price, J., 1959, 2982. 


558. The Mechanism of Formation of Benz|5,6]-[1,4]-oxazino- 
[2,3-a]phenoxazine from o-Nitrophenol. 
By M. KHALIFA. 
THE mechanism shown in the annexed formule was suggested earlier ! to account for the 
formation of benz[5,6]-[1,4]-oxazino[2,3-a]phenoxazine (III) as a by-product on fusion of 


o-nitrophenol with potassium hydroxide. We have confirmed this by preparing the 
compound from (a) o-aminophenol and (d) 3-phenoxazone (I). 


1 Khalifa and (in part) Linnell, J. Org. Chem., 1959, 24, 853. 
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Fusion of o-aminophenol with potassium hydroxide caused a vigorous reaction which 
was difficult to control. Under less vigorous conditions—potassium hydroxide in boiling 
benzene or heating with sodium ethoxide at 200—220°—o-aminophenol was recovered 


N 
w ~ Oe sk OO ~ CLO 
—> oe 
OH OH mols. 
fe) o fe) (I) 
ie) N Y 
CLI — Oro 
<_— 
7 
(HT) N 1°) N~* fe) (11) 


unchanged. However, use of ethanolic potassium hydroxide led directly to the pentacyclic 
product (III). Secondly, phenoxazine was oxidised by ferric chloride to phenoxazone? (I) 


and this was condensed with o-aminophenol; the intermediate product, presumably (II), 
yielded the benzoxazinophenoxazine (III) on oxidation with ferric chloride. 


Experimental.—(a) o-Aminophenol (10 g.) and powdered potassium hydroxide (10 g.) were 
refluxed in ethanol (50 ml.) for 30 hr., then set aside for 4 days; ammonia was evolved. The 
mixture was acidified with acetic acid and the excess of acid was neutralised with sodium 
hydrogen carbonate. Overnight a brownish-red solid (4-5 g.) was deposited which on vacuum- 
sublimation gave o-aminophenol, m. p. and mixed m. p. 174° (2-3 g.), and then garnet-red needles 
(0-5 g.) of the product (III), soluble in benzene with a green fluorescence, giving a deep blue 
colour with concentrated sulphuric acid, and subliming at about 265°/1 atm. (lit., 241°, 
ca. 250° 4). 

(6) Phenoxazine (1-9 g.) in boiling glacial acetic acid (20 ml.) was oxidised by ferric chloride 
(7 g.) for about 10 min., then cooled. o-Aminophenol (1-1 g.) was added and the whole was 
kept overnight and oxidised again by heating it with ferric chloride (4-5 g.). The mixture was 
then diluted with water, neutralised with sodium carbonate, and acidified with hydrochloric 
acid before extraction with benzene. The benzene extract, on being dried (Na,SO,) and 
distilled, gave 2 g. of a solid which on vacuum-sublimation gave a brownish-red sublimate 
followed by a pure sublimate of the product (III) (1-6 g.). 


The author thanks Professor Y. M. Abou-Zeid of this Faculty for facilities. 


ORGANIC CHEMISTRY DEPARTMENT, FACULTY OF PHARMACY, 
Carro UNIVERSITY, Carro, U.A.R. [Recetved, January 19th, 1960.] 


2 Cf. Kehrmann and Saager, Ber., 1903, 36, 477; 1902, 35, 341. 
3 Fischer, J. prakt. Chem., 1879, 19, 320. 
4 Seidel, Ber., 1890, 23, 185. 


559. Synthesis of 1-(1-Methylpyrrolid-3-yl)-1,1-diphenylbutan-2-one. 
By D. E. Ames. 


1-METHYLPYRROLIDIN-3-OL (I; X = OH), now readily accessible,! was converted into the 
chloro-amine (I; X = Cl) which was condensed with diphenylacetonitrile and potassium 


CHy:CPhy COEt 


x CPh,-CN CPh: COEt 
[ — | a Me  CHMe 
N N N *n~* 
Me Me Me Me 


(I) (II) (111) (IV) 

t-butoxide to give «-l-methylpyrrolidin-3-yl-««-diphenylacetonitrile (II). With ethyl- 
magnesium bromide, this yielded the ketone (III). A similar sequence of reactions con- 
verted 1-phenethylpyrrolidin-3-ol into the N-phenethyl analogue of ketone (III). These 


1 Lunsford, Ward, Pallotta, Tusing, Rose, and Murphey, J. Med. Pharm. Chem., 1959, 1, 73; 
Cavalla, Davoll, Dean, and Temple, unpublished work. 
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compounds have been tested by Dr. C. V. Winder (Parke, Davis and Co., Detroit) who 
reports that amino-ketone (III) shows lower analgesic activity than amidone ? (IV) and 
that the N-phenethyl compound is inactive. 


Experimental.—3-Chloro-\-methylpyrrolidine. A solution of 1-methylpyrrolidin-3-ol (60 g.) 
in chloroform (180 c.c.) was stirred at —5° to 0° while thionyl chloride (55 c.c.) was added 
during 30 min. The mixture was refluxed (bath 100°) for 1-5 hr., then cooled in ice-water while 
an ice-cold solution of potassium hydroxide (54 g.) in water (300 c.c.) was added. The organic 
layer was separated and washed with water (10 c.c.) as rapidly as possible, dried (Na,SO,), and 
fractionally distilled through a short Fenske column, to give the chloride? (64 g., 89%), b. p. 
55—58°/50 mm. 

a-1-Methylpyrrolidin-3-yl-xau-diphenylacetonitrile. Diphenylacetonitrile (63 g.) was added to 
potassium (13 g.) dissolved in t-butyl alcohol (400 c.c.), and the solution stirred under reflux 
(bath 120°) while the chloride (38 g.) was added gradually and for a further 1 hr. After most of 
the solvent had been removed by distillation, the cooled residue was treated with water 
(300 c.c.) and ether (300 c.c.). The separated organic layer was extracted with 2n-hydrochloric 
acid (500 c.c.; 100c.c.), and the acid extracts were basified with 10N-sodium hydroxide (150 c.c.). 
Isolated with ether, the nitrile (33-5 g.) had b. p. 160—165°/0-2 mm., »,,*° 1-5798, m. p. 73—76° 
(Found: C, 82-2; H, 7-2; N, 9-9. C, HN, requires C, 82-6; H, 7-3; N, 10-1%). 

1-(1-Methylpyrrolidin-3-yl)-1,1-diphenylbutan-2-one.. The nitrile (10 g.) in ether (50 c.c.) 
was added to ethylmagnesium bromide (from magnesium, 2-2 g.) in ether (50 c.c.), and the 
mixture was stirred for 1 hr. After addition of toluene (50 c.c.), ether was removed and the 
residue stirred under reflux (bath 120°) for 16 hr. Concentrated hydrochloric acid (60 c.c.) 
and water (100 c.c.) were added and the imine was hydrolysed by heat (bath 130°) for 30 min. 
The separated toluene layer was extracted with 2Nn-hydrochloric acid, and the combined acid 
solutions were basified with aqueous ammonia. The ketone (3-5 g.), isolated with ether and 
purified by repeated distillation, had b. p. 153°/0-2 mm., »,,*° 1-5704 (Found: C, 81-6; H, 8-1; 
N, 5-0. C,,H,,ON requires C, 82-0; H, 8-2; N, 46%). The picrate formed prisms, m. p. 176— 
177°, from methanol—acetone (Found: C, 60-8; H, 5-4; N, 10-4. C,,H,,O,N, requires C, 60-4; 
H, 5-3; N, 10-4%). 

1-Phenethylpyrrolidin-3-ol. 1,4-Dichlorobutan-2-ol (43 g.) and phenethylamine (109 g.) 
were heated together (bath 150°) for 3 hr. After addition of 2N-sodium hydroxide (500 c.c.), 
the solution was extracted with ether (300 c.c.) and toluene (100 c.c.), and the extracts were 
washed with water and dried (Na,SO,). Repeated fractional distillation gave the pyrrolidinol 
(42 g.), b. p. 103—105°/0-2 mm., ,*° 1-5397 (Found: C, 75-7; H, 8-8; N, 7-2. C,,.H,,ON 
requires C, 75-4; H, 9-0; N, 7-3%). 

a-1-Phenethylpyrrolid-3-yl-aa-diphenylacetonitrile. The alcohol was converted into the 
chloride, and the crude material (33 g.; b. p. 105—108°/0-5 mm.) was condensed with diphenyl- 
acetonitrile as in the previous example. The nitrile (11-5 g.) formed prisms, m. p. 109—111°, 
from ether—ethyl acetate (Found: C, 85-3; H, 7-2; N, 7-5. CgpHagN. requires C, 85-2; H, 7-2; 
N, 7:7%). 

1-(1-Phenethylpyrrolidin-3-yl)-1,1-diphenylbutan-2-one. The foregoing nitrile (11 g.) was 
added in portions to ethylmagnesium bromide (from magnesium, 3-3 g.) in ether (100 c.c.). 
Toluene (50 c.c.) was added to increase the solubility of the nitrile and the mixture was stirred 
under reflux for 2hr. After addition of more toluene (30 c.c.), the ether was distilled away and 
the residue stirred and heated (bath 120°) for 48 hr. Water (150 c.c.) and concentrated hydro- 
chloric acid (100 c.c.) were added, and the mixture was refluxed for 4 hr., then basified and 
treated with ammonium chloride solution. Isolated with ethyl acetate, the ketone (7-2 g.) had 
b. p. 227—230°/0-2 mm., ”,*° 1-5938 (Found: C, 84-9; H, 7:7; N, 3-9. C,H 3,ON requires 
C, 84-6; H, 7-9; N, 3-5%). 


The author is grateful to Dr. R. E. Bowman for discussions and to Mr. F. Oliver for micro- 
analyses. 
CHEMICAL RESEARCH DEPARTMENT, PARKE, DAViS AND COMPANY, 
Hounstow, MIDDLESEX. 
[Present address: CHELSEA CoLLEG’ oF ScrENCcCE & TECHNOLOGY, 
Lonpon, S.W.3.] [Received, January 20th, 1960.) 


2 Easton, Gardner, and Stevens, J. Amer. Chem. Soc., 1947, 69, 2941, and references there cited. 
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560. The Interaction of Cyanide and Hydroxyl Ions with a 
Cobalt(t1) Complex. 


By D. A. L. Hope and j. E. PRvueE. 


A RECENT suggestion ! that, contrary to previous beliefs, cyanide ion may be a better 
nucleophilic reagent than hydroxide ion for substitutions in cobalt(1m) complexes, is 
supported by some kinetic measurements made in 1954. 

In an investigation of the effect of ions of opposite charge on the optical rotatory power 
of the 1,9-bis-salicylideneamino-3,7-dithianonanecobalt(t11) ion ? (which carries a single 
positive charge), it was found that in the presence of ferrocyanide ions the rotation 
decreased with time. Our suspicion that this was due to the entry of cyanide ions into the 
cobalt complex was confirmed by the observation that in the presence of excess of potass- 
ium cyanide the rotation of the complex falls to zero with an associated change in the 
absorption spectrum. Kinetic measurements were made at 25° on 5-28 x 10°m-solutions 
of the (+)-complex in potassium cyanide solutions of concentration 1—6 x 10%m. In 
each experiment the change of the logarithm of the specific rotation of the complex with 
time was linear, and the reaction is therefore of first order with respect to the complex ion. 
The slopes of the graphs, which give the first-order rate constants, were proportional to the 
potassium cyanide concentration, so the reaction is also of the first order with respect to the 
cyanide ion. The second-order rate constant found for reaction between the complex ion 
and the cyanide ion was 7 x 10% sec.+ 1. mole (a small correction was applied for 
hydrolysis of the cyanide ion). Similar behaviour was observed in sodium hydroxide 
solutions and the rate constant found was 5 x 10% sec.11. mole+. The rate constant for 
reaction of the complex ion with the cyanide ion is therefore about 14 times greater than 
that for reaction with the hydroxide ion. 


We thank Dr. F. P. Dwyer for the gift of the cobalt complex, and the British Rayon 
Research Association for the award of a research scholarship to one of us (D. A. L. H.). 


THE UNIVERSITY, READING. [Received, January 22nd, 1960.] 


1 Nagarajaiah, Sharpe, and Wakefield, Proc. Chem. Soc., 1959, 385. 
2 Dwyer, Gill, Gyarfas, and Lions, J]. Amer. Chem. Soc., 1952, 74, 4188. 


561. 2-Pyrrolidino- and 2-Piperidino-purine. 
By GERSHON LEVIN and MEIR TAMARI. 


4-AMINO-5-NITROSOPYRIMIDINES have been converted into purines by Bredereck and 
Edenhofer! in a single step by dissolving the reducing agent (sodium dithionite) in a 
mixture of formamide and formic acid. For biological testing, certain 2-aminopurines 
were required whose synthesis involved 5-nitropyrimidines as intermediates. We have 
observed that the one-step procedure can conveniently be applied to 4-amino-5-nitropyr- 
imidines; the yield of the purines is twice that obtained when the diamine is isolated and 
then cyclised with formamide. 


Experimental.—4-A mino-5-nitro -2-pyrrolidinopyrimidine. 4-Amino-2-chloro-5-nitropyr- 
imidine * (5 g.) and pyrrolidine (15 g.) were refluxed in ethanol (15 ml.) for 1 hr., then kept 
at 0° overnight. The precipitate (4:5 g., 75%) of product crystallised from butan-1-ol in flat, 
yellow prisms, m. p. 223° (Found: C, 45-8; H, 5-4. C,H,,N,O, requires C, 45-9; H, 5-3%). 
At pH 8-0, the compound shows absorption maxima at 223, 276, and 369 mu. 

2-Pyrrolidinopurine. 4-Amino-5-nitro-2-pyrrolidinopyrimidine (0-7 g.) was stirred in 
formamide (10 ml.) and formic acid (1 ml.) at 110°. When sodium dithionite (3-5 g.) was added 
in portions, gas was evolved and the mixture soon became homogeneous. After 10 min., the 


1 Bredereck and Edenhofer, Chem. Ber., 1955, 88, 1306. 
2 Brown, J. Appl. Chem., 1952, 2, 239. 
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temperature was raised to 190° for 30 min. After cooling, the addition of water (20 ml.) 
precipitated a small amount of sulphur, which was filtered off. The filtrate, when kept over- 
night at 0°, deposited the yellowish product (0-45 g.), which formed colourless prisms when 
dissolved in 5% aqueous sodium hydroxide and reprecipitated therefrom by glacial acetic acid. 
It (0-31 g., 48%) then had m. p. 265° (Found: C, 57-1; H, 5-7; N, 37-1. C,H,,N, requires 
C, 57-1; H, 5-8; N, 37-0%). It had Aggy 228 and 341 my at pH 3, 225, 251, and 335 my at 
pH 8, and 230 and 333 my at pH 11; it had Rp 0-83 in 17: 1: 2 EKXOH-H,O-AcOH (solvent A) 
or 7: 2: 1 EtOH-pyridine-H,O (solvent B); it gave a blue fluorescence under light of 4 255 mu. 

4-Amino-5-nitro-2-piperidinopyrimidine, prepared as above in 80% yield, had m. p. 153° and 
Amax, 224, 279, and 370 my. (pH 8-0) (Found: C, 48-5; H, 5-8; N, 31-9. C,H,,N,O, requires C, 
48-4; H, 5-8; N, 31-4%). 

2-Piperidinopurine, obtained in 51% yield as above, formed colourless, elongated prisms, 
m. p. 175° (Found: C, 58-7; H, 6-6; N, 34:5. C, 9H,,N, requires C, 59-1; H, 6-4; N, 34-4%). 
It had Amax, 230 and 340 my at pH 3, 225, 252, and 331 my at pH 8, and 230 and 
320 my at pH 11; it had Ry, 0-89 in solvent (A) and 0-86 in solvent (B); it gave a 
blue fluorescence in light of 4 255 mu. 


DEPARTMENT OF PHARMACOLOGY, THE HEBREW UNIVERSITY-— 
HADASSAH MEDICAL SCHOOL, JERUSALEM, ISRAEL. [Iteceived, January 20th, 1960.] 





562. Constituents of Bacopa monnieri (L) Pennell. 
By Ivor Brown and M. MArtTIN-SMITH. 


AN investigation of Bacopa monnieri (L) Pennell (syn. Herpestis monniera and Monniera 
cunetfolia; family Scrophulariacez), a plant employed in Ayurvedic medicine under the 
name Brahmi, was undertaken because of reports that it contains physiologically active 
alkaloids of unknown constitution.»2 The dried plant was kindly provided for us by 
Glaxo Laboratories Ltd., and its identity confirmed by Drs. F. Fish, Royal College of 
Science and Technology, Glasgow, and G. Taylor, Royal Botanic Gardens, Kew. This 
material proved to contain only 0-002—0-003% of total basic material, consisting of a 
mixture of at least four compounds, as shown by paper chromatography. As the quantity 
of bases was so small, detailed chemical and pharmacological investigations of them were 
not possible. This note records the characterisation of the other constituents isolated. 
The presence of these compounds was not reported by the earlier workers and we were 
unable to confirm the presence of the sterol-like compound of m. p. 75—76° recorded by 
them.” 

Extraction with cold light petroleum gave a paraffin hydrocarbon fraction corresponding 
to n-triacontane in melting point and elemental composition. Application of gas-liquid 
chromatography as described by Eglinton e¢ al.,5 however, showed it to consist 
predominantly of C,,, Cy, and C,, hydrocarbons with smaller amounts of the Cy, Cy, 
and Cj, homologues. As gas-liquid chromatography cannot be relied upon to separate 
normal and isoalkanes the mixture was also subjected to mass-spectrographic analysis. 
The results indicated that if iso-compounds were present it was only in trace amounts. 
A complex mixture of aliphatic carboxylic acids was also obtained from the petroleum 
extracts. 

Cold chloroform extracted betulinic acid, which has been previously found in 
Scrophulariacee.® Its identity was confirmed by conversion into betulin and comparison 
with an authentic specimen. Extraction with water or ethanol gave sodium chloride 

1 Bose and Bose, J. Indian Med. Ass., 1931, 1, 60; Steinmetz, ‘‘ Codex Vegetabilis,” Amsterdam, 


1957; Chopra, “‘ Indigenous Drugs of India,” 2nd edn., Dhur, Calcutta, 1958, p. 341. 

2 Basu and Walia, Indian J. Phayrm., 1944, 6, 84; Basu and Pabrai, Quart. J. Pharm. Pharmacol., 
1947, 137. 

3 Eglinton, Hamilton, Hodges, and Raphael, Chem. and Ind., 1959, 955. 

4 Carruthers and Johnstone, Nature, 1959, 184, 1131. 

5 Retzlaff, Arch. Pharm., 1902, 240, 561; Maurer, Meier, and Reiff, Ber., 1939, 72, 1870; Barton 
and Jones, /., 1944, 659. 
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and a bitter glycosidic fraction from which no crystalline components resulted after 
chromatography employing a variety of systems. No well-defined products resulted on 
hydrolysis with acid or base or with the enzymes emulsin and @-glucosidase. Both the 
infrared and the ultraviolet spectra of the crude glycoside indicated the absence of steroid 
cardiac glycosides, which are known to occur in some members of the Scrophulariacee, 
e.g., Digitalis spp. Extraction of the plant with cold water afforded p-mannitol. 


Experimental.—M. p.s were taken on a Kofler block. 

Alkaloids. The crude basic material was best isolated by the procedure previously 
described.?. The yield ranged from 20 to 30 mg. per kg. The gummy material was chromato- 
graphed on Whatman No. | filter-paper sheet, with water saturated with butanol-acetic acid 
(9:1) as solvent. Four spots were located by their white fluorescence under ultraviolet light ® 
(Rp 0-95, 0-85, 0-7, and 0). 

Hydrocarbon fraction. The green residue resulting from the extraction of 20 Ib. of finely 
ground plant material with light petroleum (b. p. 60—80°; 141.) was exhaustively extracted 
with boiling ethanol, to yield a white solid (2-0 g.). This was shaken in light petroleum (b. p. 
60—80°) with 4n-sodium hydroxide. The precipitated sodium salts were removed and 0-8 g. 
of neutral material reclaimed from the organic layer. This was treated with dinitrophenyl- 
hydrazine hydrochloride in ethanol to remove traces of material showing infrared carbonyl 
absorption, and the solution was filtered through alumina (Brockmann grade V). There 
resulted 0-4 g. of material showing only paraffinic absorption and forming plates, m. p. 65-5— 
66-5°, from ethyl acetate. Gas-liquid chromatography, with n-hexacosane as standard, showed 
it to be a mixture of heptacosane, octacosane, nonacosane, triacontane, hentriacontane, and 
dotriacontane. Mass-spectrographic analysis confirmed this result. 

The sodium salts obtained above were reconverted into the acids with 6N-hydrochloric acid, 
giving a wax, of m. p. 69—71°. A portion was methylated with diazomethane; gas-liquid 
chromatography showed fourteen components. 

Betulinic acid. A cold chloroform extract (3 1.) of 500 g. of the plant material exhausted 
with light petroleum was reduced in volume to 30 ml. and shaken with 4N-sodium hydroxide. 
The precipitated sodium salt was collected and the acid regenerated. Crystallisation from 
ethanol, followed by sublimation, gave material (1-5 g.) of m. p. 302—305°, [a],, +7° (c 1-98 in 
pyridine) {Robertson e al.’ report for betulinic acid, m. p. 316—318°, [«],, +7-9° (in pyridine) } 
(Found: C, 79-3; H, 10-7. Calc. for C,,H,,0,: C, 78-9; H, 10-6%). The methyl ester, 
prepared with excess of ethereal-ethanolic diazomethane, formed needles (from ethanol), m. p. 
224—225°, [a],, +6° (¢ 1-95 in pyridine) {lit.,?7 m. p. 223—224°, [a],, +8° (in pyridine)} (Found: 
C, 78-9; H, 10-6. Calc. for C;,H;90,: C, 79-1; H, 10-6%). 

Reduction of the ester by lithium aluminium hydride afforded betulin, identical with 
authentic material (infrared, mixed m. p.). 

p-Mannitol. The residue (10 g.) from an aqueous extract of 500 g. of finely ground plant 
material was filtered through alumina (Brockmann grade V; 100 g.) in butanol saturated with 
water. The initial 700 ml. of eluant which contained glycosidic material was rejected. The 
next 900 ml. on evaporation to dryness and after removal of sodium chloride, afforded 
p-mannitol (1-1 g.), m. p. 166-5—-167° (from ethanol) (lit.,8 m. p. 166°) (Found: C, 39-8; H, 7-2. 
Calc. for C,H,,0,: C, 39-6; H, 7-7%). There was no mixed m. p. depression and the infrared 
spectrum was correct. 
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